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Abstract

Dividing wall columns are state-of the art distillation arrangements performing three separation
tasks within one unit. Compared to using two conventional columns in series this saves both capital
costs and energy but on the other hand it brings a higher risk of malfunction. This simulation study
analyses what can go wrong during the operation of dividing wall columns. The emphasis is on
the operation of the prefractionator section, that is, on the choice on the liquid and vapor splits,
which is crucial for the overall performance. The resulting two-way flows between the
prefractionator and main column gives a broader feasible operating range than in a conventional
column arrangement. This can lead to peculiar behavior, including circulation of components
around the dividing wall. This paper identifies 15 non-optimal operating regions for the
prefractionator with specific internal flow patterns, characteristic temperature and composition
profiles for the separation of a fairly ideal mixture of benzene, toluene and p-xylene. From these
results it is possible to identify and hopefully rectify wrong choices for the liquid and vapor splits
in a dividing wall column.
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1 Introduction

Dividing wall columns (Figure 1a) are intensified distillation arrangements that typically can save
around 30 % or more, both in terms of energy consumption and capital costs, compared to
conventional distillation columns [1-5]. They are a thermally and materially coupled version of a
conventional three-column arrangement with a prefractionator. Consider the separation of three
components (A, B and C). The light and heavy components (A and C) are separated in the
prefractionator (marked green in Figure 1a), while the intermediate (middle boiling) component
(B) distributes to both products of the prefractionator. The resulting two binary product streams
(AB in the top and BC in the bottom of the prefractionator) are fed at different locations into the
main column (marked red and yellow in Figure 1a) to finalize the separation, with component A
in the top (distillate) product, B in the side product and C in the bottom’s product. The upper main
column (red) separates A and B and the lower main column (yellow) separates B and C [6-8].

In order to achieve pure products from a dividing wall column, not only must one ensure that
enough energy is provided to the main column, but it is also crucial that the prefractionator
performs a sharp split between A and C. This can only be guaranteed, if the liquid and vapor
recycle streams to the prefractionator (as given by the split ratios R, and Ry) are properly set.
Fortunately, because of the flexibility in the distribution of the intermediate component B, these
flows do not have to be at a specific value but within a certain range, which is denoted as the
optimality region. In real plants the liquid split R. is fairly easy to manipulate. However, the vapor
split Ry is usually not manipulated but instead set by careful column design [9].

Many publications focus on the optimal design and operation of dividing wall columns [10-14].
However, during operation, for example due to disturbances in the feed flow, feed composition, or
feed state (liquid fraction), it can easily happen that one or both of the split ratios end up outside
the optimal range, which generally makes it impossible to achieve the desired sharp separation at
minimum energy consumption. The authors are not aware of a publication that evaluates the
consequences of a non-optimal operation of the prefractionator. Correspondingly, the objective of
this contribution is to close this gap and investigate how wrong operation of the prefractionator,
that is, non-optimal values for the liquid and vapor splits (RL and Ry), affects the internal
component flows and product compositions in a dividing wall column.

An extensive case study is performed for a ternary, equimolar and close to ideal mixture of
A = Benzene, B = Toluene and C = p-Xylene (BTX for short). The feed is in the liquid saturated
state, and all three products of the main column, including the side product, are assumed to be in
the liquid state. Additionally, in all simulations a high number of theoretical stages is assumed so
that pinch zones are visible. Finally, to simplify the analysis, it is assumed that the three product
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flows from the main column are fixed at the flow of the corresponding target components (A, B
or C) in the feed. Since the feed is assumed to be equimolar, this means that in all simulations the
main column product flows are D.,, =S = B,,, = F/3. It would also be possible to make other

assumptions for the main column, for example, that the top and bottom products (Dcu and Bc14)

are (almost) pure, but the main emphasis in this paper is on the prefractionator, and it is believed
that the effect of the main column operation is limited.

The paper is structured as follows. First, Section 2 summarizes the theoretical background,
including an in-depth discussion on how the temperature profile should look like during proper
operation. Then, Section 3 summarizes the methodology used for the simulation case study. In
Section 4, results are presented, which includes a classification of feasible non-optimal scenarios
and their detection using temperature profiles. These results were derived for the above mentioned
rather ideal BTX mixture and the results may be different for non-ideal mixtures or for other ways
of operating the main column. Correspondingly, Section 5 comments on the generalization of the
results. Last, conclusions are drawn in Section 6.

2 Theoretical Background

This Section summarizes the most important theoretical background, starting with the dividing
wall columns itself (Section 2.1). Next, the focus is on V_.diagrams and their application to
dividing wall columns (Section 2.2). This includes a discussion on the theoretically optimal
operation of dividing wall columns with side condenser or side evaporator (Section 2.2.1), the
optimality region resulting for typical three-product dividing wall columns without side
condenser/evaporator (Section 2.2.2) and the operational flexibility resulting when allowing
impurities in the products or providing more energy than the minimum (Section 2.2.3). Last, to
understand the corresponding resulting composition and temperature profiles, Subsection 2.3
briefly summarizes relevant information on pinch zones.

2.1 Dividing wall columns

Figure 1a shows a dividing-wall column with six sections, a dividing wall and three products,
including a side product. Figure 1b shows the corresponding thermodynamically equivalent
Petlyuk sequence consisting of three subcolumns. In Figure 1c, the optimal paths of the three
components (A, B, C) through the dividing wall column are visualized.

Sections C21 and C22 (green), which make up the prefractionator, are meant to separate
components A and C, while component B distributes. Sections C11 to C14, known as the main
column, act as two separate columns on top of each other, each with a binary feed. Sections C11



93 and C12 (red) separate components A and B, whereas sections C13 and C14 (yellow) separate
94  components B and C [6-8].

@@E P
W . DCZL :Vvu _I-‘Cll & E D ”

- = V(m cll onn
P : ~ —
Loy o E“;_E
—ES
&S »
_F, B .
— —> . . =
Ve,=(-q)-F
A ¥
b b
B
Ly
14 - S
b Ver N
S
< cl4
Bey
(a) (b) (c)

95  Figure 1: (a) Dividing wall column arrangement with subcolumns indicated by different colors, (b)
96  corresponding Petlyuk sequence with flow nomenclature. All physical flows are assumed non-negative. (c)
97  Optimal net flow paths of three components through the dividing wall column (see Equation (16)).

98  The three product flows in Figure 1b must be positive at steady state:

99 Doy 20, $>0, B, >0 (1)
100  and they must also satisfy the overall steady-state mass balance
101 F =Dgy, +S+Bqy, ).

102  For sharp separations, the product flows must equal the fractions of the components in the feed zi.
103 times the absolute feed flow F.

Dcn:ZAF
104 S=z,-F (3)
B=z.-F

105 and this has been assumed in the simulations in this paper, also for non-sharp separations. The
106  distillate flows for the main column and the prefractionator are

107 Dcn :vcu - I;c11 4)
108 DCZl :vc21 - LCZ] ®)
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As stated in Equation (1), the distillate product from the main column is a physical flow, and it is
required that D.,, > 0. Correspondingly, for the upper part of the main column C11, the flow
constraints are:

vCll = O' I;Cll = O’ vCll > I;\Cll (6)

On the other hand, the prefractionator section C21 does not have a physical distillate product
stream, so D,,, is the net flow resulting from the difference between the vapor and liquid flows.
The only constraints that have to be fulfilled here are that

vCZl >0, I;r:21 >0 (@),
so it may happen that D.,, becomes negative.
Here, by introducing the feed vapor flow

Ve =(1-0q)-F (8),

where q is the liquid fraction in the feed, and assuming constant molar flows, the vapor flows at
the top of the main column and prefractionator become

vcn :vF +vc14 (9)
\ic21 :vF +Vﬁczz (10)-

Two important operating parameters of the dividing wall column are the vapor and liquid split
ratios from the main column to the prefractionator [15]. These are defined as recycle flows to the
prefractionator divided by the corresponding total flow in the main column (see Figure 1a):

Vew  Veu—V
R\/ — .C22 — CZ% F (11)
Veu Veu
R = I%CZl — vc21_ I:.)(:2.1 (12)

. - -
Lc11 Vc14 +VF - Dc11

Both RL and Ry are between 0 and 1. The expression for R. in Equation (12) in terms of vapor

flows is useful for the later analysis using the V. diagram. The expression assumes constant molar

flows, which does not exactly hold in the simulations, but the error is small for the simulated BT X-
mixture.

As mentioned, the dividing wall column is a thermally and materially coupled version of three
conventional columns; a prefractionator column for the AB-BC split, a second column for the A-
B split and a third column for the B-C split. A conventional two-product distillation column with
a given feed has five design variables at steady state, which are the number of stages above and
below the feed stream (N and Ng), the pressure (p) and two specifications (e.g., reflux and boilup,
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or heating and cooling, or reflux and distillate flow) that determine the compositions of the two
product streams. So, a combination of three columns theoretically have 15 design variables.
However, for the dividing wall arrangements, the pressures are the same which gives two less, and
the top product of C13+C14 is combined with the bottom product of C11+C12 to make only one
side product (S). This further reduces number by one, resulting in 12 design variables for a
dividing-wall column with a given feed (for example, the pressure, the number of stages in 6
sections, the distillate flow D,,,, the boilup V.,,, the side stream flow S and the two internal splits,
Riand Ry) [16]. In order to optimally design such columns, rigorous and shortcut methods are
available [14,17], the detailed explanation of which exceeds the scope of this work. A very useful
tool to visualize the internal flows required for the separation is the V. diagram [18], which is
explained shortly in the following Section 2.2. For more detailed information regarding their
calculation, the reader is referred to literature [19-22].

2.2 TheV_ diagram and its application to dividing wall columns

Assume that the pressure is given. Then, at infinite number of stages, there are just two degrees of
freedom left to determine the operating point of a conventional two-product distillation column.
In the minimum vapor demand (V. ) diagram, the independent variable is chosen as the distillate

/F), which
IS a “mountain” curve giving the minimum vapor flow required for sharp separation with an infinite
number of stages for a given distillate flow (black lines in Figure 2a). In addition, various feasible
operating regions can be identified in the diagram, as discussed in detail in this paper.

flow D in ratio to the fed stream F. The diagram displays the resulting vapor flow (V _

in

The diagram can be calculated for any feed mixture with an arbitrary number of components k,
either in a simplified (ideal) way by assuming constant relative volatility and constant molar flows
(using the Underwood equations) or rigorously using flowsheet simulations [19]. The resulting
mountain curve for V., /F has k-1 maximum points and k - (k —1)/2 minima in between [18,19].
| F for a sharp split between all possible selected pair of keys. E.g.:with
a 4-component feed (ABCD) the top peaks represent sharp splits: A-BCD, AB-CD and ABC-D.
The next row is when one component is distributed: AB-BCD and ABC-CD, and finally the
preferred split ABC-BCD where B and C distribute to both ends. The curves between these points
are distribution boundaries where a certain component is at the boundary of becoming distributed
to both ends or disappear from one end for a slight increase or decrease in vapor rate. These curves
are straight lines in the ideal case of constant relative volatilities and constant molar flows. If these
assumptions do not hold, the boundary lines may be slightly curved. The maxima represent the
minimum energy requirement for sharp separation between products, where each component is

Each point represents V.

only present in one of the product streams. The curve in between represents minimum energy
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operation with some components distributing between the product streams, while the other
components are found in only one product stream. If a column is operated in the region above the
V_.curve (“overpurified”), more energy is used than needed. On the other hand, if less vapor is
provided (“underpurified”), additional components start to distribute, that is, the separation is no

longer sharp.

In the context of V_diagrams, often the term recovery is used, which is defined as

AL Hid 13
i XiF'F ( )
5
bot X, -B to
et =-"___—=1-r* 14).
' x" - F ' (14)

Here top refers to the top end of the column and bot to the bottom end. x; is the molar fraction in
the feed stream of component i.

The V.. diagram is also useful for a dividing wall column. Interestingly, the minimum energy
demand for this complex arrangement is represented by the highest peak in the V. diagram. More
details on how to optimally operate the dividing wall column, including determining from the V.
diagram a suitable operating point/range for the prefractionator, are given in the following
Subsections: Subsection 2.2.1 focuses on the “perfect” operation of a dividing wall column, in
which all three subcolumns are operated at their minimum energy demand. This “perfect”
operation either happens in the unlikely case that the A-BC and AB-C separations require exactly
the same amount of vapor, or in the (fairly common) case that the column has a side
condenser/evaporator at the side draw stage. This scenario is of interest as it results in composition
and temperature profiles which are not distorted by remixing effects. However, a typical three-
product dividing wall column does not have a side condenser/evaporator. Then, the easier of the
two separations (A-B or B-C) in the main column is overpurified. Consequently, the
prefractionator itself does not need to be operated exactly at its minimum energy (which occurs at
the preferred split) but can be operated in the range between the preferred and balanced splits,
which is the so-called optimality region (Subsection 2.2.2). If additional impurities are allowed in
the products or if more than the minimum energy demand is provided in the main column, the
optimality region broadens to a flexibility region, which is described in more detail in Subsection
2.2.3.

Note that the \/'min diagram is originally only valid at an infinite number of stages, thus minimum
energy demand. However, it has been shown that it can be extended to lower numbers of stages
with higher energy demand [23]. The visualization is still very useful to understand for which

energy input which component distribution can be expected. As stated before, the results in this
7
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article are obtained for a high number of stages, but due to the concept of the stage-adapted \/'min
diagram it can be assumed that the results can be transferred to a lower number of stages.

2.2.1 “Perfect” operation of a dividing wall column without remixing effects

Figure 2 illustrates the “perfect” operation (denoted with the letter a) of a dividing wall column
without remixing effects: the upper part of the main column is operated at the A-BC peak (labeled
C11+C12 a), the lower part of the main column at the AB-C peak (C13+C14 a) and the
prefractionator at the AB-BC minimum which is called the preferred split (C21+C22 a). Operating
the prefractionator at the preferred split means that it is operating at the minimum energy demand
and components A and C are both at the limit to be distributing to its top and bottom product (lines
with ra® = 0 and rc'® = 0 in Figure 2). The resulting composition and temperature profile for this
“perfect” operation of a dividing wall column is evaluated in Section 4.1 (results).

7 N b L&

BC ¢ Cl3+ ~perfect” operation |\ A
777777 A- Y aAB- Clda/
ABC AV BC | AB
¥
. ABC-
ABC- C N ‘B

ABC A
_ABL AV

AB- -
ABC @ v v\
ABC- N
ABC BC
L0
o 4
9 X

infeasible

= S

0 1

(@) (b)
Figure 2: (a) \/min diagram (black solid lines) valid for a conventional two-product distillation column or a

Petlyuk sequence (equivalent to a dividing wall column) for the BTX mixture. (b) Flowsheet for the case
with “perfect” operation of the three Petlyuk subcolumns by making use of a side condenser with cooling
duty AV . Notation: Components obtained in the top product of a (sub-) column are given before the hyphen
and components in the bottom product behind the hyphen.

2.2.2 The optimality region

Usually dividing wall columns do not have a side condenser/evaporator (Figure 3b). The vapor
requirement in the main column is then the one of the more difficult split, that is, equal to the
highest peak in the \/min diagram. In this case, if the prefractionator is operated at the preferred
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split, then the easier split in the main column, the one with the lower peak, is performed with
excess vapor. This results in overpurification of the product in the corresponding section in the
main column (the top product for the BTX-case in Figure 3a). Temperature and composition
profiles for a dividing wall column operated at minimum energy consumption and the
prefractionator at the preferred split are shown in Section 4.2.1 (results).

Alternatively, by changing the liquid or vapor split, the excess vapor may be used to give
overpurification in the prefractionator. The extreme is the so-called balanced split (point
C21+C22 b in Figure 3a), where all the excess vapor that could be removed in a side condenser
(or excess liquid for a side heater) is sent to the prefractionator. Then, the lower section of the
prefractionator is overpurified and the fraction of A in the bottom becomes even smaller.
Temperature and composition profiles for a dividing wall column operated at minimum energy
consumption and the prefractionator at the balanced split are shown in Section 4.2.2 (results).

Thus, minimum energy operation of the overall dividing wall column (Vc14 = max (\/ ABC \J AB-C ))

may be achieved with the prefractionator operating within an optimality region between the
preferred split and the balanced split (represented by the thin green thick line in Figure 3a). [20]

r | o (€137 /@
F ‘A?‘_ B- Cld g normal ,,optimal® >
B*C ¢ operation N
A- | AB- ABC- AB
ABC | BC C v
.’»\
ABC B
—>
AB- -
ABC ABC- v
ABC- B X
\‘ 4“ # 4,
1§ 7 Gt\\a \b‘
infeasible D <
F T%
0 1 c

(a) (b)
Figure 3: (a) \/min diagram (black solid lines) for the BTX mixture for the typical three-product dividing
wall column in (b), without a side condenser. Components obtained in the top product of a (sub-) column
are given before the hyphen and components in the bottom product behind the hyphen. Minimum energy
operation may be obtained with the prefractionator operating within the “optimality region” between the

preferred split (point (C21+C22) a) and the balanced split (point C21+C22 b). Upper gray lines: When
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operating at the balanced split, the peak of the easier A-BC separation (C11+C12 b) is shifted to the vapor
demand of the more difficult AB-C separation (C13+C14 a).

2.2.3 Operational flexibility for the prefractionator

In reality, it is likely that we do not operate exactly at minimum energy, but instead operate either
with overpurified products by providing more vapor than needed, or operate with impurities in the
product streams by providing less energy (vapor) than needed for sharp separation. Both cases
result in a widening of the optimality region into the so-called flexibility region of the
prefractionator (Figure 4).

If the prefractionator is operated above the optimality region, the energy demand for the separation
increases, as investigated in depth by Halvorsen and Skogestad [7]. Looking at it the other way
around, if products are overpurified anyway in order to guarantee to match product specifications,
this additional vapor also brings more flexibility to the prefractionator operation as the optimality
region expands. This can be observed in Figure 4a. Providing V., > max(\/'nf}fc,\/'nﬁﬁ’c) means
that both peaks in the V_.diagram are shifted up, thus both separations are overpurified and not
just the easier one. Consequently, the optimality region then widens to a flexibility region and
C21+C22 can be operated anywhere between the points a, ¢, d and e (Figure 4a). This gives room
for non-optimality in basically all subcolumns. The profile, that results for an operation within the
flexibility region is discussed in more detail in Section 4.4.1 (results).

V A- AB- L i A; -
,,,,,,,,,,,,, ® -
BC
~~~~~~~~~~~ T ca v
AB-
A- ABC- BC
ABC AB- C A- ABC
BC ,
C21+ ABC AB- ABC- C
AB- €22 ) ABC- ABC BC
ABC BC
ABC- ?\?5((‘
ABC -
N o -~ 2ud,
; . 5 o - infeasible e D
infeasible 2 adl
7 F
0 1 0 l
(a) (b)

Figure 4: “Flexibility region™ (green box) of a dividing-wall column obtained when either (a) providing

V.., > max (\/ A-BC V'AB’C) to guarantee complete product separation, or (b) allowing impurities in the

min ' Ymin
A-BC V AB-C
min ' Y min '

product streams and providing V,, < max (V.
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On the other hand, it is also likely that impurities are allowed in the product streams, which reduces
the required energy demand to be below V_ . as illustrated in Figure 4b. This reduces the
overpurification of the easier separation, which is the separation performed in sections C11+C12
in this example. Consequently, the original optimality region gets smaller (between point a and f).
However, additional flexibility can result from the specification of the operating point of the lower
main column. The lower border is indicated by C13+C14 c. Here, the side product will contain
only component B but part of the middle boiling component is also lost in the bottom product. The
upper border is located at point C13+C14 d, where the side draw contains component B and C
while the bottom product only contains component C. If the lower main column is operated
between the two extrema, there will be component C in the side draw and component B in the
bottom product. The flexibility region of the prefractionator between the points C21+C22 a, f, g
and h results from the chosen specification of the lower main column, as indicated by the white
circle located between C13+C14 c and d. Thus, the lowest flexibility for the prefractionator results
from C13+C14 c and the biggest for C13+C14 d. Here, it is important to understand that the
operation of the main column can be changed in terms of adapting the product flows to get one
pure product. However, then part of the corresponding component is withdrawn in the one of the
other product streams.

Of course, it is also possible that both kinds of flexibility regions are combined, if impurities are
allowed and additionally more vapor than the minimum one is provided. The resulting shape of
the flexibility region can be derived from the V. diagram in a similar manner as presented here.

If the prefractionator is operated outside the flexibility region resulting from the required product
specifications and provided energy input, the specifications can no more be fulfilled. However,
depending on where the prefractionator is actually operated, this can either be compensated with
additional energy input in the main column or the separation task might also become infeasible. In
this work, all possible scenarios for a non-optimal operation of the prefractionator are evaluated.
For this purpose, the scenario from Figure 4a is chosen as base case. The generalization of the
obtained results is discussed in Section 5.

2.3 Pinch zones

To understand the resulting temperature and composition profiles, the concept of pinch zones is
crucial [24-26]. Pinch zones are regions inside distillation columns where the composition and
thus temperature do almost not change. This happens if many stages are required to achieve very
small changes in composition, which is the case at minimum energy consumption. We refer to our
recent publication [27,28] about how to understand temperature profiles from pinch zones in
conventional two-product distillation columns. Pinches do not actually occur at lower numbers of
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theoretical stages, but the temperature and composition profiles still strive in their direction. Thus,
they are still visible as slope changes in the temperature profiles. In our publication, seven rules
are derived. These are summarized in Table 1 and their use is further explained in Figure 5. Rule
3 mentions “minimum energy lines” which refers to the lines in the \/min diagram (Section 2.2).

Rule 7 mentions a “clearly” and “poorly” visible pinch. “Poorly visible” refers to pinches are not
actually present at a lower number of stages, but where the profiles still strive towards their
direction. Thus, they are still visible as slope changes in the temperature profiles.

Table 1: Rules for reading temperature profiles (derived for a conventional two-product distillation
column). *Rules 5 and 6 are revised [28] compared to the original version [27].

Rule 1

A constant temperature zone (pinch zone) at a column end (top or bottom)
indicates an almost pure component in the corresponding product. This pinch zone
is observable independently of the total number of stages.

Rule 2

The top and bottom sections can each have a maximum of two pinch zones at the
same time. The appearance of two pinches in the same section means that the
section is operated at minimum energy. If only one pinch is visible in a section, the
product is either over- or underpurified.

Rule 3

At the boundaries between neighboring operating regions, i.e. along the minimum
energy lines, the location of pinch zones are the same as in the adjacent regions.

Rule 4

There is an “invariant” pinch temperature when operating at minimum energy or
less, which does not change when varying the operating point within the given
region of the diagram. The invariant pinch can be observed in the upper part (e.g.,
if all components are in

the bottom product) or the lower part of the column. If all components are present
in both product flows, the invariant pinch is above and below the feed stage and
has the feed boiling temperature.

Rule 5*

A pinch only on one side of the feed stage means, that all components are present
in the product stream at the corresponding column end. In this case, the pinch
temperature does not equal the feed boiling point. If this pinch appears in
combination with another pinch (rule 2, 3), one component is at the limit to appear
but is not actually present (minimum energy case).

Rule 6*

A pinch in the middle of a section indicates that at least two but not all feed
components are present in the corresponding product. If this pinch appears in
combination with another pinch (rule 2, 3), one component is at the limit to appear
but is not actually present (minimum energy case).

Rule 7

A clearly visible pinch in one section in combination with a poorly visible one in
the other section is an indication for a nonoptimal feed stage.

The most important facts for understanding pinches in dividing-wall columns are the following:

12
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e A column section has two pinch zones when operated optimally at minimum energy (Rule
2).

e If a pinch appears at one side of the feed stage, all feed components are present in the
corresponding product streams (Rule 5).

e Additional pinch zones appear if one or more components disappear totally from a product
stream (Rule 6).

e A pinch appears right at the column end if the product is a pure single component (Rule 1),
and it appears in the middle of a section if the product contains additional but not all feed
components.

Count number of pinches I over-funderpurified |

in section (rule 2 — - - y
( ) 4| 2: minimum energy (sharp separation,V,, ) —

one component
¢ at limit to
] | ] R I Endl pure COlllpOl"lEﬂt in product | || appear in
Determine location o -
. ) Middle: two or more but not all product but not
each pinch (rule 1, 5, 6); . actually
) 2 components in product
overlap possible (rule 2, 3) present

IFeed: all components in product I
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Figure 5: Flowchart for the application of the temperature profile rules in Table 1.

3 Simulation case study

An extensive simulation study was performed to identify and classify non-optimal operation
scenarios of the prefractionator of dividing wall columns. The feed mixture is the rather ideal BT X-
system (Benzene, Toluene, p-Xylene), with liquid activity coefficients modelled with NRTL. More
details about the thermodynamic modelling and used parameter sets can be found in the
dissertation of Rénger [29] in Section A.2.2 The boiling points T, of the pure components are
80.1°C, 110.6°C and 138.4 °C, respectively. The feed of F=3kmol-h™ is equimolar
(za = zs = zc = 1/3) and saturated liquid at 102.2 °C (1 bar). The relative volatilities of the feed
mixture are ¢, :[5.60, 2.34, 1] (determined in Aspen properties). Based on this, the \/'min diagram
of the mixture can be calculated (shortcut approach assuming constant relative volatilities and
constant molar flows), see Figures 2 to 4. The highest peak in the diagram is the total energy
demand in the dividing wall column, which isV 28-¢ =3.534 kmol-h™". From the V, diagram also

min
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the optimality and flexibility region can be read as described in Sections 2.2.2 (Figure 3) and 2.2.3
(Figure 4).

Detailed simulations of the temperature profiles are performed using Aspen Plus V11. The
dividing wall column is represented by three thermally coupled RadFrac columns with 60 stages
each, so 180 stages in total. Because the separation is relatively simple, with large differences in
component boiling points, 60 stages is enough to give almost pure products if operated properly.
The feed in each subcolumn is in the middle (stage 30).

For all simulations, the product flows are set based on Equation (3) with F =3 kmol-h™ resulting
in Dy, =S = B.,, =1kmol-h™. The provided vapor flow at the main column bottom V., is either
set at the minimum energy demand V22 or 8 % higher at 1.08-V 2>° (in the following denoted as
excess energy). This minimum energy demand corresponds to the prefractionator operation within
the optimality region (see Section 2.2.2). Then, the liquid and vapor flows fed to the prefractionator
top and bottom are varied outside their optimal range, which is equivalent to a change in the liquid
and vapor split ratios, R and Ry. The detailed simulation inputs are summarized in Table 2, which

should be read in combination with Figure 10.

All simulations are evaluated by considering the composition and temperature profiles. To make
the results more general, the plots use the relative temperature t defined as

T-T,
t= b,Benzene (15)
T, T,

b,Benzene

. p—Xylene

The relative temperature is in the range t = 0 (boiling point of light component, Benzene) tot =1
(boiling point of heavy component, p-Xylene). The relative boiling point of the middle component
(Toluene) is thToluene = 0.52 for this mixture. The relative boiling point of the equimolar feed
mixture is to,reed = 0.38.

In addition to the temperature profiles, the net components flow w inside the column are visualized
by the colored flows in part b of Figure 12 to Figure 20. The net component flow is defined in
equation (16), where the index n denotes a stage and n+1 the one below, y is the molar fraction in

the vapor phase and x in the liquid phase.
W =VYinna Vo =% 0L (16)

n+1 1,Nn n

The net component flow indicates the overall path of a component inside the column. If it is
positive the flow is in the direction of the column top and if it is negative to the column bottom.
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4 Results

In this section, first the “perfect” operation of a dividing wall column with a side
condenser/evaporator (Figure 2b) is evaluated (Section 4.1). Next, a typical three-product dividing

wall column is studied. It is without a side condenser (Figure 3b) and with the main column

A-BC \; AB-C
min ’Vmin

operated at minimum energy, V., :max(\/ ) Results in terms of temperature and

composition profiles are shown for the prefractionator operated at both the preferred split (Section
4.2.1) and the balanced split (Section 4.2.2). Section 4.3 evaluates the feasible operating range of
the prefractionator in the case of non-optimal operation. Here, feasible refers to the physically
feasible range of vapor and liquid flows that can be fed to the prefractionator, determined based
on internal mass balances. Next, in Section 4.4, it is assumed that the main column is operated
with 8 % additional energy, V,, =1.08-max (V5% V,4>¢), so that the optimality region widens
into a flexibility region. All feasible non-optimal operating cases of the prefractionator are
summarized and corresponding profiles and net component flows are evaluated. Finally, Section
4.5 focuses on how to detect non-optimal prefractionator operation based on its temperature

profile.

4.1 Profiles at “perfect” operation with side condenser/reboiler (prefractionator at

Vo =Va2 ¢, main column at V,, =V.5. %,V ,, =Vio ¢

As described in Section 2.2.1, perfect operation without remixing can be observed if all three
subcolumns operate at their minimum energy demand, which is usually only possible with a side
evaporator (if the AB-C peak is lower) or side condenser (if the A-BC peak is lower as in this case
study; Figure 2). Figure 6 shows the resulting composition and temperature profile for the BTX
separation with a side condenser.
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Figure 6: (a) Liquid composition and (b) temperature profiles for “perfect” dividing wall column operation
with side condenser (Figure 2b). The prefractionator operates at the preferred split (minimum energy for

AB-BC separation) and the side condenser ensures minim energy (V :Vmin) for both separations in the
main column (A-BC and AB-C), resulting in no remixing zones. See Table 2 for specifications.

The composition profile of the prefractionator in Figure 6a (dashed lines) shows that the mole
fraction of component C (blue) reaches zero shortly before the top (C21) and increases smoothly
towards the bottom (C22). The same applies in the opposite way for component A (green).
Component B (red) distributes to the top and the bottom product and the mole fraction reaches a
minimum at the feed stage. The compositions at the two ends of the prefractionator (dashed lines)
equals the pinch compositions at the feed stage in the main column (solid lines), therefore the
profiles here merge smoothly. Within the main column, the fraction of component A (green line)
increases steadily towards the top (C11), while the fraction of component C (blue line) increases
towards the bottom (C12). Considering the upper and lower main column together, there is a
maximum fraction of component B (red line) at the side draw (between C12 and C13). Figure 6b
shows the corresponding smooth temperature profiles.

All three subcolumns have two pinches in each section, thus there are 12 pinches in total. This
indicates minimum energy operation in all sections (Rule 2 from Table 1). In all subcolumns (each
consisting of two sections), there are pinches above and below the feed stage and at the column
ends. The pinch above and below the feed stage in combination with a second pinch means that all
feed components are about to appear in the corresponding product streams, however one
component is right at the border to appear and thus is not actually present (Rule 5 in Table 1. Thus,
they are still visible as slope changes in the temperature profiles.

Table 1). In the prefractionator, this means that component C reaches a mole fraction of zero close

to the prefractionator top and component A reaches zero close to the prefractionator bottom. Thus,
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the two main column parts both have a binary feed stream. The other pinches in the main column
are located at the subcolumn top and bottom ends, which means that pure products are obtained
(Rule 1 in Table 1). Interestingly, this is also the case for the prefractionator. If the same separation
would be performed in a conventional distillation column, the two pinches at the ends of the
prefractionator would instead appear in the middle of the two sections (Figure 9b in [27], Rule 6
from Table 1).

The reason they appear at the ends of the prefractionator is that the feed pinch compositions in the
main columns are the same as the pinch compositions at the end of sections C21 and C22. Thus,
compared to a conventional distillation column with evaporator/condenser, remixing zones at the
column ends are avoided in the prefractionator of a dividing wall column. This makes the dividing
wall (Petlyuk) column “more optimal” (with less exergy loss) than a structure with a “normal”
prefractionator (with a condenser and reboiler, rather than taking reflux and vapor from the main
column) performing the same separation task.

However, it is not common to operate a dividing wall column with a side condenser/evaporator.
The following Sections evaluate how the profiles change if the dividing wall column is operated
at the higher of the two peaks in the \/'min diagram, meaning that either the easier separation in the
main column can be overpurified or the prefractionator can be overpurified.

4.2 Profiles at boundaries of optimality region (main column at V., =V, , =V2°

Subsection 4.2.1 shows profiles with the prefractionator operated at the preferred split and
Subsection 4.2.2 with the prefractionator operated at the balanced split.

4.2.1 Prefractionator at preferred split (V,,, =V )

min

Figure 7 shows the composition and temperature profiles with the prefractionator operated at
minimum energy (at the preferred split) (Figure 3 with prefractionator at point a), the lower main
column at minimum energy and the upper main column with excess energy and thus overpurified.
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Figure 7: (a) Liquid composition and (b) temperature profile of dividing wall column with the
prefractionator operated at the preferred split (minimum energy) and the main column operated at
V.., =V25¢ =V, (overpurification in top). See Table 2 for specifications.

The profiles of the lower main column (C13 and C14) and lower prefractionator section (C22) are
similar like to “perfect” operation (Figure 6), although there are differences in the upper sections.
Due to the overpurification, component A (solid green line) is no more at the limit to appear in the
side draw, so the pinch disappears in the top part of section C12 (below the upper feed in the main
column). The temperature of the pinch at the other side of the feed (lower end of C11) increases
and no longer equals the pinch composition in the upper prefractionator. This shifts the pinch in
the upper prefractionator towards the middle of section C21. Based on the results in Section 4.1,
this is an indication of remixing and thus exergy losses. However, this remixing is not a problem
in this case, as excess energy is provided for the easier separation.

4.2.2 Prefractionator at balanced split

Figure 8 shows the profiles with the prefractionator operated at the balanced split (with excess
energy and thus overpurified in the bottom) (Figure 3 with prefractionator at point b) and the upper
and lower main column operated at minimum energy.
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Figure 8: (a) Liquid composition and (b) temperature profile of dividing wall column with the
prefractionator operated at the balanced split (excess energy, resulting in overpurification of A in the
bottom of the prefractionator) and the main column operated at V,,, =V, =V, (minimum energy).
See Table 2 for specifications.

At the balanced split, the lower section C22 of the prefractionator operates with excess energy
resulting in overpurification of component A in the bottom and the disappearance of the pinch at
the top of section C22 (dashed lines) .Component C is still at the limit to be distributing (line
rc'® = 0 in Figure 3) but not A (it is no longer on line ra™ = 0). The upper part of the main column
is operated at minimum energy, thus there a pinch on both sides of the upper feed stage (C11 and
C12). Correspondingly, there is a pinch at the prefractionator top (C21) at the same location as the
pinch in the main column; similar to the ideal case in Figure 6.

4.3 Feasible operating range of prefractionator

In order to find out which non-optimal operating points are possible in the prefractionator, this
section analyzes the entire possible range of liquid and vapor split ratios, Rv (Equation (11) and R,
(Equation (12)). As stated before, the term feasible means that mass balances allow this
prefractionator operation with all flowrates being non-negative. For a real plant without vapor split
manipulation but a careful hydraulic design some of the regions may seem unrealistic. But if, for
example, one column part is flooded or blocked, some of these boundary cases may still occur, so
the whole reachable range will be evaluated. To map the feasible vapor and liquid split ratios into
the V,,, diagram of the prefractionator, an expression for V =Vi.,, = f ( Dy, ) is required.

For the vapor split ratio, rearranging Equation (11) and inserting Equation (8) results in

vCZl VC14 vF \/14
E Rt E =R (-a) (17)
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From this it follows that at a given energy input at the column bottom (constant \/Cl4), different
vapor split ratios Ry result in parallel horizontal lines in the V. diagram (green lines) in Figure 9.

With a liquid side draw, the feasible range of the vapor split ratio is between 0 <Ry <1, which

results in the following extreme cases for the vapor flow in the top of the prefractionator:

. vCZl
F

v 21 vCl4

R\/,max =1 (;: =?+(1_q) (19)

I:ev,min =O (1 q) (18)

Similarly, in terms of the liquid split ratio, Equation (20) results (orange lines in Figure 9)

L N -
F F F F F F F F
Here DCZl/F', is the net flow that leaves the top of the prefractionator (at non-optimal operation, it
may be negative or greater than 1). From Equation (20), different liquid split ratios R. result in
parallel straight lines with slope +1 as a function of D.,, /F, as indicated by orange lines in Figure
9. The lower limit of the liquid split ratio is R. = 0 (no liquid is provided to the prefractionator),
and the relationship becomes

R

L,min:O: F = EZl (21)

If the side stream S is in liquid state, as assumed in this work, there has to be enough liquid in
section C12. This results in the following upper limit on R.:

R — Lcn -S — vcn Dcn S Vc14 +V Dcn S (22)
L,max :
Lews Vc11 Dc11 Vc14 +V Dc11

which is less than 1. Note that in the ideal case with pure products the distillate product flow DC1l
equals the mole flow of component A in the feed and the mole flow of the side draw S equals the
flow of component B in the feed stream. With this and Equation (8), Equation (22) becomes
014"'(1 q-2, _ZB) F

Ideal case: R =
ST Ve, +(@-q-2,)-F

(23)

For the more general case in Equation (22) the following mapping results for the maximum liquid
splitin theV_, diagram:
V, Do, S

A= S (1)L - 24

<
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Figure 9: \/mm diagram for operation of the prefractionator (C21+C22) for a liquid feed (q = 1) with lines

of constant vapor split (green lines) and constant liquid split (orange lines). The white area shows the
feasible region of operation. D = D,, (x-axis) is the net distillate flow from the prefractionator (Equation

(5)), which may be negative or above 1.V =V,,, (y-axis) is the vapor flow in the top of the prefractionator.
The product flows are based on Equation (3).

Based on these considerations and the assumption that for our case study the feed is a saturated
liquid (\/'F =0,q :1) the feasible operating range of the prefractionator can be visualized as shown

by the white area in Figure 9. Gray areas indicate infeasible regions. As already noted, the
prefractionator can also be operated with D,,,/F negative or above 1 (also mentioned in [18] on
page 104). This is a major difference compared to a conventional distillation column which has to
fulfil Equation (6), resulting in D/F being between 0 and 1. The broader range for the
prefractionator arises from the fact, that only V., and L,.,, have to be positive (Equation (7)). Then,
in Equation (5) it may happen that the liquid flow is larger than the vapor flow, resulting in and a
negative value for the net distillate flow Dg,,.

Note that the lines of constant split ratios (orange and green lines in Figure 9) shift uniformly with
changes in the amount of \ic14/lf provided at the main column bottom. Consequently, changing the
vapor input while maintaining the same split ratios causes a shift of the resulting operating point
of the prefractionator. It may happen that the new operating point is outside the flexibility region.
All non-optimal operating scenarios are discussed in more detail in the following Section 4.4.
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4.4 Classification of feasible prefractionator operation cases with excess energy in the
main column V., =1.08-V %€ =V_,,

min

Based on extensive simulations described in Section 3, the prefractionator operation cases are
summarized by the labeled regions in Figure 10. Note that in all cases, the main column operation
is fixed by setting the product flows as in Equation (3) and providing 8 % excess vapor at the main
column bottom. Excess vapor means that more vapor is provided than required in the main column
with the prefractionator operated in the optimality region (see Sections 2.2.2 and 2.2.3). In other
words, if the liquid and vapor split ratios are optimal, the energy provided in the main column is
more than sufficient to perform a complete separation Then, the liquid and vapor split ratios R.
and Ry are varied towards non-optimal values to change the prefractionator operation. The
specifications used for all simulations of the BT X case study are summarized in Table 2.

It was found that composition and temperature profiles look similar when the prefractionator is
operated within one region (but at different points) of the original \/'min diagram. However, it was
also found that the liquid and vapor recycle from the main column introduces additional regions
V_.diagram. Hence, the V_. diagram was extended in Figure 10 to cover all feasible cases. In
Figure 10, the endings .1 and .2 indicate “symmetrical” cases, that either apply for component A
or C, and the endings .a and .b indicate cases with same products from the prefractionator but with
differences in the main columns.

infeasible, - 1 - Clix A Cl3+aB 4.1 AB
F Cl2 IéC Cl4| € _/(B)C
©) ABC- (6)
AB)-(73 AB (AB)C
Be 2 BC (1.1 @
infeasible, R: * Ry . ABC-
(E B
C21+ &
C22 ﬁ;@ ABC-
& BC
Ay Jam
62 ABC B-
ABC BC
infeasible, R, = 0
3
2.2b
ABC)_ @ (AB)- P
ABC ABC F

0 1

Figure 10: Feasible non-optimal operation regions of the prefractionator (C21+C22) with excess energy

in the main column (related to optimal prefractionator operation), V., =V,,; =1.08 -\/m’?ﬁ’c, found for the
BTX case study. Bold lines represent the original VV_;, diagram. Components obtained in the top product of
the prefractionator are given before the hyphen and components in the bottom product behind the hyphen.

Components in brackets are circulating around the dividing wall.

22



538
539
540
541
542
543
544
545
546
547
548
549
550
551

552
553

In the following, the composition and temperature profiles and net component flows for all cases
are shown. First, Section 4.4.1 shows the profiles for an operation within the flexibility region.
Section 4.4.2 focuses on cases 0 and 1 (1.1 and 1.2), which represent overpurification of the
prefractionator. As a consequence, since the main column provides reflux and boilup to the
prefractionator, the energy demand of either the upper, lower or both parts of the main column
increases. Section 4.4.3 summarizes cases 2 and 3, which represent an underpurification of the
prefractionator as it is operated below the V__border (although the reboiler in the main column is
supplied with 8 % excess vapor compared to the case when R. and Ry were set optimally). Then,
two or three components distribute within the prefractionator instead of only the middle-boiling
component (B) which means that there is at least one ternary feed to the main column. Section
4.4.4 focuses on the cases 4, 5, 6, 7 and 8 with the commonality that there is at least one component
circulating around the dividing wall. Circulating components are indicated by parenthesis in Figure
10. At low or negative D/F ratios, the circulation is counterclockwise, while it is clockwise at
high D/F ratios. Note that most of these cases are delimited by borders in the V. diagram.

Table 2: Specifications used for BTX case study. * Vapor fraction side condenser = 0.315, resulting in

V., = 2.565 kmol - h™ at top main column. In all other cases, V., ~V_,,.
Case (see | Figure Veis | kmol-h™ | Vez, | kmol-h | | L, | kmol-h |
Figure 2, 3 . -
and 10) Vapor bottom main | Vapor to Liquid to top
column bottom prefractionator
prefractionator
Perfect (with | Figure 6 3.565* 1.9680 0.7170
side condenser)
Preferred Figure 7 3.565 1.9670 0.7064
Balanced Figure 8 3.565 2.8570 1.2590
Flexibility | Figure 11 3.863=1.08 - 3.565 | 2.3180 0.9450
0 Figure 12 3.863 3.3611 1.7466
1.1 Figure 13 3.863 3.2840 1.5800
2.1a Figure 14 3.863 3.1500 1.1700
2.1b Figure 14 3.863 2.7040 0.7330
3 Figure 15 3.863 1.3140 0.2860
4.1 Figure 16 3.863 3.7000 1.7700
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5.1 Figure 17 3.863 3.0910 0.5730
6 Figure 18 3.863 3.5830 0.2860
7 Figure 19 3.863 0.4640 1.3460
8 Figure 20 3.863 0.3860 1.7470

4.4.1 Operation within the flexibility region

Figure 11 shows the composition and temperature profiles for a dividing wall column whose
prefractionator is operated in the middle of the flexibility region (see Figure 10).

top
C11 C11
A\ \___ -
cz1 ’/_,—’ C12 C21 ™ C12 Component A
' i —— Component B
N Y T Component C
€22 ! j €22 L Cl13
J‘ | — Main column
Cl4 Cl4 ----Prefractionator
bottom

0.2 04 06 08 1

Relative temperature [-]

0 02 04 06 08 10

Molar fraction [mol/mol]

Figure 11: Profiles for prefractionator operation within the flexibility region by providing
V.., =1.08-V > in the main column. See Table 2 for specifications.

The fraction of component C still reaches zero close to the top end of the prefractionator (C21,
blue dashed line), but component A disappears before the bottom of the prefractionator (green
dashed line), which indicates that the lower part of the prefractionator (C22) is overpurified. This
is supported by the fact that only one pinch is visible instead of two in section C22) (Rule 2 in
Table 1). In the upper part of the prefractionator (C21) there are still two pinches visible, thus it is
operated close to minimum energy. This imbalance between the upper and lower part of the
prefractionator can be seen as rather abrupt temperature and composition changes close to the feed
stage.

The upper main column has a “long” pinch at the top end (C11) caused by overpurification, but no
pinch above the feed from the prefractionator. Both are clear indications of overpurification. The
missing pinch results in a misfit between the compositions at the bottom of C11 and the remixing
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zone at the top of the prefractionator (C21), shifting the pinch to the middle and causing a
maximum in the fraction of component B in the prefractionator.

In the lower main column (C13+C14) there are in total three pinches. The one below the side
product is very long, which results from overpurification of component B in the side product. This
can also be observed in the composition profile as component B reaches a high purity already at
stage 75 while the side draw is at stage 60. The lowest section of the main column (C14) has two
pinches, thus is close to minimum energy operation.

The profiles are different at other locations within the flexibility region (not at the boundaries) but
the general pattern is similar.

4.4.2 Excess energy to prefractionator: Overpurification of separation in prefractionator and
underpurification of main column (cases 0, 1.1, 1.2)

This Section summarizes cases with excess vapor to the prefractionator (increased Rv), resulting
in an overpurified prefractionator, either in both ends (C11 and C12, case 0) or in only the lower
part (C22, case 1.1) or only the upper part (C21, case 1.2). This is similar to the previous Section
4.4.1 for the lower part. However, in this section a too high value of the vapor split (Rv) implies
that too little energy is supplied to the main column resulting in impurities in the product streams.
Note that in all these cases still pure product streams could be obtained when increasing the overall
energy input in the main column V,,.

Figure 12 shows the composition profile and net component flows for case 0. From the
composition profile of the prefractionator (dashed line) in Figure 12a it can be seen that the fraction
of component C reaches zero significantly before the top (C21). The overpurification in section
C22, which is also present within the flexibility region, gets more pronounced and the fraction of
component A reaches zero shortly below the feed inlet. Providing too much vapor to the
prefractionator means providing too little vapor in sections C12 and C13 in the main column. As
a result, the pinches at the top of C11 and bottom of C14, indicating pure top and bottom products,
disappear and instead two long pinches appear in the middle of the upper and lower main column.
This indicates an underpurification which could have been avoided by using more total energy
input.

Figure 12b shows the corresponding net flows of the components through the dividing wall
column. It is clear that the prefractionator performs the desired separation between components A
and C, however both separations in the main column are not sharp.
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Figure 12: Case 0. (a) Liquid composition and temperature profile and (b) net flow of components inside
the column for non-optimal prefractionator operation providing V., =1.08-V.2>" in the main column.

Dotted lines show original optimal path of the components and solid lines represénr;rlt different paths for non-
optimal operation. See Table 2 for specifications.

Figure 13 shows the profiles and flows for Region 1.1, in which only the lower prefractionator
(C22) part is over-purified. The fraction of component C still reaches zero shortly below the feed
stage and no further composition change happens in the lower part of the section, while the fraction
of component A reaches zero shortly before the top end of C21. Sending excess vapor to the
prefractionator increases the energy demand of the upper main column. Again, as not sufficient
energy is provided anymore, a pinch appears in the middle of the upper main column. From Figure
13b it can be seen that component B is present in the top product and component A in the side
product.

Region 1.2 is not shown here, as the observations are similar as for Region 1.1, except that the
vapor flow imbalance appears in the upper prefractionator part C21 and the lower main column.
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Figure 13: Case 1.1 (a) Liquid composition and temperature profile and (b) net flow of components inside
the column for non-optimal prefractionator operation providing V., =1.08-V, *B-C in the main column.

min
Dotted lines show original optimal path of the components and solid lines represent different paths for non-
optimal operation. For Region is 1.2 the flow paths in the main column are mirrored to the lower part. See
Table 2 for specifications.

4.4.3 Underpurification in prefractionator (cases 2.1a, 2.1b, 2.2a, 2.2b, 3)

This Section summarizes the cases, in which the prefractionator is underpurified, which means
that either the top or bottom product of it or both contain more than two components. Either
component C also leaves at the top of the prefractionator (C21, case 2.1), or component A at the
bottom (C22, case 2.2). In case 3 all components leave at the top and bottom. In any case, this
operation leads to impure products which cannot be avoided with more energy input.

Figure 14 shows the profiles and flows of case 2.1, when component C distributes within the
prefractionator and partially leaves at the top (C21). It was found that there are two types of
profiles/flow paths can be observed in the main column, which appears depends on the
prefractionator operating point within the region ABC-AB of the \/'min diagram. The location of the
border between the two subregions .a and .b can be seen in Figure 10. Note that region .b only
exists if V., >V "2 is provided in the main column.

Figure 14a shows the composition profile for case 2.1a and Figure 14b the corresponding net flow
paths of the components. As component C partly leaves the prefractionator at the top, it can be
found in the side product. Additionally, the separation in the upper main column is not complete,
resulting in component B in the top and component A in the side product.
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Figure 14c shows the composition profiles for the operation in case 2.1b and the corresponding
net flow paths can be seen in Figure 14d. Different to case 2.1a, the separation in the upper main
column is complete and pure component a can be obtained in the top product. The same applies in

the opposite way for case 2.2.
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Figure 14: Case 2.1a (a) Liquid composition and temperature profile and (b) net flow of components inside
the column for non-optimal prefractionator operation providing V., =1.08-V.2>" in the main column.
For case 2.2 the flow paths of components A and C are switched. (c) and (d) the same for case 2.1b. Dotted
lines in (b) and (d) show original optimal path of the components and solid lines represent different paths

for non-optimal operation. See Table 2 for specifications.

Figure 15a gives the composition profile of an operation in case 3 and Figure 15b the
corresponding net flow paths. As all components leave the prefractionator at the top and bottom,
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all products are impure. There is additionally component B in the top product, components A and

C in the side product and component B in the bottom product.
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Figure 15: Case 3 (a) Liquid composition and temperature profile and (b) net flow of components inside
the column for non-optimal prefractionator operation providing V., =1.08-V.2>" in the main column.

min
Dotted lines show original optimal path of the components and solid lines represent different paths for non-
optimal operation. See Table 2 for specifications.

4.4.4 Cases with circulating components (cases 4.1, 4.2,5.1,5.2, 6, 7, 8)
This Section summarizes cases with circulation of at least one component.

On the right side of the V_. diagram in Figure 10, thus at high D/F ratios, the circulation is
clockwise with reverse flow below the dividing wall. In case 4.1 (Figure 16) component B
circulates and distributes in the upper main column between the top and side product. Due to mass
balances, component A is present in the side draw. With higher D/F ratios in case 5.1 (Figure 17)
component C starts to distribute within the prefractionator, and leaves it partially at the top. As a
consequence, it ends up as additional impurity in the side draw. Again, due to mass balances,
component B is also present in the bottom product. With a further increase of D/F towards case 6
(Figure 18), additionally component A starts to circulate below the dividing wall.
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Figure 16: Case 4.1 (a) Liquid composition and temperature profile and (b) net flow of components inside
the column for non-optimal prefractionator operation providing V., =1.08-V2>" in the main column.
Dotted lines show original optimal path of the components and solid lines represent different paths for non-
optimal operation. Note that the profile looks very similar to the one of case 1.1, the only noticeable
difference is around the side draw stage. For case 4.2 the flow paths of components A and C are switched.
See Table 2 for specifications.
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670  Figure 17: Case 5.1. (a) Liquid composition and temperature profile and (b) net flow of components inside
671  the column for non-optimal prefractionator operation providing V., =1.08-V.2° in the main column.
672  Dotted lines show original optimal path of the components and solid lines represent different paths for non-
673  optimal operation. For case is 5.2 the flow paths of components A and C are switched. See Table 2 for
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675  Figure 18: Case 6. (a) Liquid composition and temperature profile and (b) net flow of components inside
676  the column for non-optimal prefractionator operation providing V., =1.08-V22" in the main column.
677  Dotted lines show original optimal path of the components and solid lines represent different paths for non-
678  optimal operation. See Table 2 for specifications.
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At the other side of the V_, boundaries (Figure 10), at low or negative D/F ratios, the circulation
is counterclockwise so it takes place from above the dividing wall. In case 4.2 only component B
circulates. In case 5.2 component A starts to distribute between the prefractionator top and bottom
product. Note that the corresponding profiles and net flow paths are not shown here, as they are a
mirrored version of those in cases 4.1 and 5.2 (Figure 16 and Figure 17).

If the D/F ratio is reduced further towards case 7, additionally component A starts to circulate
around the top of the wall (Figure 19). In the most extreme case in case 8 even the heavy boiling
component C circulates around the wall.
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Figure 19: Case 7. (a) Liquid composition and temperature profile and (b) net flow of components inside
the column for non-optimal prefractionator operation providing V,, =1.08-VA>" in the main column.
Dotted lines show original optimal path of the components and solid lines represent different paths for non-
optimal operation. See Table 2 for specifications.
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Figure 20: Case 8. (a) Liquid composition and temperature profile and (b) net flow of components inside
the column for non-optimal prefractionator operation providing V,, =1.08-V *B-C in the main column.

min
Dotted lines show original optimal path of the components and solid lines represent different paths for non-
optimal operation. See Table 2 for specifications.

4.5 How to detect non-optimal prefractionator operation in temperature profile

In this Section the temperature profile of a prefractionator operation in the flexibility region is
compared to different groups of non-optimal operations. Figure 21a compares the temperature
profiles to those when the prefractionator is overpurified and correspondingly the main column is
underpurified. Figure 21b compares the profiles to those with underpurification of the
prefractionator. Figure 22 shows the profiles in cases with circulating components, with circulation
around the upper part of the dividing wall in Figure 22a and below the dividing wall in Figure 22b.
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Figure 21: Temperature profiles of cases with over- and under-purification of prefractionator.

Based on the profiles and our recent publication about temperature profiles in distillation columns
[27], relevant characteristics are concluded here.

Prefractionator:

e Three pinches in the prefractionator indicate an operation close to the V_.  boundary
between the A-BC and AB-C-maxima. Correspondingly, when operating in the flexibility
region, there are also three pinches (or left-overs of these in terms of slope changes) visible.
However, for a clear conclusion about whether the operation is inside or outside of the
flexibility region, additionally the profile in the main column has to be evaluated.

e A continuous pinch above and below the feed stage in the prefractionator at the feed boiling
point (between C21 and C22) without additional pinches means that all feed components
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leave it at the top and bottom. This is a clear indication of underpurification (case 3) (Rules
4/5 from Table 1).

Main column:

A continuous pinch above and below the feed stage in the upper or lower main column
(between sections C11+C12 and C13+C14) without additional pinches means that the main
column is underpurified, in other words too little energy is provided. More energy input to
the reboiler can solve this issue (but does not guarantee that the prefractionator is operated
optimally also) (case 0, 1.1).

A pinch in the middle of C11 without a pinch at the top end means that three components
enter the upper main column and the heavy boiling component C disappears from the top
product. Accordingly, the prefractionator is clearly not operated optimally (cases 2.1a, 3,
5.1, 6, 8).

A pinch in the middle of C14 means that three components enter the lower main column
and the light boiler disappears from the bottom product. Accordingly, the prefractionator
is clearly not being operated optimally (cases 3, 6, 7, 8).

Whether components circulate or not is difficult to see from the temperature profiles (e.qg., regions
2.1aand 5.1 are qualitatively very similar). However, another indication for assessing the operating
point can be the temperature change in the prefractionator (between the top and bottom ends),
which is shown for the case study simulations in combination with the resulting product purity of
component B in the side product in Figure 23.
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Figure 22: Temperature profiles for cases with circulating components

The highest temperature change in the prefractionator is reached for operation within the flexibility
region, which of course also leads to the highest purity. Non-optimal prefractionator operation
leads on the one hand to lower purities and on the other hand also to a lower temperature change
over the prefractionator, where the relationship is approximately linear. Interestingly, different
slopes result for the scenarios with over- or under-purification of the prefractionator and those with
circulating components. Very small or even negative temperature changes in the prefractionator
are only found for scenarios with circulating components (cases 5.1, 5.2, 6, 7, 8). At a comparable
temperature change, operation with circulating components (cases 4.1 and 4.2) results in lower
purities than operation in those without (cases 0, 1.1, 1.2, 2.23, 2.2b).

Note that these results are only an initial indication and further investigations are required to finally
prove these findings. If they are found to be generally applicable this can be very useful to interpret
the operation of a real plant. However, in any case preliminary simulations are needed to get a
reference for the prefractionator temperature change in the optimal and non-optimal case.
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Figure 23: Temperature change in the prefractionator (from top to bottom end) resulting from operation
in different cases

5 Generalization of results and further research suggestions

The results of this work are based on several assumptions, which includes the assumption of a
ternary, equimolar and close to ideal mixture, fixed product flows equal to the feed flow of the
corresponding target components and providing slightly more energy than the minimum demand
in the main column and overall a high number of stages. If less stages are used, the energy demand
increases. Nevertheless, in a previous publication it has been shown that the basic idea of the V__
diagram can be extended to higher number of stages by merging it with an optimization or short-
cut approach determining the energy demand for a finite number of stages [23]. Thus, it is assumed
that the results from Figure 10 will still be valid but the peaks will be higher and the shape of the
diagram may change based on the actual number of stages. Additionally, at lower number of stages
pinches disappear, but they are still visible as a slope change in the temperature profile [27,28]. So
generally, the authors believe that the results, including the flow patterns and usage of temperature
profiles, are applicable for similar separation tasks in dividing wall columns. Additionally, several
aspects need to be evaluated further in order to enable a comprehensive generalization of the
results.

For mixtures with more than three components, it can be assumed that similar patterns exist,
although the location of pinches in the profiles will change. Correspondingly, the interpretation of
temperature profiles becomes more complex which may lower their usability to draw conclusions
about the operation.
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For less ideal mixtures, additional special behaviors, such as tangent pinches, can occur. This
makes the interpretation of temperature profiles more difficult.

Further, the product flows are usually indirectly given by temperature controllers and are thus
change during operation. With temperature control, it is usually possible to obtain at least a pure
top or bottom product, but then some of the target components will be lost in the side draw, which
will be impure. This will affect the temperature profiles, so the impact of changes in product flows
on the profiles and flow patterns should be evaluated in more detail.

Note that the illustrated case represents the situation where the heavy/intermediate split (or the
right-hand peak) sets the demand for the overall reboiler duty. There is a set of feed cases where
the light/intermediate (or the leftmost peak) is limiting. Then, the optimality region will be
mirrored to the other side of the preferred split point (on the branch in the \/mm diagram towards
the highest peak). The same kind of analysis as shown in this paper can be carried out for that
situation, but that is not included herein.

6 Summary and conclusions

Dividing wall columns are promising energy saving units for the chemical industry. However, to
be able to exploit their full potential, every day and hour, the ability to identify and mitigate non-
optimal operation is important. The results in this paper hopefully contribute to such
understanding. The importance of the prefractionator operation on the overall performance of
dividing wall columns was investigated in this work. It is already known that there is a certain
operational flexibility regarding the vapor and liquid split ratios at the dividing wall. However, the
authors are not aware of any publication focusing on what happens if the prefractionator is operated
outside this range. This publication aims to close this gap and give an overview about possible
scenarios. The reader should keep in mind that the results were obtained for a close to ideal BTX
case study system at high number of stages.

First, the feasible operating range of the prefractionator is visualized inaV__ diagram. As operation
is moved off from the dividing wall column optimality region, (given by a line segment on the V-
shape), the profiles and separation purity performance will change according to which region in
the diagram the operation is moved into. The behaviour in each region is described in detail and
this knowledge may be used to diagnose any given set of column profiles.

In the case study, 15 non-optimal prefractionator operation regions were identified. For each
region, a certain type of internal flow pattern is observed which results in similar composition and
temperature profiles. More generally, the cases can be classified into three groups: (a)
overpurification of the prefractionator causing an underpurification of the main column (cases 0,
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1.1, 1.2), (b) underpurification of the prefractionator and underpurification of main column (cases
2.1a, 2.1b, 2.2a, 2.2b, 3) and (c) operation with components circulating around the dividing wall
(cases 4.1,4.2,5.1,5.2,6, 7, 8).

Additionally, it is shown how non-optimal operation can be detected based on the temperature
profile in the column. These profiles can either be obtained from a flow sheet simulator or, if no
internal sensors are available, by measuring the temperature of the outer shell of a real plant. In
this regard keep in mind that other real-life effects like separation performance or maldistribution
may affect the profiles, however these topics exceed the scope of this article. By comparing the
profile of the given system with the profiles in this article, useful conclusions can be drawn. The
obtained results indicate that the temperature change in the prefractionator may be a suitable
parameter to detect non-optimal operation. The temperature change is higher when higher purities
are obtained. However, more extensive studies should be performed, including using different
mixtures, using different energy inputs to the main column and different product flows.

If a non-optimal prefractionator operation is detected, this can be counteracted by correcting the
vapor and liquid splits. Usually, the liquid split can be manipulated during operation, while the
vapor split results from the column design. To a certain extent the liquid split can be used to
compensate a non-optimal vapor split, however, if the vapor flow is outside the flexibility range,
the desired separation becomes infeasible.

Correspondingly, for a robust operation of dividing wall columns close to the energy minimum,
also with regards to disturbances and changing feeds over the years, not only the liquid but also
the vapor split ratio should be designed in a way that it can be manipulated. If not on-line, then at
least to a changed fixed value if there is a known significant shift in feed properties.
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8 Symbols

8.1 Variables

Variable  Meaning

B Molar bottom product flow
D Molar top product (distillate) flow
= Molar feed flow
k Number of components in feed stream
L Molar liquid flow
R Split ratio at dividing wall (molar flow to prefractionator divided by total flow)
S Molar side draw flow
t Relative Temperature
T Temperature
v Molar vapor flow
Wi Net flow of a component
X Molar fraction in liquid phase
y Molar fraction in vapor phase
8.2 Index
Index Meaning
b boiling
bot column bottom
Cij Column section numbering (see Figure 1a)
i component, A, B, C
L liquid
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top column top
max upper limit
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\ vapor
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