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Experimental Investigation of Decentralized
Process Control for Reactive Dividing-Wall

The reactive dividing-wall column (RDWC) presents a highly integrated process
that enables significant reductions in investment costs and energy consumption.
However, the high degree of integration of this apparatus causes numerous inter-
actions between kinetics, vapor-liquid equilibrium, and mass transfer. To ensure a
reliable operation of the RDWGC, suitable control schemes need to be developed
and experimentally validated. A decentralized control scheme for the RDWC is
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1 Introduction

Distillation is the most widely used separation technique in
chemical industry. The high energy demand of this technology
makes it responsible for a significant share of the global energy
consumption. Volatile fuel costs as well as more and more strict
environmental laws require the development of highly energy-
efficient processes. The reactive dividing-wall column (RDWC)
is a prime example for such an efficient process. By combining
reactive distillation and dividing-wall column, the RDWC ena-
bles the production and separation of up to four product
streams. It combines the advantages of the dividing-wall col-
umn like reduced energy demand for separation [1,2] and the
advantages of reactive distillation like higher conversion rates
and selectivity [3,4]. Weinfeld et al. call the RDWC an appara-
tus of second-level process integration [5] while Dejanovi¢
et al. [6] refer to the RDWC as “a step towards the ultimate
sustainability in process industries”. Simulation-based studies
already showed a significant energy-saving potential compared
to a sequence of reactive distillation and conventional distilla-
tion columns [7].

The growing number of published research articles in the
past 15 years shows the increasing interest in RDWC technolo-
gy. A comprehensive review of these works is presented by
Weinfeld et al. [5]. Several experimentally validated steady-state
models are available [8-10] and methods for an efficient col-
umn design have been developed [11, 12].

However, until today no industrial-scale application of the
RDWC technology is known. From the industrial point of view
a safe operation and stable product quality are essential for a
successful implementation. While control concepts are avail-
able for reactive distillation [13, 14] and non-reactive dividing-
wall columns [2,15,16], only little information is existing on

DOI: 10.1002/ceat.201900620

presented and for the first time experimentally investigated on an RDWC pilot
plant. A comparison of experimental and simulated data is carried out and shows
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the control of RDWCs. Most of the published works on RDWC
control investigate the closed-loop behavior with mathematical
models built in Aspen Dynamics [17-24]. Experimental data
on the column’s dynamic behavior are still scarce.

One recently published paper focuses on RDWC start-up
[25]. However, experimental data on the performance of con-
trol schemes have not been published yet. Therefore, the aim of
this work is to shed some light on the control of RDWCs in
pilot-plant scale. First, a straightforward decentralized process
control scheme is set up using a rigorous RDWC simulation
model. Afterwards, the control scheme is tested in four differ-
ent scenarios on an RDWC pilot plant and for the first time
comprehensive experimental data on RDWC control are pre-
sented. As this work employs an integrated approach of model-
ing and experimental work to investigate the control of
RDWCs, both simulation and experimental data are finally
compared in a model validation.

2  Methodology
2.1 Pilot Plant

The transesterification of n-butyl acetate with 1-hexanol
(Eq. (1)), catalyzed by the immobilized enzyme Novozym 435,
is selected as reference system. A detailed investigation of the
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systems kinetics and binary phase equilibria was carried out in
an earlier study [9]. The results indicate that the employment
of Novozym 435 as catalyst enables a side product-free reac-
tion. Two azeotropes occur at the investigated pressure range
of 2-3 kPa. This allows the investigation of RDWC’s successful
operation and control even with non-deal phase behavior.

CsH 1,0, + CsH 4O = C4H, 00 + CsH 60, (1)

All presented experiments were conducted at the RDWC
pilot plant of the Institute of Process and Plant Engineering at
Hamburg University of Technology [9, 10, 25]. A picture of the
pilot plant and a scheme that includes all sensors and base con-
trollers (pressure and flow control) are displayed in Fig. 1. The
column is 12m high in total and built in a so-called Petlyuk
configuration by spatial separation of prefractionator and main
column. This configuration is thermodynamically equivalent to

reactive
packing

separation
packing

collector/
distributor

Figure 1. Picture (right) and scheme with available temperature and level sensors, flow and pressure controllers (left) of the RDWC pilot

plant at Hamburg University of Technology.
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an RDWC without heat transfer over the dividing wall. Thus, it
emulates the behavior of industrial columns better, where the
relative heat transfer is much smaller due to greater diameters
in comparison to pilot plants.

As shown in Fig. 1, the column contains two reactive packing
sections (DN 50), equipped with Katapak SP-Labor from
Sulzer (two stages per meter), in the prefractionator and four
non-reactive packing sections (DN 50 in dividing-wall section,
DN 65 in upper and lower part), equipped with Montz B-500
structured packings (six stages per meter), in the main column.
Each packing section has a height of 1 m. Thus, six theoretical
stages are available each in the lower and the upper part of the
column, four stages in the prefractionator, and twelve stages in
the main column side of the dividing-wall section. A total of
280 g Novozym 435 is employed in the prefractionator. Liquid
product samples are obtained from all three product streams.
The analysis of liquid samples is carried out with a Clarus 500
gas chromatograph from Perkin Elmer with a Supelco SLB-5
column to determine the product concentrations.

For a detailed analysis of the RDWC dynamic behavior, the
pilot plant is equipped with an extensive set of measuring devi-
ces, also indicated in Fig. 1. A total of 34Pt100 temperature
sensors (accuracy: *(0.15+0.0027) °C), including four sensors
at each packing segment, enable a high resolution of the
temperature profile along the column. All incoming, i.e., feed
and reflux, and outgoing, i.e., distillate, side and bottom, mass
flows are measured by Coriolis mass flow meters (accuracy:
+0.05kgh™). Additionally, the column top pressure (accuracy:
+0.001pkPa), the pressure drop along the column (accuracy:
+0.01pkPa), and the liquid levels (accuracy: +3 mm) in the
distillate vessel and reboiler are measured.

2.2 Simulation Model

In order to predict the complex interactions of highly inte-
grated processes like the RDWC, reliable dynamic process
models are of particular importance. Furthermore, a precise
model is the base for a successful implementation of advanced
control schemes. In this work, a fully predictive dynamic
RDWC model is presented that allows the simulation of the
start-up, open-loop, and closed-loop column behavior. The
model was developed at the Institute of Process and Plant
Technology at the Hamburg University of Technology. A de-
tailed description of the model assumptions and equations can
be found in Egger and Fieg [25].

The model is set up in a modular structure. All model equa-
tions are solved with Aspen Custom Modeler (ACM). Property
data are sourced via a link to Aspen Properties. The imple-
mented modules include the RDWC column shell (divided into
reactive and non-reactive sections and collector/distributers),
the reboiler, the condenser, and the reflux drum. A scheme of
the RDWC model with a description of all modules is pre-
sented in Fig. S1 in the Supporting Information. Process con-
trol is modeled by separate PID modules, provided by ACM,
which allows for easy implementation of different control
schemes.

The reboiler and RDWC column are modeled with the well-
known equilibrium stage approach. Therefore, phase equilibri-
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um (Eq.(2)) as well as mass and component balances are
calculated (Egs. (3) and (4)), taking into account the consump-
tion and production of components by an additional reaction
term, if a reaction is present. The Antoine equation is em-
ployed for calculation of vapor pressure of pure components,
the UNIQUAC model is chosen for description of liquid phase
non-idealities.

yi = Kix; 2
dN a
E = Lin + Vin — Lout — Vout + Mear Z 7§ (3)
=1
dNx,

ng

i

dt = Linxin,i + Vinyin,i - Loutxout,i - Voutyout,i + Myt § Tij
j=1

(4)

The chemical reaction is modeled via a second-order power
law approach as defined in Egs. (5) and (6). The heat of reac-
tion is taken into account by the heat of formation in the
enthalpy balance (Eq.(7)). The enthalpy balance further in-
cludes two terms to model the effects of energy transfer to the
stage’s surroundings. The term Q.cc” covers the heat transfer
from each stage to the column steel shell. This term is espe-
cially relevant for strong changes of the column’s temperature
profiles, e.g., for start-up or disturbances. The term Qs
describes the heat loss to the surroundings. Application of the
summation conditions completes the well-known MESH equa-
tions.

k(T) = ko, e <5‘ﬁ> (6)

dNh
F = Linhin,L + Vinhin,V - Louthout,L - Vouthout,V

- Qloss - Qaccu

7

Finally, the vapor distribution in the dividing-wall section is
addressed. Simulation studies proved the great influence of the
vapor distribution on the energy efficiency of an RDWC
[7,12]. Therefore, a precise modeling of the vapor distribution,
also called vapor split (VS), especially for the dynamic case is
important. The vapor flow is automatically adjusted to ensure
equal pressure drop on both sides of the dividing wall, i.e.,
main column (MC) and prefractionator (PF). The model emu-
lates this effect through iterative solving Eqgs. (8) and (9), where
the pressure drop is calculated through an empirical correlation
depending on the f-factor Fj, gas velocity u;, axial length z, and
empirical constants CP. The pressure drop modeling is de-
scribed in detail by Ehlers et al. [10].

1)  List of symbols at the end of the paper.
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VS = 0.5 + Kys (ApM© — ApF) (8)
Ap; = CPFE™ (1 + CPyup)Az )

2.3 Process Control Schemes

As no experimental data regarding process control of an
RDWC have been published so far, a straightforward, relatively
simple approach is selected to gain fundamental
knowledge. Such a decentralized approach includes
PI temperature, P-level and PI-pressure control
loops. The column top pressure is controlled by a
vacuum pump. All mass flows are controlled by
flow controllers to ensure stable mass flows. Level
and temperature controllers are operated in cas-
cade mode.

The basic control scheme for the RDWC con-
tains two level and two temperature controllers.
Manipulated variables for level control are deter-
mined according to Richardson’s rule. Since the
reflux ratio is 4-12 for the considered experiments
in this study, the reflux is chosen for level control
of the reflux drum. The bottom stream is selected
as manipulated variable for bottom level control.
This leaves the distillate stream and the side stream
for temperature control.

In this study, one temperature in the prefractio-
nator and one temperature in the main column are
to be controlled in order to ensure a constant
conversion in the reactive zone and to manipulate
the concentration profile in the main column,
respectively. In this scheme, the heat duty is not yet
applied as manipulated variable, in order to protect
the enzymatic catalyst in the prefractionator. It was
found in earlier studies [26] that the enzymatic cat-
alyst is strongly deactivated by temperatures great-
er 60°C. In the worst case, the enzymatic catalyst
has to be exchanged, which takes several weeks,
including assembly and time-consuming leakage
tests of the apparatus. Therefore, for this first set of
experiments the heat duty is purposely set to a
fixed value that assures operation below 60°C in
the reactive zone. Based on the profound process
knowledge gained in this study, the heat duty will
be considered as manipulated variables in following

towards the change of manipulated variables are possible can-
didates as control variables. Afterwards, an SVD analysis and
RGA are determined to decide the pairing of temperatures and
manipulated variables.

Finally, the temperature controllers of each control scheme
are tuned individually using the relay-feedback test. The ob-
tained values may be slightly adjusted, based on the experience
with the operation of the pilot plant, if the tuning is too aggres-
sive. A slightly less aggressive tuning is desirable to prevent
build-up of strong oscillations. Furthermore, temperature

.

studies.

In Fig.2, a scheme with all possible configura-
tions for temperature control loops as well as level,
pressure, and flow control loops is presented. In
order to find the exact temperature sensors that are
suited as control variables and find a good pairing
of control and manipulated variables, several analy-
ses are conducted. First of all, the temperature
slope and sensitivity are examined. Sensitivity anal-
yses are conducted according to Kaymak and
Luyben [27] by varying the manipulated variables
by +1%. Temperatures that are highly sensitive

Chem. Eng. Technol. 2020, 43, No. 5, 964-973
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Figure 2. Control scheme of the RDWC pilot plant with all possible configura-
tions for temperature control in the prefractionator and main column.
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peaks are to be avoided in regards of the temperature-sensitive
enzymatic catalyst. The process control scheme and the corre-
sponding parameters are finally implemented into the distrib-
uted control system of the RDWC pilot plant.

3  Results

In order to investigate the control, two disturbance cases and
two set point changes are examined. All experiments are also
applied to validate the dynamic model presented in the prior
section. In order to ensure the viability of the results for not
only one operation point but different process conditions, a
broad variety of different temperature and concentration pro-
files was chosen as starting points. The four different steady
states which serve as starting points for the dynamic investiga-
tions are given in Tab.1. The stationary values for heat duty
and feed mass flow vary by more than 35 % and the butyl ace-
tate mass fraction in the feed varies by more than 50 %. Fig.3
displays the temperature profiles in the prefractionator and
the main column of all four experiments. These operation
points set the foundation for a thorough testing of the control
system.

For every operation point a control scheme is set up accord-
ing to the methodology described in Sect. 2.3. The results of the
sensitivity analyses are given in Fig.S2 in the Supporting
Information. The temperatures in the main column show high
sensitivity towards both manipulated variables, the distillate,
and the side stream, respectively. Therefore, some interactions
between these two temperature control loops are expected.
However, application of the SVD and RGA analyses helps to
determine the final pairings. These pairings of selected temper-
ature sensors and corresponding manipulated variables and the
according tuning parameters are listed in Tab.2 for all four
operation points considered. Since level controllers remain
unchanged, parameters are the same for all experiments.

For each experiment, the RDWC is run through the start-up
phase, approx. 6-7h, to achieve steady-state conditions. After
approx. 2h of steady-state operation, the disturbances and set
point changes, respectively, are applied. In the first and fourth
experiment, disturbances in the feed flow are examined. The
second and third experiments examine the ability to perform
set point changes. The forth experiment is chosen exemplarily
to depict the model validation. An overview of the investigated
scenarios is given in Tab. 3.

Table 1. Input parameters for steady-state conditions for all experiments.

Exp. 1 Exp.2 Exp.3 Exp.4
Reboiler duty [W] 920 860 860 1180
Liquid split [-] 0.35 0.45 0.35 0.35
Condenser pressure [kPa] 2.35 2.35 2.35 2.35
Reflux stream [kgh™] 5.12 4.8 4.90 7.42
Reflux ratio [-] 4.61 12 7.21 12.37
Feed stream [kgh™'] 2.36 1.67 1.84 231
Feed composition [kgkg™] Butyl acetate 0.676 0.418 0.675 0.533
Hexanol 0.324 0.582 0.325 0.467
Distillate stream [kg h™ 1.11 0.4 0.68 0.60
Distillate composition [kgkg™'] Butyl acetate 0.798 0.805 0.803 0.803
Butanol 0.202 0.205 0.197 0.197
Side stream [kgh™'] 0.32 0.36 0.49 0.5
Side stream composition [kgkg™] Butyl acetate 0.804 0.177 0.803 0.774
Butanol 0.196 0.35 0.187 0.226
Hexyl acetate 0 0.332 0.01 0.0
Hexanol 0 0.141 0 0.0
Bottom stream [kgh™'] 0.93 0.92 0.7 1.21
Bottom stream composition [kgkg™] Butanol 0.03 0 0 0
Hexyl acetate 0.601 0.278 0.528 0.371
Hexanol 0.396 0.722 0.472 0.629
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Figure 3. Temperature profiles in the prefractionator (a) and main column (b) of all four experiments.

Table 2. Pl parameters of all controllers.

Exp. Manipulated variable Control variable Gain [kg h'°C! or [kg h'mm™] Integral time [s]
1 Distillate stream F41 Temperature T06 0.1 745

Side stream F42 Temperature T10 0.1 400
2 Distillate stream F41 Temperature T14 0.6 920

Side stream F42 Temperature T11 0.2 100
3 Distillate stream F41 Temperature T14 0.5 745

Side stream F42 Temperature T12 0.2 200
4 Distillate stream F41 Temperature T14 0.2 745

Side stream F42 Temperature T11 0.1 400
1-4 Bottom stream F43 Reboiler level 0.06 -

Reflux stream F40 Distillate vessel level 0.1 -

Table 3. Overview of investigated scenarios and objectives in this study.
Exp. Objective Variable Magnitude of
change of variable
1 Investigation of disturbance behavior Feed mass flow +20 %
2 Investigation of Temperature T14 in prefractionator +1°C
set point change behavior
3 Investigation of Temperature T12 in main column +4°C
set point change behavior

4 Model validation Feed mass flow -9%

Chem. Eng. Technol. 2020, 43, No. 5, 964-973
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3.1 Experiment 1 - Feed Flow Disturbance
Disturbances in the feed flow are common disturbances that
occur in industrial practice and that need to be handled by the
process control scheme reliably. Therefore, the first scenario in-
vestigated is a disturbance in the feed mass flow by +20 %. The
dynamic courses of the temperature control loop in the pre-
fractionator and in the main column are illustrated in Fig. 4.
Prior to the introduction of the disturbance, both tempera-
ture and concentration profile are constant. The change in the
feed flow immediately affects the temperature profile of the
prefractionator and thus reactive zone as indicated in Fig. 4a.
The controlled temperature T06 in the bottom of the reactive
zone increases by 2°C whereupon the distillate stream is de-
creased by over 20 %. After a slight undershoot of T06, the set
point temperature of 58 °C is regained by the control loop. The
side stream control loop is displayed in Fig. 4b. After a short
rising of the controlled temperature T10, an undershoot fol-
lows before the temperature can be led back to the set point of
57.5°C. The fast response of the control loop makes it possible
to keep the composition of the product streams constant within
a small deviation of max. 0.68 wt %. This is within measuring
accuracy of the applied gas chromatograph. Exemplarily, the
composition of the distillate stream is demonstrated in Fig. 5.

3.2 Experiments 2 and 3 - Set Point Changes

The ability of the control scheme to adjust new set points is an
important feature that is needed when process conditions
change, e.g., changes in feed composition or feed ratio. Fig.6
presents two applied set point changes. In Fig. 6a, the set point
for the controlled temperature in the prefractionator is in-
creased by +1 °C, starting from steady-state conditions at 38 °C.
The control loop induces a swift increase of the distillate
stream by approx. 50 % in order to raise the temperature. This
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Figure 5. Composition of distillate stream after a disturbance of
feed flow of +20% at 7.9 h.

causes a slight overshoot of the temperature by approx. 0.5 °C.
Within 1 h the desired set point is achieved.

In Fig. 6b, the set point for the controlled temperature in the
main column is shown with the side stream. A set point change
of 4°C is induced. The side stream is increased to raise the
temperature profile and then decreases gradually in order to
keep the set point at the new obtained value. The adjustment
time is considerably smaller than for the distillate stream
control loop. Since the distance between side stream and T12 is
relatively small compared to the distillate stream and T14, side
stream adjustments directly affect the desired temperature
without a significant lag time.
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Figure 4. Disturbance of feed flow of +20% at 7.9 h. (a) Measured values for controlled temperature T06 and distillate stream;
(b) measured values for controlled temperature T10 and side stream.

Chem. Eng. Technol. 2020, 43, No. 5, 964-973

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA.

www.cet-journal.com



Chemical Engineering  Research Article 971
Technology
a) —T14 weseset point o --e- distillate b) —T12  eeesetpoint  ===-- side stream
40.0 [ *
1.4 [
395 4
39.0 s ||| SR | - 1.2
%) =y 5
2,385 F10 £ <o =
g B g 2
=] = =1
§ 380 s & E
2 N P E g 5
L TINAT T T = 7]
5 37.5 - it i 1 [ Z £ o
'll ‘“V‘\,- il '.r“_.a%""' - 0.6 - ]
370 B ".l -,”"
I3
Hi
36.5 0.4
36.0 +— . . : — 0.2 - 3 R S N W
7 7.4 7.8 8.2 8.6 9 75 76 77 78 79 8 81 82 83
time [h] time [h]

Figure 6. Dynamic courses of temperature control loops. (a) Set point change of +1°C for T14 and corresponding distillate
stream; (b) set point change of +4°C for T12 and corresponding side stream.

3.3 Experiment 4 — Model Validation

Model validation is an essential step to verify simulation mod-
els and assure an accurate prediction of the dynamic RDWC
behavior. Such validated models are the base for design of ad-
vanced control schemes. For the model described in Sect.2.2, a
validation was carried out by inserting steady-state as well as
dynamic data, obtained at the pilot plant, into the simulation
as input data. The predicted time courses of temperature and
concentration are then compared to the experimental results.
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For the validation all four presented experiments were consid-
ered. Experiment no.4 is exemplarily chosen to demonstrate
the comparison of measured and simulated data in Fig. 7.

Fig. 7a presents the measured and simulated data of the dis-
tillate control loop and Fig. 7b depicts the composition of the
distillate stream for feed mass flow disturbances applied at
7.8 h. As can be seen in both graphs, the simulated data fit the
experimental values very well. Especially the dynamic courses
of temperature and distillate stream are predicted with excel-
lent accuracy. The validation of the concentration profile shows
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Figure 7. Comparison of measured (exp) and simulated (sim) data at a feed flow disturbances of -9% at 7.8 h. (a) Controlled
temperature T14 and distillate stream; (b) distillate stream composition.
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a good agreement of experimental and simulation results. Fur-
thermore, it can be seen that the control scheme is able to keep
the concentrations constant throughout the disturbance.

4  Discussion and Conclusion

The RDWC was operated using a decentralized straightforward
control scheme with two PI-temperature control loops. The
applied disturbances and set point changes could be handled
by the presented control scheme. However, in order to influ-
ence and control all key components in the three outlet
streams, at least three temperature control loops should be
applied. In the presented control scheme the heat duty was
purposely operated at a fixed value. This approach was chosen
because deactivation of the highly temperature-sensitive enzy-
matic catalyst was to be avoided at all costs. By conducting the
presented experiments, valuable information about tempera-
ture changes in the reactive zone was obtained.

Four different operation points could successfully be investi-
gated without danger of catalyst deactivation. Based on the fun-
damental understanding that was gained about the action and
interactions of the temperature controllers in this study, the
heat duty will be applied as manipulated variable in the future.
Another manipulated variable that can be applied in the
RDWC is the liquid split. It was found in simulation studies
that the control of the liquid split is a promising technique in
order to run the RDWC at energy-efficient operation [28].
However, a fourth control loop will also enhance the inter-
actions in the column further and should only be applied if the
dynamics of the system are well known. Taking into account
the knowledge gained in this study, the liquid split will also be
considered as manipulated variable in further studies with the
RDWC pilot plant.

In conclusion, a well-tested and feasible control scheme is an
essential step for a successful industrial application of the
RDWC. This paper presents first comprehensive experimental
data on RDWC control. The successful experimental test of the
control scheme demonstrates that it is possible to maintain
desired product purities even for significant feed mass flow dis-
turbances as well as adjusting different set points. Testing the
simulation model against hard experimental data shows a good
prediction quality and thus gives valuable insights for the
dynamic modeling of a complex system like the RDWC. By
means of the validated dynamic model, more advanced process
control schemes, both decentralized and centralized, can be de-
signed for the operation of the RDWC pilot plant to further
improve the control behavior.

The authors have declared no conflict of interest.

Symbols used
a; [-] activity of component i in liquid
phase

constant for pressure drop
calculation

CP, [kPa®*m™

Cp, [-] constant for pressure drop
calculation

CP; [-] constant for pressure drop
calculation

EA [J mol™] activation energy

Fy [Pa®) F-factor

h [J mol™] molar enthalpy

k [mols'kg™']  temperature-dependent reaction
rate constant

ko [molskg']  temperature-independent reaction
rate constant

K; [mol mol™] molar phase equilibrium constant

Ky [kPa™] constant for vapor split calculation

L [mols™'] liquid molar flow

Meay [kg] mass of Novozym 435 on a stage

N [mol] amount of moles

P [kPa] pressure

ApMC [kPa] pressure difference in main column

Ap"F [kPa] pressure difference in

prefractionator

heat loss to surroundings
heat accumulation in column
internals and shell

Qloss [] S_l]
Qaccu U Sil]

R [Jmol'K™']  universal gas constant

r [mol s’lkg’l] reaction rate

T [°C] temperature

Ty [K] reference temperature for reaction
kinetics

t [s] or [h] time

ur, [ms™] gas velocity

\% [mols™'] molar vapor flow

X [kgkg™'] liquid-phase molar fraction

y [kgkg™] vapor phase molar fraction

Az [m] axial length

Sub- and superscripts

i component index

in inlet stream

j stage index

L liquid phase

out outlet stream

Prod product

Reac reactant

\% vapor phase

Abbreviations

ACM  Aspen Custom Modeler
RDWC  reactive dividing-wall column
RGA relative gain array

SVD singular value decomposition
VS vapor split
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