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Investigation of Control Structures for a
Four-Product Laboratory Multiple Dividing-
Wall Column Using Dynamic Simulation

The dynamic behavior of a multiple dividing-wall column pilot plant is evaluated
by means of dynamic simulation. Three different control structures are developed
or adapted from the literature, which are constrained by the actual design features
of the pilot plant column. Since in the present case the design of the column was
chosen such that very different mixtures can be separated, it cannot be optimally
designed for each of these potential mixtures. Rather, the design focused on the
flexibility of the plant. All three investigated control structures were tested on feed
flow rate and feed composition disturbance and allowed a robust control of the
pilot plant, whereby control structure 2 is slightly better than others in terms of
steady-state deviations and less pronounced fluctuations during the dynamic
phase. The transferability of control structure 2 to other variants of multiple divid-
ing-wall columns is easily possible.
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1 Introduction

Distillation still remains the most important thermal separa-
tion technology in the chemical industry. Since it is also very
energy-intensive, many research efforts aim to increase its effi-
ciency. Considering the separation of a ternary mixture into its
pure components, a conceivable way of saving operating and
investment costs is the utilization of a dividing-wall column
(DWC). Compared to a conventional sequence, e.g., the direct
split, three-product DWCs enable up to 30 % reduction in
operating expenses, owing to the fact that the energy required
for the separation into three pure products equals that of the
most difficult binary split [1–3]. In addition to lower operating
expenses, reduction in investment costs can also be achieved,
because a DWC requires only one column shell, one reboiler,
and one condenser. Furthermore, all of the key-component
splits can be realized within a single shell owing to internal
partitioning of packings or trays into multiple parallel sections.
In a three-product DWC, a single partitioning wall inside the
column separates the feed side (prefractionator) from the side
draw side (main fractionator).

Since the first operation of a three-product DWC more than
30 years ago [4], the technology has matured and with already
125 applications in 2011 [5] it is most likely that the number
has further increased nowadays. Further broadening of the
DWC concept leads to the separation of four products inside
one column shell. Therefore, multiple DWCs (mDWCs) with
more than one partitioning wall are used in order to separate
liquid mixtures into four or even more products. Hence,

mDWCs can lead to an even larger reduction in energy and
capital costs. In case of the four-product mDWC, reported sav-
ings can be 45–55 % when compared to conventional sequences
(e.g., the direct split) [6, 7].

A drawback is the high complexity of mDWCs. For example,
the mDWC with three partitioning walls, depicted in Fig. 1a,
also called the 2-3-4 configuration (two products from the pre-
fractionator, three products from the middle fractionator, and
four products from the main fractionator), results in 23 steady-
state degrees of freedom, i.e., number of stages in twelve sepa-
ration sections, three liquid and three vapor splits, four product
specifications and the operating pressure, which have to be
defined [8]. The complexity does not only concern the opera-
tion of the column, but already the design, the modeling, and
the simulation, and is most likely the reason why no industrial
or even lab-scale applications of these columns are reported. A
promising way to make an industrial application more likely is
to simplify the 2-3-4 configuration by reducing the number of
partitioning walls. This results in a less complex internal
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structure with fewer parallel separation sections and fewer
liquid and vapor splits, and consequentially less degrees of free-
dom.

The so-called 2-2-4-a configuration containing two parti-
tioning walls (Fig. 1b), has only 19 steady-state degrees of free-
dom, i.e., one liquid and one vapor split, as well as two separa-
tion sections less than the 2-3-4 configuration. A configuration
with the second partition wall in the lower part of the column
is also conceivable. This version is called the 2-2-4-b configura-
tion and will not be discussed further, so it will not be shown
here. A comprehensive investigation on different simplified
versions of mDWC can be found in [9].

Under specific circumstances, depending on the properties
of the feed mixture, simplified configurations can be operated
at the same minimum energy demand as the 2-3-4 configura-
tion. Another version of a simplified four-product DWC is the
so-called Kaibel column, depicted in Fig. 1c, which is until now
the only practical realization of a four-product DWC [10, 11].
This column possesses only one partitioning wall, but is still
able to separate a quaternary mixture into pure products. With
only 14 steady-state degrees of freedom (number of stages in
seven separation sections, one liquid and one vapor split, four
product specifications and the operating pressure) it appears to
be very promising. However, the drawback is that the Kaibel
column cannot be operated in the thermodynamic optimum
[12] and therefore will always have a higher energy require-
ment than the 2-3-4 configuration [13].

For the investigation of a large variety of mixtures, the
2-2-4-a configuration was determined as the most suitable ver-
sion for the implementation of a simplified mDWC [6, 14–16].
In order to close the lack of operational data from mDWCs,
the target of the Laboratory of Thermal Process Engineering at
Ulm University is to build and operate the first pilot plant-scale
mDWC worldwide, realized as the 2-2-4-a configuration [16].

Previous work on designing the pilot plant column was
based on steady-state simulations in Aspen Plusª. This work

resulted in the complete column design such as the number of
theoretical stages, the diameter of the column, as well as the
position of the partitioning walls and the position of the
sensors and sampling points [16].

Before implementing an mDWC, it is necessary to verify that
a stable operation is possible and the required product specifi-
cations can be maintained. In order to compensate unavoidable
disturbances during operation, practicable control structures
must be applied. Since there is no mDWC unit in operation
yet, there has been no possibility to test control structures in
reality. Hence, new control structures for mDWCs have been
developed theoretically, based on the extensive experience ob-
tained from the control of two-product columns, three-product
DWC columns, and the four-product Kaibel column.

In the following section, a brief overview of published litera-
ture on controlling complex distillation columns such as DWC
and mDWC is presented. Comprehensive overviews on the
principles of control schemes can be found elsewhere [17–19].
As three-product DWCs are already widely used in the chemi-
cal industry, practical control structures have already been
verified during operation [20, 21]. An evaluation of different
control structures for DWCs, as well as different examples, can
be found in a paper by Kiss and Bildea [22] and by Donahue
et al. [23].

As mentioned before, there are extra degrees of freedom aris-
ing from the complex internal structure of a DWC. With the
focus on column control, the most important new degree of
freedom is the liquid split above the partitioning wall, as it can
be easily adjusted during operation by means of liquid collec-
tors and distributors. Previous work of Kiss and Bildea [22]
and Ling et al. [24] showed that it is necessary to control the
amount of the heavy impurity in the top of the prefractionator
by the liquid split for optimal energy usage. The adjustment of
the liquid split above the partitioning wall can be realized by
either a direct composition control loop or a temperature
control loop. However, from the operational point of view,
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Figure 1. Three different versions of four product dividing wall columns: a) with three partitioning walls (2-3-4 configuration), b) with
two partitioning walls (2-2-4-a configuration) and c) with one partitioning wall (2-4 configuration or Kaibel Column).
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direct composition measurements should be avoided due to the
high investment cost, long reaction time, and high mainte-
nance.

Qian et. al. [25] investigated three different control struc-
tures for a Kaibel column based on temperature and composi-
tion control structures and found that the four single-point
temperature control structure (three for products, one for the
liquid split) showed a fast and good response to disturbances in
the feed composition and flow rate [25]. In addition, practical
studies on the Kaibel column have already been carried out.
Dwivedi et al. [26] investigated a pilot plant Kaibel column that
can handle feed disturbances by using a four single-point tem-
perature control structure. The same authors also investigated
four different control structures for the 2-3-4 configuration
using dynamic simulation [27]. They concluded that a pure
temperature control structure is insufficient and a composition
cascade with a temperature measurement should be used. Fur-
thermore, they suggested controlling either the sum of all light
key impurities in the products B, C, and D, or the largest impu-
rity in one of them, using boil-up, in order to ensure that the
purity of all products is above the constraints.

Qian et al. [28] also studied the 2-3-4 configuration and
tested a pure temperature control structure, a pure temperature
difference control structure, as well as a mixed pressure com-
pensated temperature and temperature difference control
structure on different fluctuations in feed flow and feed compo-
sition. Their conclusion is that the temperature control struc-
ture cannot control the studied 2-3-4 configuration properly,
because the temperature cannot be accurately correlated with
the composition when more than two components are present.
Therefore, the temperature difference control structure and
pressure compensated temperature difference control structure
are superior.

In another study [29] the same authors investigated a pure
temperature control structure, a mixed temperature and tem-
perature difference control structure, and a mixed temperature
and double temperature difference control structure for the
2-3-4 configuration on different fluctuations in feed flow rate
and feed composition. In the mixed control structures, the
temperature controllers in the prefractionator and the middle
column were substituted for temperature difference and double
temperature difference controllers, respectively. Also, in this
contribution they come to the conclusion that pure tempera-
ture control is not sufficient for the 2-3-4 configuration and
that the other two control structures are better in terms of
settling time, steady-state deviations, as well as the maximum
deviations.

In another theoretical study, Lukač et al. [30] investigated an
industrial-scale simplified mDWC by means of dynamic mod-
eling. They studied the 2-2-4-a configuration and checked the
performance of three different control structures, two of which
are based on single-point temperature control and temperature
difference control, in case of disturbances in the feed composi-
tion and feed flow rate. In their study, they also found that
single-point temperature control is insufficient and the mixed
control structure with single-point temperature control
coupled with temperature difference control is superior in
order to maintain all product qualities within the desired speci-
fications.

This literature review shows that different groups have
obtained different results regarding the single-point tempera-
ture control of four-product DWCs. For the Kaibel column,
this control structure has been shown to be good, whereas it
has been found to be unsuitable for mDWCs. All work on the
control of multiple partition columns has the disadvantage that
it cannot be validated with experimental data. This is simply
due to the fact that no such column exists. Although the contri-
bution of the investigations reported in this paper cannot yet
be validated experimentally, they are of fundamental impor-
tance for understanding the behavior and limitations of the
planned column.

A completely new aspect of this paper is that the implemen-
tation of the control strategies in the simulation software
explicitly takes into account the design constraints of the col-
umn to be built. As a consequence, control structures, which
can be realized, differ from the optimal ones, e.g., due to the
reason that it is not possible to implement the temperature sen-
sor at the actually optimal position. This disadvantage cannot
be avoided, since a large number of different mixtures is going
to be investigated in the planned column in the coming years.

2 Proposed Pilot Plant Design

Due to its relative simplicity, the pilot plant at Ulm University
will be realized in a 2-2-4-a configuration, as shown in Fig. 1b.
Since unwanted heat transfer over the partitioning walls has a
big impact on the performance of small-scale columns due to
the large surface-to-volume ratio, the column will be realized
as a so-called Brugma column, where each separation section is
considered as an individual column. An additional benefit is
the easy access to each separation section. Additionally, each
separation section is equipped with a controlled electrical heat-
ing jacket, shortening heating time during start-up, and work-
ing as insulation to prevent heat loss to the ambient.

The design of the column was carried out by steady-state
process simulation in Aspen Plusª. By using the built-in opti-
mization tool of Aspen Plusª, the operating point of the col-
umn was determined. The detailed optimization procedure has
been reported elsewhere [16] and is not further explained here.
The design case for the column is an equimolar saturated
mixture of ethanol (A), 1-propanol (B), isobutanol (C), and
1-butanol (D) with a feed flow rate of 6.36 kg h–1 (0.1 kmol h–1).
The operating pressure in the top of the column is 1 bar. Puri-
ties of at least 98 mol % of the main component in the respec-
tive product stream are set as constraints. The results obtained
are the number of stages in each separation section, the values
for the internal vapor- and liquid splits as well as the diameter
of the column sections [16].

The proposed column design, illustrated schematically in
Fig. 2, consists of eleven separate column sections equipped
with Sulzer DX packings, representing roughly 20 stages per
section according to manufacturer specifications for standard
test system. The diameter of the topmost and the bottommost
section is 80 mm, while all column sections in between have a
diameter of 50 mm. In order to measure the temperature pro-
file of the column, each section is equipped with three tempera-
ture sensors, located at 25 cm height intervals. There is an
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additional temperature sensor placed at each con-
nection fitting between the columns. In terms of
theoretical stages, it is possible to measure the tem-
perature roughly every five theoretical stages,
which is considered to be sufficient for obtaining
an accurate temperature profile.

As the pressure drop is a crucial parameter, espe-
cially for the vapor split below the partitioning
walls, there is a pressure-difference measurement
for each individual section. In order to manipulate
the pressure drop and therefore the vapor splits,
the bottom sections of columns C22, C33, C13, and
C35 are designed to accommodate an exchangeable
orifice. By adjusting the open diameter by changing
the orifice, the pressure drop in those sections can
be customized and therefore the vapor splits modi-
fied. However, it has to be highlighted that this
change can only be made during the column
down-time and should not be considered as an
active adjustment of the vapor split during opera-
tion. It is rather a way which allows modifying flu-
id-dynamic properties and vapor splits for optimal
separation of possible other feed systems, without
the need to change the type and amount of the
packings.

For simplification, the vapor and liquid connec-
tions in the Fig. 2 are drawn in common as a virtual
three-way valve. The condenser is realized as a total
condenser, using water as the cooling medium. For
non-condensable gases, entering the column
through the feed, the condenser is open to the am-
biance at the highest point of the column. Distillate
is being intermittently drawn out from the con-
denser through a pipe ending with a valve, which
periodically opens and closes. When the valve is
open, the whole condensed liquid is withdrawn
from the column. In the other case, when the valve
is closed, the whole condensed liquid is going back
to the column as a reflux. Depending on the
required reflux ratio, the valve will remain open or
closed for a longer period of time. This design is
normally used for laboratory columns and is con-
sidered state-of-the-art. An electrical reboiler is
installed at the bottom of the column. Tab. 1 sum-
marizes the operational limitations of the planned
pilot plant [16].

The control of the column must be as flexible
and as adjustable as possible to assure a stable
operation of the pilot plant for different feed com-
positions and mixtures. Therefore, various options
to control the column are available, based on pro-
portional integral derivative (PID) controllers. The
control features will subsequently be described.
Since all product lines are equipped with a mass
flow measurement, they can be controlled by
setting a specific value for the flow rate. Another
possibility is to use a cascade temperature control
loop to control the flow rate of the products and
maintain the purity specifications. In principle, all
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Figure 2. Scheme of the pilot plant.
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previously mentioned temperature sensors could be used for
this control task. The same options are available to control the
liquid splits.

The temperature control loops, to control the liquid splits,
must be located in the prefractionator [31] and the middle col-
umn in order to control the amount of the heavy boiling com-
ponent at the top of the partitioning walls to ensure a sufficient
separation performance in this column sections. For the bot-
tom of the column, different ways of control are accessible as
well. The purity of the bottom product can be controlled by a
temperature control loop. In addition, the level of the reboiler
can be controlled by the flow rate of the bottom product
stream. For example, the heat duty of the reboiler can be set
manually, by a temperature cascade loop, or be controlled by
maintaining a constant ratio like _R= _F where _R1) means the re-
flux mass flow and _F denotes the feed mass flow. Additionally,
the total pressure drop of the whole column or, if necessary, for
particular sections of the column, can be used to control the
reboiler duty. All applied control devices offer a wide range of
possible control structures that can be employed and tested in
the pilot plant. In summary, the design of the pilot plant has
been finalized.

3 Control Structures and Dynamic
Simulation Model

The main question to be answered is whether the applied
control structures are capable of handling typical disturbances
during operation, such as variations in feed composition and
flow rate. Since no real plant is in operation yet, comprehensive
preliminary studies based on dynamic simulations have to be
carried out in order to assure a stable operation of the pilot
plant. For this purpose, three different control structures are

investigated. Two of them were tak-
en from the literature [29, 30] while
the third one is an adapted control
structure specifically developed for
the simplified mDWC pilot plant.

For this study, practical applic-
ability of the control structures is
very important. Hence, the control
structures should be kept rather
simple. Therefore, only tempera-
ture controllers (TC) and tempera-
ture difference controllers (TDC)
are implemented in the control
loops, besides the essential pressure
and liquid level controllers. Several
authors state that TDC is superior
to TC in distillation column con-
trol [29, 30, 32]. Online composi-
tion control is not considered due
to its high investment and mainte-
nance cost. As mentioned in Sect. 2,

orifices are installed at the bottom of the two sides of the parti-
tioning walls in order to be able to change the vapor splits
between two experiments. An active vapor split control during
operation is not planned and therefore the vapor split is not
considered as a degree of freedom and is left uncontrolled at
this time. The performance of all control structures is investi-
gated using feed flow rate disturbance as well as feed composi-
tion disturbance.

3.1 Setup for Dynamic Simulation

Dynamic simulations are carried out in the process simulator
Aspen Hysysª V10. For calculation of the phase equilibria,
non-random two-liquid (NRTL) is chosen as the thermo-
dynamic model. The binary phase equilibria are checked
against experimental literature data taken from the Dortmun-
der Datenbank (DDB) and show a good agreement. Since no
unit operation model for mDWCs is available in the software, a
substitute model for the column, using seven individual col-
umns, is selected for the dynamic simulation; compare Fig. 3.

The reason for choosing the seven-column substitute model
is that it offers the necessary access to all liquid and vapor splits
for dynamic simulations. The ‘‘distillation column’’ model
(equilibrium stage model) is selected to rigorously simulate the
seven distillation columns in the system. Since the condenser is
designed not to have much holdup in reality, a small volume of
0.25 L is specified, as it is a required input for the simulation. A
volume of 15 L is set for the reboiler. For the packings a com-
promise had to be carried out. As no data for the previously
mentioned laboratory packings is available in Aspen Hysysª,
similar Sulzer BX Plus packings are used for the simulation.

3.2 Control Structures

In this section the studied control structures are described. For
stabilizing the operation of the column, vapor and liquid inven-
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Table 1. Limitations of the planned pilot plant.

Design feature Limitation

Height of the column Limited to a maximum of 9.8 m and affecting the equipment and
the number of theoretical stages

Diameter of each column section Limiting the flow rates inside the columns and specify the vapor
splits

Temperature sensors Being placed at every fifth theoretical stage, leading to compro-
mises when choosing the most sensitive temperature stage

Number of theoretical stages Uniformly distributed over all column sections to separate
different mixtures and to equalize the pressure drop on all sides
of the partitioning walls

Vapor splits Left uncontrolled during operation

Large holdup in the reboiler Resulting in a sluggish response of the bottom product

Small holdup in the condenser Resulting in a very fast response of the top product and therefore
may lead to a difficult control

–
1) List of symbols at the end of the paper.
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tories, i.e., pressure and liquid levels, need to be controlled. The
pressure of the column is controlled by the heat duty of the
condenser. The liquid level of the condenser is controlled by
the reflux flow rate and the liquid level of the reboiler by the
bottoms product flow rate. The reboiler heat duty is controlled
by a reflux/feed ratio controller. This leads to the _D= _V struc-
ture (distillate mass flow to boil-up mass flow), where the dis-
tillate as well as the reboiler duty (vapor boil-up) are directly
controlled [33]. The reason for choosing this structure will be
discussed later in this chapter.

In order to accomplish the comparison between the three
control structures, the same inventory control loops are applied
for all structures. The differences between the control struc-
tures are the temperature control loops. For the implementa-
tion of the temperature control loops, several steps have to be
completed. First step is to determine the stages that are sensi-
tive to temperature changes and therefore suited for tempera-
ture control. Different approaches are available to determine
which stages should be used for temperature control [34, 35].
In this study, steady-state simulations are employed to carry

out a sensitivity analysis. Small disturbances of 0.5 % are intro-
duced to the manipulated variables (MV; _D, _S1, _S2, _L1, _L2 and
_Q) and their respective gains, DT/DMW, are calculated [36].

Fig. 4 shows the results of the sensitivity analysis. The num-
bering of the stages is from the top to the bottom. Note that
only the relevant equilibrium stage regions for the respective
change in the manipulated variable in the columns are dis-
played. This means that for changes in the flow rates of distil-
late, first side draw, second side draw as well as for the reboiler
duty, only the results for the main column are depicted. The
relevant area for the upper liquid split is the middle column,
and for the subsequent liquid split it is the prefractionator, re-
spectively. The theoretical stage that should be used for temper-
ature control is the one with the highest sensitivity and there-
fore the highest gain. For example, for the introduced changes
in the distillate flow rate, the most sensitive stage is 16.

As mentioned in Sect. 2, there are temperature measure-
ments available on every fifth stage, meaning that stage 15 will
be used for temperature control in this case. When choosing
the temperature stage, one should note that the measurement
should not be placed near the end of a column [17], which
means it should also not be placed in the thermally coupled re-
gion of the columns as well. Also, sensor locations for the con-
trolled variable and the manipulated variable should be close to
avoid long response times [17]. The procedure is then repeated
for the other manipulated variables as well; the resulting tem-
perature stages are given in Tab. 2.

In principle, all four product streams are accessible for
manipulation to control the column. However, since both side
draws must be set, the following section briefly discusses how
the head and bottom of the column can be controlled. Con-
ceivable control configurations for the pilot plant are the _D= _V
(distillate and vapor boil-up are directly controlled) and the
_B= _R (bottoms product and reflux rate are directly controlled)
structure, as one internal and one external stream are being
controlled. The _R= _V and _D= _B configurations are avoided as
they may result in undesired interactions and therefore lead to
an unstable control, because either two internal or two external
streams are manipulated directly at the same time [18].

A possible way to implement the _B= _R configuration is to
couple the bottom product with a temperature in the bottom of
the column. In this case, the reboiler duty would have to con-
trol the liquid level of the reboiler. If the temperature in the
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Figure 3. Thermodynamic equivalent substitute model to the
2-2-4-a configuration used for the simulation.

Table 2. Resulting stages for temperature control. The m indi-
cates the middle column section (C21 and C22), the p the pre-
fractionator (C11–C13).

Variable Most sensitive stage Final chosen stage

_D 16 15

_S1 52 50

_S2 106 105

_L1 37m 35m

_L2 35p 35p
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bottom of the column varies, the bottom product mass flow
rate will change. This will result in an increase or decrease of
the liquid level of the reboiler. Since the bottom product mass
flow rate is small compared to the holdup in the reboiler, the
change in level will be very slow. Thus, the change in reboiler
duty, which especially influences the temperature in the lower
sections of the column, e.g., sections C35 and C36, will also be
slow. This would ultimately result in a poor performance as the

temperature profile in the sections C35 and C36 of the column
could not be controlled properly, i.e., fast enough. Hence, the
bottom product needs to control the liquid level in the reboiler
and therefore the _B= _R configuration is not feasible for this
system.

Coupling the reboiler duty with a temperature in the bottom
of the column is also not possible. Fig. 4f shows the sensitivity
profile to the response of the reboiler duty. Although there are
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some peaks in the lower region of the column, these stages are
not sensitive to the reboiler duty as the absolute values of the
amplitudes are rather small. It can be concluded that the
reboiler duty cannot be used for temperature control in the
bottom section of the column, because the response will be
slow and drift of the temperature profile cannot be avoided.
Therefore, the _R= _F ratio is applied to control the reboiler duty,
since it has already been established in another study [30] and
brings two advantages: the reboiler duty will adjust to feed flow
rate changes, as well as feed composition changes in a certain
range.

For the control schemes containing temperature difference
control, two temperature stages have to be selected. This is usu-
ally done by applying singular value decomposition (SVD)
[37, 38]. SVD is a powerful approach to determine the position
of a TDC, when the temperature stages can be chosen freely.
However, in the present case of the pilot plant where tempera-
ture sensors are installed at each fifth theoretical stage, it leads
to the same results as the sensitivity analysis. Therefore, the
sensitivity analysis is used again to determine the position of
the TDCs. Note that for choosing the positioning for the TDCs
the difference in the gains is particularly important. For this
purpose, a very sensitive stage and a non-sensitive stage are
selected. In the last step, the controllers have to be tuned. This
is realized with the Aspen Hysysª autotuning function, utiliz-
ing the Tyreus and Luyben approach [39]. Note that only the P
and I values of the controllers are employed.

In the following section, the three investigated control struc-
tures are presented. All of them are five-point control struc-
tures. This means that five composition-related properties, in
the present case temperatures and temperature differences, are
controlled. The reason for choosing a five-point control struc-
ture is that five different separations have to be carried out
inside the column and in order to avoid drift it is necessary to
control at least one temperature per separation [10]. Fig. 5 indi-
cates which separation has to be performed in which column
section.

Control Structure 1: Five Single-Point Temperature Control
Structure
Control structure 1, depicted in Fig. 6a, was already investigated
in a simulation study about an industrial-scale simplified
mDWC [30]. There are five TC loops realized: two are control-
ling the two internal liquid splits above the partitioning walls,
one is for controlling the distillate rate, and two are for the flow
rates of the two side products. The stabilizing control loops for
pressure and liquid levels are adapted from the example in the
literature and implemented as described before.

Control Structure 2: Three Single-Point Temperature and
Two Temperature Difference Control Structure
For this control structure, the single-point TC loops in the pre-
fractionator and the middle column are substituted by TDC
loops. The reason for this is that temperature measurements
can only be directly correlated with the composition if the mea-
sured mixtures contain just two components. However, in the
case of a ternary mixture or a mixture with even more compo-
nents, the correlation between the composition and the tem-
perature becomes inaccurate [29]. Qian et al. presented this

approach for the 2-3-4 configuration and therefore it had to be
adapted to be applied on the 2-2-4-a configuration (Fig. 6b) for
this study.

The position of the TCs remain unchanged compared to
control structure 1. The positioning for the TDCs can be taken
from Tab. 3. Note, that similar to TCs the manipulated variable
should be close to the controlled variable for TDCs as well.
Therefore, a compromise is made for the control of the upper
liquid split _L1

� �
, where not the highest sensitivity difference is

used for control, but one with a still sufficient difference that is
closer to the manipulated variable [29].
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Figure 5. Thermodynamic equivalent substitute model to the
2-2-4-a configuration indicating the separation in each column
that has to be performed, e.g., B/D means that B is separated
from D while C is distributing, so ABC is going overhead and CD
to the bottom.

Table 3. Positioning of the TDCs for control structure 2.

Variable First stage Second stage

_L1 5m 15m

_L2 25p 35p
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Control Structure 3: One Single-Point Temperature and
Four Temperature Difference Control Structure
Control structure 3 is based on control structure 2, with some
additional adaptations; compare Fig. 6c. Only one temperature
controller is installed in the top of the column. This should sta-
bilize the temperature profile inside the column. The two TCs
that were coupled with the two side draws are substituted by
TDCs. This should maintain a constant separation between the
two side products as well as the second side draw and the
bottoms product. The position of the TC in control structure 3
remains the same as in the other two control structures. The
positioning of the TDCs can be seen in Tab. 4.

4 Results of Controllability Analysis

To compare the performance of the three control structures,
disturbances are introduced after 5 min of simulation time.
Eight different scenarios are simulated: two with a disturbance
in the feed flow rate and six with fluctuations in the feed com-
position. The flow rate changes include a feed mass flow in-
crease of 10 % (scenario 1) as well as a feed mass flow decrease

of 10 % (scenario 2). For composition disturbances, six different
scenarios are summarized in Tab. 5.

These combinations are chosen to pronounce the influence
of adjacent components. In all cases, product purities are
observed and should remain above the limit of 98 mol % during
the entire time of the simulation. The characteristics of the ini-
tial operating point regarding liquid and vapor split calculated
in percentages, as well as the reboiler heat duty are presented
in Tab. 6.

Fig. 7 indicates the dynamic response of the column using
control structure 1 after introducing defined disturbances. All
product purities are maintained within specified limits during
the whole simulation time. After some inevitable fluctuations,
the process stabilizes and all product purities reach new steady-
state values. For products A, B, and C, the settling time is
significantly lower compared to product D. This is due to the
relatively large holdup in the reboiler compared to the bottom
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Figure 6. Three different control structures for the 2-2-4-a configuration a) five single-point temperature control structure, b) three sin-
gle-point temperature and two temperature difference control structure, and c) one single-point temperature and four temperature dif-
ference control structure. The numbers below the temperature and temperature difference controllers indicate the controlled tempera-
ture stages.

Table 4. Positioning of the TDCs for control structure 3.

Variable First stage Second stage

_S1 45 50

_S2 85 95

_L1 5m 15m

_L2 25p 35p

Table 5. Scenarios for composition disturbances in mol %.
Changed compositions in each scenario are marked in bold.

Scenario A [%] B [%] C [%] D [%]

3 30 20 25 25

4 20 30 25 25

5 25 30 20 25

6 25 25 30 20

7 25 20 30 25

8 25 25 20 30
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product flow rate, resulting in a relatively high reboiler reten-
tion time, which makes the product D purity response sluggish.
Although the holdup in the condenser is very low, the quality
of product A can be controlled well.

For the feed flow rate disturbances (scenarios 1 and 2), a
deviation from the initial steady state to the final steady state
for products C and D can be observed. Product A is mostly un-
affected by all disturbances. The reason is that the separation
between A and B is the easiest one in that system [16]. Espe-
cially, between B and C, i.e., the two side draw products, inter-
actions happen during the fluctuations. Side draws have a very
small holdup and therefore affect the dynamic internal column
behavior faster than, e.g., the bottom product [30]. Hence, the
dynamics of their interactions are notably faster.

In case of control structure 2, all product purities stay above
the specification of 98 mol %, too (compare Fig. 8). The two
biggest differences to control structure 1 are the interactions
between the control loops during the dynamic response, which
are slightly less pronounced, subsequently leading to fewer de-
viations during the dynamic phase. In addition, the new steady
states, especially for product B, are closer to the initial steady
states and the deviations are smaller, especially for the feed
composition disturbances (scenarios 1 and 2). This means that
replacing the TCs with TDCs in the prefractionator and the
middle column is advantageous and coincides with the state-
ment from Qian et al. [29]. Therefore, it can be concluded, that
control structure 2 is superior to control structure 1.

Control structure 3 can also maintain all product purities
within the specifications for the entire simulation; see Fig. 9.
Additionally, interactions during the fluctuations are less
pronounced compared to control structure 1, while they are
slightly more pronounced compared to control structure 2. For
feed flow fluctuations (scenarios 1 and 2), component D can
maintain the same steady state without any changes. This is
due to the substitution of the TC to the TDC for the region
where the CD separation is carried out. Nevertheless, this also
brings a drawback, as for all other scenarios the composition of
product D is changing to a new steady state in contrast to con-
trol structures 1 and 2. This can be explained by the fact that
there is only one stabilizing TC fixing the temperature profile
in the top of the column, while the drift of the temperature
profile in the bottom is not being controlled any longer, as
there are only TDCs implemented. This ultimately leads to
TDCs maintaining the same set points, i.e., proper temperature
difference between designated stages, but at other absolute tem-
peratures. However, this does not make the results of control
structure 3 unsatisfactory.

In comparison to control structure 2, the newly implemented
TDC between products B and C does not change the separation
significantly in this region of the main fractionator. The pro-
gression of product B is similar in both control structures,
while the changes in product C are related to the different sepa-
ration between C and D as product D is changing as well.
Taking these points into account, it can be stated that the per-
formance of this control structure is slightly better than control
structure 1 due to the less pronounced fluctuations and the
slightly better product qualities at the new steady states. In a
direct comparison between control structure 2 and 3, the
performance of control structure 2 is superior, as it is slightly
better in most scenarios in terms of new steady-state qualities
as well as less pronounced fluctuations, with the exception of
scenario 8. Since control structure 3 is more complex and the
implementation of control structure 2 is closer to an industrial
application, it can be concluded that control structure 2 is the
best choice for the control of the pilot plant for the used feed
mixture.

Summarizing the acquired results of the controllability anal-
ysis demonstrates that control structure 1 gives worse results
compared to the other two control structures. This agrees with
other authors who have also investigated mDWCs using TC
and TDC [29, 30]. Nevertheless, control structure 1 could still
be applied to control the pilot plant, since the specifications
could be maintained for all variations. Control structures 2 and
3 are very similar in their performance, but control structure 2
is slightly better. This is also due to the less complex design of
the control structure, as fewer TDCs are applied, making this
control structure also easier to be transferred to other versions
of mDWCs.

By applying TDCs in all prefractionation columns while TCs
are applied in all main fractionation columns, control struc-
ture 2 can be applied not only to the 2-2-4-a configuration, but
also to the 2-3-4 configuration and all possible simplifications
of the latter. The transfer from control structure 3 to other
variants of mDWCs is more difficult since this control struc-
ture was created specifically for the 2-2-4-a configuration. With
the choice of a different simplification, this control structure
cannot be transferred directly, as this changes the separation
order inside the column and the TDC is in this case no longer
applied to the most difficult split [16, 40].

5 Conclusion

DWCs and mDWCs offer a large potential to save capital and
investment costs. While DWCs were already strongly investi-
gated regarding their dynamic performance, there are still few
publications on mDWCs, especially on the more practical sim-
plified versions. In this contribution, three control structures
have been investigated and evaluated for the 2-2-4-a configura-
tion, a simplified mDWC in pilot plant scale. That version will
also be built at Ulm University.

All three control structures were able to maintain products
within their purity specifications during all fluctuations. This is
a remarkable result, since compromises had to be taken during
the design phase for the control structures. One of the biggest
compromises is the large difference between the unfavorably
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Table 6. Characteristics of the operating point.

Variable Operating condition

_L1 49.3 %

_L2 60.8 %

_V1 26.9 %

_V2 47.9 %

_Q 3.2 kW
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b)

c) d)

e) f)

g) h)

a)

Figure 7. Simulated dynamic results on product qualities of control structure 1 for different disturbances a) scenario 1,
b) scenario 2, c) scenario 3, d) scenario 4, e) scenario 5, f) scenario 6, g) scenario 7, and h) scenario 8.
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g) h)

a)

Figure 8. Simulated dynamic results on product qualities of control structure 2 for different disturbances a) scenario 1,
b) scenario 2, c) scenario 3, d) scenario 4, e) scenario 5, f) scenario 6, g) scenario 7, and h) scenario 8.
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e) f)

h)

a)

Figure 9. Simulated dynamic results on product qualities of control structure 3 for different disturbances a) scenario 1,
b) scenario 2, c) scenario 3, d) scenario 4, e) scenario 5, f) scenario 6, g) scenario 7, and h) scenario 8.
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small holdup of the condenser and the rather large holdup in
the reboiler, inherently resulting in very different dynamic
behavior between the top and the bottom of the column. Addi-
tionally, positions of the temperature measurements could be
suboptimal, since the designated design of the column provides
a temperature sensor only every five theoretical stages. Never-
theless, all three control structures could be realized to control
the pilot plant.

The best results, both dynamically and from new steady-state
compositions, were obtained from control structure 2. For that
control structure, the responses to the fluctuations were less
pronounced and the new steady states were slightly better to
control structures 1 and 3. Due to a better applicability and the
advantage that a transfer to other variants of mDWCs can
easily be implemented, control structure 2 has been determined
as the best candidate for realization.
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Symbols used

_B [kg h–1] bottom mass flow
_D [kg h–1] distillate mass flow
_F [kg h–1] feed mass flow
_L1 [kg h–1] upper liquid split, mass flow to the

left
_L2 [kg h–1] lower liquid split, mass flow to the

left
_Q [kW] reboiler duty
_R [kg h–1] reflux mass flow
_S1 [kg h–1] upper side draw mass flow
_S2 [kg h–1] lower side draw mass flow
T [K] temperature
_V [kg h–1] boil-up mass flow

Abbreviations

C column
DDB Dortmunder Datenbank
DWC diving-wall column
LSV liquid split valve
mDWC multiple dividing-wall column
m middle
MV manipulated variable
NRTL non-random two-liquid
p prefractionator
PID proportional integral derivative
TC temperature control
TDC temperature difference control
SVC singular value decomposition
VS vapor split
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