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Summary

Thermally coupled distillation arrangements with dividing-wall implemen-
tation provide significant energy and capital savings compared to energy
intensive conventional distillation arrangements. In this thesis, the focus
is to study control and operation of such arrangements for three and four
product separation. The study comprises of mainly simulation study for
the Petlyuk arrangements while for the four-product Kaibel arrangement,
simulation as well as experimental works are reported.

The first contribution deals with selecting control structures for a three-
product Petlyuk (dividing-wall) column. Alternate control structures are
considered, with and without the vapor split as a degree of freedom. This
work also demonstrates the usefulness of the graphical V,,;, diagram to
visualize minimum boilup requirement and choose the appropriate control
structure.

Next, for a four-product Kaibel column separating methanol, ethanol,
propanol and n-butanol, a start-up procedure and steady state operation
is demonstrated using experimental setup. A control structure with four
temperature controllers is used for control and it can handle feed rate dis-
turbances as well as setpoint changes. The experiment data also compares
well with an equilibrium stage model.

Dividing-wall distillation columns offer large potential energy savings
over conventional column sequences, typically up to 30 % for three-product
(Petlyuk) columns and 40 % for four-product (Kaibel) columns. However,
the energy required for a separation depends on using an optimal vapor split.
Hence, the energy saving potential may be lost if the column is operated
away from its optimal point, for example, due to feed composition changes.
The following work demonstrates experimentally that the vapor split can
be effectively used as a degree of freedom during operation for example,
for temperature control in the prefractionator section. Together with an
adjustable liquid split, the vapor split control allows for minimizing the
energy requirements.
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Finally, a control study on a four-product extended Petlyuk column op-
erating close to minimum energy is reported. The study assumes an “ideal”
case with all steady state degrees of freedom available for control, including
the vapor split valves, which is required to achieve minimum energy under
all conditions. Four decentralized control structures are proposed and tested
against a wide range of disturbances. This work demonstrates again the use
of the graphical V,,;, tool which can be used to visualize the minimum
boilup requirement for four-product Petlyuk arrangements.
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Chapter 1

Introduction

1.1 Motivation

Distillation is a preferred technique for separating liquid mixtures in chem-
ical industries. However, conventional distillation columns consumes a lot
of energy and constitutes a big fraction of industrial energy consumption
([4]). Being the workhorse of separation in process industries, there is a
huge incentive to reduce the energy usage in distillations. This can be ac-
complished by a variety of methods as listed in Chapter 2. Dividing-wall
columns, offer one of the most practical and robust alternatives for improv-
ing energy efficiency as well as capital savings. There are more than 100
reported applications of dividing-wall columns in the industry. The recent
improvements in the equipments associated with dividing-wall columns have
led to a fresh impetus in the use of dividing-wall columns ([2]).

The focus of this thesis is to study control and operation of dividing-
wall columns for three and four product separation. The open literature
has abundance of simulation and experimental works reported on the three-
product dividing-wall columns. The simulation study on three-product col-
umn reported here is complementary to some of those earlier works and
at the same time, it highlights some of the limitations of old works with
alternative solutions.

In contrast, little or no experimental works have been reported on dividing-
wall columns for separation of quaternary mixtures. And therefore, we car-
ried out experimental works to study steady state and start up operation for
a four-product Kaibel column. A major hurdle in dividing-wall operations is
the vapour split between the prefractionator and the main column. As, any
energy saving potential can be lost if dividing-wall columns are operated
far away from the optimal vapour split. This challenging issue is addressed
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using an experiment study where we show for the first time the use of active
manipulation of vapour split in dividing-wall columns.

Finally, we study operation of a four-product extended Petlyuk column,
which may also be realised by a multiple partitioned column in a single shell
([1]). Such arrangement offer huge energy saving potential compared to the
conventional arrangements.

1.2 Organization of thesis

Chapter 2 gives an introduction to different techniques of energy efficient dis-
tillation. In this thesis, we have used a graphical tool, the “V,,;, diagrams”
developed by Halvorsen and Skogestad [3]. We therefore, describe the use
of the “V,,;, diagrams” for estimation of minimum energy for conventional
and thermally-coupled distillation. We also compare several directly coupled
arrangements with conventional arrangement in terms of thermal efficiency
and energy usage.

The next four chapters are dedicated to studying control properties of
dividing-wall columns for three and four product separation. Each chapter
gives an introduction to some of the recent and old trends on dividing-wall
control studies. So there are some overlapping texts.

Chapter 3 deals with selecting control structures for three-product Pet-
lyuk columns. We consider some decentralized PI control structures and
propose some new strategies based on switching. We also give generalized
recommendations for selecting composition based structures.

Chapter 4 presents experimental works on start-up and steady state op-
eration of a four product Kaibel column. We use a four-point temperature
control structure and test its performance against feed disturbances and set-
point changes. We also present a method to fit a equilibrium-based model to
steady state experimental data. We also compare our experimental results
against some “optimal” operation scenarios.

Chapter 5 summarizes another experimental work. We show for the
first time that the vapor split can be used as a degree of freedom during
practical operation can be effectively used as a control degree of freedom on
our experimental dividing-wall column.

In Chapter 6, a control study of a four-product extended Petlyuk column
operating close to minimum energy is reported. Decentralized PI control
structures are proposed and tested against a wide range of disturbances.

In Chapter 7, the main conclusions of this thesis are summarized along
with some suggestions for further work.
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Chapter 2

Energy efficient distillation

This chapter gives a brief overview on the techniques for minimizing en-
ergy and capital costs in distillation. The methods in section 2.1 are for
minimization energy in a single, two-product column. For a multicompo-
nent separation, there are several alternatives including the sequence of
column (Section 2.2) and the “direct coupling” (Section 2.3). The meth-
ods described in Section 2.1 are complementary and not competing with
the methods described in Sections 2.2 and 2.3. For example, an optimum
sequence of columns for a multicomponent separation is described in Sec-
tion 2.2. A single column constituting this sequence can be operated more
efficiently using the guidelines in Section 2.1.

2.1 Single Column

In a two-product distillation column with a single rectifying section and a
single stripping section, some of the established methods to limit the energy
consumption are by operating the column close to the specification of the
products, by reducing direct heat losses by proper insulation, by choice of
optimal pressure for operation, using sufficiently large number of stages for
a required separation, introducing feed at the “optimum” stage to minimize
mixing losses, by introducing multiple feeds (of different compositions) at
their different “optimum” stage locations and, by introducing the feed at
“correct” thermal state and vapor fraction. Use of intermediate (side) re-
boilers and condensers may reduce exergy losses and allow the use of inferior
inventory for heating or cooling.

Another method is the heat pump assisted distillation column. Here,
the heat of condensation from the overhead vapors can be extracted by
some working fluid (external fluid or overhead vapor). The heated fluid is
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compressed and used as heating medium in the reboiler. The fluid cooled in
the reboiler can then be used as a coolant (if external fluid) in the condenser
or can be used directly as liquid reflux (if working fluid is the overhead
vapor) [8, 17].

A more radical method that combines the advantages of uniform heating
and cooling by using diabatic stages and vapor recompression simultane-
ously is the “internally heat integrated column” or HIDiC [13, 14, 19].

2.2 Optimal Sequence of multiple columns

= &

ABC
A/B — | B/C

&

s .

Figure 2.1: Direct sequence for three-product separation

C

Figure 2.2: Indirect sequence for three-product separation

For separating a multicomponent feed using conventional column, the
two most commonly used arrangements are the direct sequence (see, Figure
2.1) and the indirect sequence. In the direct sequence, the light components
are removed first. In an indirect split sequence (see Figure 2.2) the heavy
components are removed first. The number of columns using required using
a direct or indirect sequence are N-1 (N=number of components).



2.2. Optimal Sequence of multiple columns

Figure 2.3: Three column sequence for three-product separation with eas-
iest (A/C) separation in the first column
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S

A
A/B
NE
AB
ABC Jaic i
B
5C B/C
C

Figure 2.4: Prefractionator sequence for three-product separation with
coupled main column

The scheme shown in Figure 2.3 uses three columns. The first column is
designed to do only an easiest split i.e, between the lightest (A) and heaviest
(B) components, which reduces mixing losses and is more advantageous than
direct and indirect schemes in terms of energy consumption.

General heuristics for a good distillation sequence from energy point
of view include doing the easiest split first, removing a major component
early in the sequence, remove the most volatile component early, etc.[2]. For
complex separation sequences, several works have also been done on devising
more systematic methodologies [1, 3] to arrive at an optimal distillation
sequence.

2.3 Thermal coupling

Thermal coupling of columns can reduce energy and /or capital requirements
to perform a separation task and is classified further into indirect thermal
coupling and direct thermal coupling.
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2.3.1 Indirect Coupling

In an “indirect” coupling of distillation columns, heat from one column
stream is used in another column. Two columns can be operated at differ-
ent pressure levels so that the condenser of a column operating at higher
pressure is at a higher temperature and can thus exchange heat with a
reboiler of a column operating at lower pressure and hence lower tempera-
ture. Thus, the heating and cooling requirements can be met by the process
streams thereby reducing load on the utilities.

Similarly, a column at higher condenser temperature due to its higher
boiling components can be “indirectly” coupled with with a reboiler of an-
other column with lower boiling components.

2.3.2 Direct Coupling

Directly (or fully) coupled columns involves coupling of material streams
(both liquid and vapor) of two columns. In this way, a heat flux may
be utilized for more than one separation thereby reducing energy usage
[18]. The energy savings are also enhanced due to reduced mixing losses
at the column ends because of fewer reboilers and condensers compared
to conventional sequences. The energy and capital requirements in the
three column arrangement shown in Figure 2.3 can be improved significantly
simply by coupling the last two columns and removing one condenser and
one reboiler as shown in Figure 2.4.

The direct coupling can be used to improve the energy and/or capital
costs further using more complex arrangements like Petlyuk column and
Kaibel column as discussed below.

Petlyuk Column

Petlyuk et al. [16] proposed thermodynamically optimal methods for sep-
arating multicomponent mixtures. This laid the basis for what are known
as Petlyuk columns. Petlyuk columns were also formally defined by Chris-
tiansen et al. [4] as “the columns capable of separating multicomponent feed
using a single reboiler and a single condenser, in which any degree of sepa-
ration (purity) can be obtained by increasing the number of stages (provided
the reflux is above a certain minimum value and the separation is thermo-
dynamically feasible)”. Each column is operated in such a way that only
the easiest split between lightest and heaviest components is done.

Figure 2.5a shows a three-product Petlyuk column. This can also be
realized by using a dividing-wall in a single column shell as shown in Figure
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A AB
AB
A/B
ABC A/C B
B/C BC
BC

TE . y

(b) Dividing-wall implementation with a

(a) Implementation with three separate
side-product

columns

Figure 2.5: Thermodynamically equivalent implementations of three-
product Petlyuk column
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o\
ABC
L .B
BC
b—»C
BCD
CD
D

(a) Implementation with siz separate (b) Double-dividing-wall implementation
columns with a two side-products

Figure 2.6: Thermodynamically equivalent implementations of four-
product Petlyuk column
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e, A&

AB
A/B
AB
s
B
ABCD [Bic| g ABCD|
B/C
I%C C
C/D CD
CD

N i kjé i

(a) Implementation with four separate col- (b) Dividing-wall implementation
umn sections with two side products

Figure 2.7: Thermodynamically equivalent implementations of four-
product Kaibel column
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2.5b. Figure 2.6a shows a four-product Petlyuk column which can also be
realized by using double vertical partitions 2.6b [5].

Kaibel Column

Petlyuk arrangements do only the easiest split in any column and therefore
in any column-section not more than one component is separated. This
reduces the mixing losses and energy requirements but requires large number
of columns and hence high capital costs. For example, for four product-
separation, a Petlyuk arrangement shown in Figure 2.6, requires six columns
to perform the separation task.

Petlyuk et al. [15] also proposed schemes for multicomponent separation
with “minimum number of column sections”. Thermodynamically, for a
four-product separation, this is equivalent to the scheme proposed later by
Kaibel [12] with a vertical partition or dividing-wall (see, Figure 2.7b).

The four product Kaibel column (Figure 2.7) is less efficient than the
Petlyuk arrangements (Figure 2.6), but requires fewer column sections and
hence lesser capital cost.

2.4 V,,;, diagrams

In this section, we introduce the “V,,;,” diagram developed by Halvorsen
and Skogestad [10] to estimate the minimum vapor requirements for sharp
and non-sharp separation in conventional and thermally coupled distillation
systems, is introduced. For separation of ideal multicomponent mixtures the
Underwood equations [20] are adequate for generating the V,,;, diagrams.
These Vi diagram may also be generated for non-ideal mixtures using
more rigorous thermodynamic models [6].

Figure 2.8 shows the V,,;, diagram for an equimolar A-B-C mixture
with a liquid feed. The y-axis shows the normalized minimum boilup (V/F)
and the z-axis shows the net product withdrawal (D/F) in a conventional
two-product column. For sharp separations, the peak points denoted by
Pap, Pac, and Ppc are of main interest. The peak Pap gives the min-
imum vapor flow (V/F), required for separating A from B-C. Note that
the corresponding product split (z- coordinate) D/F = 0.33, since the feed
is equimolar. Similarly point Pac denotes the minimum vapor required
to separate A and C, with component B distributing to both ends of the
column.

Figure 2.9 shows the V,,;, diagram for an equimolar A-B-C-D mixture
with a liquid feed. The peak Pap gives the minimum vapor flow (V/F),
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14r
PBC
1.2+
PAB
1 -
0.8r PAC
<L
>
0.6
0.4
Vmin, A/lC vV
0.2+ min, AB/C
A\
min, A/BC
0 1 1 1 * 1 ¢ 1 1 Y 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
D/F

Figure 2.8: V,,;, diagram for an equimolar feed mixture of A, B and C.
Data: relative volatilities [A, B, C]= [4.2 2.1 1]
feed liquid fraction (¢p) =1
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Figure 2.9: V,,;, diagram for an equimolar feed mixture of A, B, C & D

Data: relative volatilities [A, B, C, D]= [7.1 4.4 2.1 1]
feed liquid fraction (¢r) =1
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required for separating A from B-C-D. The corresponding product split (z-
coordinate) D/F = 0.25, since the feed is equimolar. The point Pap denotes
the minimum vapor required to separate A and D, with components B & C
distributing to both ends of the column.

2.5 Minimum energy and thermal efficiency for
three-product separation using alternate con-
figurations

2.5.1 Minimum energy in conventional arrangements

The Vi, diagrams like Figures 2.8 and 2.9 can be used to calculate the
minimum energy requirement using alternate column configurations. For
example, for a direct split configuration, the minimum energy is given by:

Vmin,direct = (VAB + FBC/F X VBC) (21)

where, for an equimolar separation, Fpc/F = 2/3.

2.5.2 Minimum energy in Petlyuk arrangements

Halvorsen and Skogestad [11], Fidkowski and Krolikowski [7] showed that
in a Petlyuk arrangement, the minimum energy required to separate a mul-
ticomponent feed is equal to the “most difficult binary separation”.

Vmin,Petlyuk = max(VABa Ve, VCD-") (22)

Here, Vap, Ve & Vep are the minimum boilup required for sharp
separation of A/BCD.., AB/CD.. and ABC/D.. in a conventional two-
product distillation column with A-B-C-D.. feed.

Figure 2.8 shows the V,,;, diagram for three components. We observe
that for the chosen components, the Ppc peak is the highest. This implies
that the separation of B and C is the most difficult binary split in terms of
energy usage. Thus, the minimum boilup required for sharp separation of
this feed using Petlyuk arrangements is equal to the boilup required for this
binary split (for example, =V, ap/c in Figure 2.8).

2.5.3 Thermal efficiency in alternate configurations

So far, we have focussed on the minimum energy requirements of alternate
configuration, as measured by minimum boilup requirements. In the fol-
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lowing section, we will focus on the thermal efficiency (n). The thermal
efficiency (1) can be calculated as follows:

1
n = 71 . AS’ where
AS
AStotal = AS + ASS’UJ‘
AS = R> xin x; (2.3)
AS = |QH] - + * (liquid feed)
sur - H TH TC q

and H = Enthalpy of vaporization,

Ty and To are temperature of reboiler and condenser, respectively,
x; mole fraction of components in feed; R is universal gas constant,
S = Entropy. Vj = is the minimum boilup for each sub-column.

2.5.4 A Case Study

We use a case study for evaluating the minimum energy and thermal ef-
ficiency for sharp separation of an equimolar three component feed using
alternate sequences. The relative volatilities are chosen similar to ethanol,
n-propanol and n-butanol at atmospheric pressure. Similarly, the tempera-
ture of reboiler and condenser is corresponding to the normal boiling point
of pure ethanol (78.1 [°C]), n-propanol (97.1 [°C]) and n-butanol (117.6
[°C]). The minimum energy is calculated using methods in (2.1) and (2.2)
while thermal efficiency is calculated using method described in (2.3). The
data used for calculation is given in Table 2.1.

In Table 2.1, we observe as expected, that the minimum boilup require-
ment is the least for the Petlyuk arrangement. As also observed by Fid-
kowski and Kroélikowski [7], Halvorsen [9], the thermodynamic efficiency
of Petlyuk arrangement not as high as in the conventional arrangements.
The reason for this that in the Petlyuk arrangements, all heat is added
and removed at the highest and lowest temperatures respectively (that is,
for sharp separation, at the boiling point of highest and least boiling com-
ponents, respectively). Thus the energy used is least in case of Petlyuk
arrangements while the second law thermal efficiency may be less compared
to the conventional arrangements.
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Table 2.1: Minimum energy and thermal efficiency of alternate configu-
rations for three product separation.®

Column arrangement Minimum Energy Thermodynamic effi-
ciency
Vonin/F - !
mn "= 1+ AStota,l
AS
Direct sequence 2.0006 0.6248

(Figure 2.1)

Indirect sequence 1.9660 0.6103
(Figure 2.2)

3-column without coupled main column 1.9241 0.7255
(Figure 2.3)

Prefractionator with coupled main column  1.4789 0.6433
(Figure 2.4)

Petlyuk Arrangement (Figure2.5) 1.3028 0.6090

?Data: Relative voltalities [A, B, C]=[4.2 2.1 1]; Feed liquid fraction = 1; Enthalpy
of Vaporization, H = 40 kJ/kmol (for all components)

2.6 Conclusion

In this chapter, different methods of conventional and coupled distillation
have been discussed. A short overview of the graphical tool, the Vi, di-
agrams is also given. Using this tool, the minimum-boilup for sharp sep-
aration using conventional and directly coupled arrangements for a three-
product separation are compared for an equimolar three-component feed
as a case-study. The Petlyuk arrangement uses the least energy compared
to conventional sequence of two product columns. However, in Petlyuk
arrangements, the second-law thermal efficiency is less compared to conven-
tional arrangements.
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Chapter 3

Control structure selection
for three-product Petlyuk
(dividing-wall) column

3.1 Introduction

For three-product separations, the Petlyuk (Figure 3.1 [23]) or divided-wall
arrangements [14] offer significant savings in both energy and capital costs,
as also shown by Cahn and DiMiceli [5], Stupin [28]. The German company,
BASF has more than 100 dividing-wall columns [7]. However, operation and
control is challenging and this paper proposes some new control schemes
which are workable for varying feed composition disturbances.

Halvorsen and Skogestad [11, 13] have developed a graphical tool, the
“Viin diagrams”, to visualize the minimum energy requirement for sharp
and non—sharp separations in conventional and thermally coupled columns.
This tool can be used for designing such arrangements [7] and we will also
demonstrate its use to give some insights into control and operation.

In terms of operation, several works have been published. Mutalib and
Smith [20] reported simulation studies on the divided-wall columns. In their
second work, Mutalib et al. [21] reported experimental studies conducted on
a pilot plant and recommended a two point control of the system. Wolff and
Skogestad [29] did a steady state study and operability analysis on a three-
product Petlyuk column and conclude that the simultaneous specification
of both impurities in the side-product is generally infeasible. Further, the
liquid and vapor split ratios between pre-fractionator and the main column
should be manipulated to get the optimal energy benefits. If the vapor split

21
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(a) Implementation with three separate columns  (b) Dividing-wall implementation with
a side-product

Figure 3.1: Thermodynamically equivalent implementations of three-
product Petlyuk column
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is not available as a degree of freedom, which is normally the case, one can-
not control both ends of the prefractionator at the same time. Christiansen
and Skogestad [6], Halvorsen and Skogestad [10] therefore proposed to use
the liquid split to control the key impurity in the least pure end of the
prefractionator. Ling and Luyben [18] explained that the liquid split valve
(R,) must be manipulated and proposed a control structure with the use
of four composition loops with the liquid split controlling the heavy key at
the top stage of the prefractionator. In their second work, Ling and Luy-
ben [19] studied the effectiveness of temperature control for BTX columns.
Similar to Ling and Luyben [18], Kiss and Rewagad [15] and Rewagad and
Kiss [24] suggested that control of the heavy key at the prefractionator top
together with three composition loops in the main column may be sufficient
to yield high-purity products and “implicitly” minimize the energy usage.
Niggemann et al. [22] conducted simulation and experimental studies for
separation of a mixture of fatty alcohols into three high-purity products.
They reported that the heat transfer across the dividing wall can be a fac-
tor in design and operation. Lestak et al. [16] argued that in some cases
the heat transfer across the dividing wall may decrease the overall energy
consumptions. In non-beneficial regions however, the wall should be insu-
lated. Some other works on the suitability of Model Predictive Control for
dividing-wall columns have also been reported [1, 4, 24]. Ling et al. [17] sug-
gested a control structure to avoid remixing of the intermediate component
for optimal operation.

In this paper, we study the separation of a feed with components A
(lightest), B and C (heaviest) in a Petlyuk column as shown in Figure 3.1.
Note that the letter B is also used to denote the bottom product. To
avoid confusion, we will use subscripts for components and superscripts for
products. For example, XE denotes the mole fraction of component A in
product D.

With a given feed, the three-product Petlyuk column in Figure 3.1 has
a total of five steady-state degrees of freedom, if we include an adjustable
vapor split (Ry). To obtain minimum energy operation, two of these degrees
of freedom (Ry, and Ry) must be used to control the purity of the two
“products” in the prefractionator (C1 in Figure 3.1), [10]. This leaves three
degrees of freedom D, S and B in the main column (C21 and C22 in Figure
3.1), but we have four key impurities to control:

1. Heavy key or component B in product D (Xg)
2. Light key or component A in product S (x3)

3. Heavy key or component C in product S (X%)
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C1

0 0.2 0.4 0.6 0.8 1
mole fraction

0 0.2 0.4 0.6 0.8 1
mole fraction
Figure 3.2: Nominal composition profiles of components: A (ethanol), B

(propanol) and C (n-butanol) in sub-columns C1, C21 and
C22

4. Light key or component B in product B (x5)

In agreement with Wolff and Skogestad [29], we find that these four
compositions can not be specified independently, but we find that there is
a possibility to over-purify one product, with the other products at their
specifications. The aim of this work is to find some simple single-loop (de-
centralized) PI control structures that are workable for large feed distur-
bances.

3.2 Case Study

The data for the case study are given in Table 3.1. The process is modelled in
Matlab using the simplifying assumptions of constant relative volatility and
constant internal molar flows in column sections. This may seem unrealistic
but similar results are obtainable for real mixtures. The three hypothetical
components A, B and C have relative volatilities similar to the mixture of
ethanol, propanol and n-butanol. We assume constant pressure, negligible
vapor holdup, a total condenser and equilibrium on all stages. We assume
linearized liquid flow dynamics. Compared to the product purities given
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in Table 3.1, we have a large number of stages in each sub-column. This
implies that the required energy is close to the minimum energy using an
infinite number of stages. The nominal composition profiles are shown in
Figure 3.2.

Table 3.1: Input data and nominal conditions for the three-product Pet-
lyuk column model

Relative volatilities [A, B, C] [4.2 2.1 1]
Number of stages in C1 20+20

Number of stages in C21 20+20

Number of stages in C22 20+20

Nominal feed flow rate (F) 1 kmol/min
Nominal feed composition [A, B, C] [33.3 33.3 33.3] (mol %)
Nominal liquid reflux (L) 1.0033 kmol /min
Nominal boilup (V) 1.3381 kmol/min
Nominal distillate flow rate (D) 0.3348 kmol/min
Nominal bottom flow rate (B) 0.3333 kmol/min
Nominal side-product (S) 0.3318 kmol/min
Nominal liquid split (Ry,) 0.3465

Nominal vapor split (Ry) 0.5982

Nominal purity of distillate (x¥) 99.5 (mol %)
Nominal purity of side-product (x3) 99.45 (mol %)

Nominal light impurity of side-product (x3) 0.05 (mol %)
Nominal heavy impurity of side-product (x2,) 0.5 (mol %)

Nominal purity of bottom product (x2) 99.5 (mol %)
Nominal heavy impurity of prefractionator top (x2)  0.29 (mol %)
Nominal light impurity of prefractionator bottoms 0.08 (mol %)

(xx")

S
A
X

Figure 3.3 shows the V,,;, diagram for our A, B, C mixture with a
liquid feed. The y-axis shows the normalized minimum boilup (V/F) and
the z-axis shows the net product withdrawal (D/F) in a conventional two-
product column.The red-solid line is for the nominal equimolar feed and
the blue-dashed line is for a feed composition disturbance where the ratio
of components A and B is changed from 1:1 to about 4:1.

For Petlyuk arrangements, the minimum energy requirement to separate
a multi-component feed is equal to the “most difficult binary separation”
8, 12].

Vinin, Petiyuk = maz(Vag, Vpe) (3.1)

Here, Vap and Ve are the vapor flows corresponding to the peaks Pap
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Figure 3.3: V,, diagrams for nominal equimolar feed (solid-red line)

and for feed composition, £ (mol%) = [53.33 13.33 33.33)
(dashed-blue line). Relative volatilities, & = [4.2 2.1 1] and
feed liquid fraction, qr = 1.
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and Ppc, respectively, in Figure 3.3. For the nominal case with an equimolar
feed, the Ppc peak is the highest. This implies that nominally, B/C is the
most difficult binary split in terms of energy usage. However, for the feed
composition disturbances, the A/B split becomes the most difficult split.
Depending on whether A/B or B/C is the more difficult split, we will have
excess energy in one of the sections (C21 or C22, respectively) of the main
column. Therefore, there is a possibility to over-purify in one of these two
sections with only minor penalty in terms of energy usage. When A/B is
the more difficult split, we may choose to over-purify the bottom product
or the heavy component (C) in the side-product, and when B/C is the more
difficult split, we may choose to over-purify the top product or the light
component (A) in the side-product.

3.3 Control Structures for three-product Petlyuk
column

3.3.1 Control Objectives

We assume that the operational objective for a given feed is to minimize
the energy consumption subject to satisfying purity constraints on the three
products. That is, the cost function to be minimized is:

J =energy (V) (3.2)

A more general cost function would be to take into account also the prices
and amounts of products and of heat input and cooling, but this is not
considered here. The purity constraints are assumed to be given in terms
of the amount of key impurity in each product:

Impurity in top product (D) : 2B < :cgvs (= 0.5%)

Light Impurity in side product (S) : % < xis (= 0.5%) (3.3)
Heavy Impurity in side product (S) z2 < xgvs (=0.5%) '
Impurity in bottom product (B) : 2B < xg,s (= 0.5%)

Note that the side-product contains the two impurities (A and C). The
resulting minimum purity of the main component in each product is 99.5%
for the distillate, 99.0% for the side-product and 99.5% for the bottom
product.

We assume that these four constraints are always optimally active, mean-
ing that the energy consumption (J=V) is minimized by having equality for
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(a) CS1: control of xa+xc in sidestream (Not
recommended for dynamic reasons).

(b) CS2: control of xc¢ in sidestream and max-
selector to avoid xa in side stream (Recom-
mended for all feed compositions).

Figure 3.4: Control Structures with active use of vapor split (Ry).
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(a) CS3: No control of xa in sidestream and
in bottom of prefractionator [18] (Recom-
mended A/B is the easy split).

Feed
—>
ABC

(b) CS4: Max-selector to avoid large xa in
sidestream and in bottom of prefractionator
(Recommended for all feed compositions).

Figure 3.5: Control Structures without use of vapor split (Ry).
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the four specifications in (3.3). ! However, as discussed by Wolff and Sko-
gestad [29], their may be “holes” in the operating range making it difficult
or impossible in practice to control all four compositions simultaneously.
Instead of controlling four compositions, we therefore, consider two options
for controlling three compositions:

1. Option I. Control the total impurity in the side stream xi + X% (as
done in structure CS1, see Figure 3.4a).

2. Option II: Over-purify one of the products (as done in structure CS2,
see Figure 3.4b). This will come at some loss in terms of energy (V)
but as discussed in the previous section, the loss may be very small.

To satisfy three of the specifications in (3.3) using “Option I” or “Option
II”, we need three degrees of freedom (e.g., L, S and V). ? There are then
two unconstrained degrees of freedom (e.g., Ry, and Ry) left for minimizing
the energy (J=V) and these need to be translated to control objectives.

One may think that a good approach would be to set the energy input
(boilup) V directly and try to minimize it, but this is not a workable so-
lution as it may lead to infeasibility because the product specifications can
not be met if V is set lower that its optimal (minimum) value. The con-
cept of “self-optimizing control” [25] provides a general theory for obtaining
good control objectives. In this paper, we assume that good self-optimizing
variables are the two “product” compositions in the prefractionator (C1)
[10]. This is reasonable because the prefractionator will then operate very
close to its “preferred” split. Thus, we use the following controlled variables
(specifications):

Heavy key (C) in top “product” of prefractionator (D1) : 2Bl = xgi,
Light key (A) in bottom “product” of prefractionator (B1) : x5! = xﬁ}s
(3.4a)

!Alstad et al. [3] have shown that in some cases it may be possible to obtain some
minor energy savings by over-purifying the top product (for the case when B/C is the
difficult split) or the bottom product (for the case when A /B is the difficult split), because
this simplifies the separation in the side-product by increasing the amount of component
B in the side-product. However, the effect is small, and we here assume that all product
purity specifications are optimally active.

2Tt may seem strange that the cost variable J=V is also a degree of freedom, but this
is correct.
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3.3.2 Setpoints for the controlled variables

The setpoints for the compositions in the main column are determined by
the product specification as given in (3.4a). For the prefractionator, the set-
point values in (3.4a) should ideally be the optimal values that minimize the
energy consumption (V). The optimal value may vary depending on the feed
composition and product purity specifications (for D, S and B), but since
the prefractionator performs the “easy” A/C-split, we usually have enough
stages to “over-purify” in the prefractionator, with only a slight penalty in
terms of increased energy (V). Some over-purification in prefractionator is
also good from operational perspective, as we can then avoid the problem
of infeasibility of purity specifications in the main column, in the event of
disturbances. This is equivalent to the introducing a “back-off” from the
self-optimizing variable as also described by Govatsmark and Skogestad [9].
In our case study, we use for in all simulations and control studies (and
for the nominal point) the following specifications for the prefractionator:

zph = 0.29%
2Bl =0.08%

S

(3.4b)

How did we arrive at these values? This is quite a long story, but let
us first repeat that the exact values are not critical because the A/C split
performed in the prefractionator is relatively easy. We started by obtaining
the optimal solution for the nominal feed composition: For the constraints
in (3.3) and the objective (3.2) we found a minimum boilup (V) of 1.3322
kmol/min with all the four impurity constraints in (3.3) optimally active.
However, this ”optimal” solution has some undesirable features. First, we
find that the amount of component C over the top in the prefractionator
is high (0.83%) given that we want less than 0.5% C in the side-product.
Second, this ”optimal” solution does not over-purify any of the products, in
spite of the fact that we know from the V,,;, diagram in Figure 3.3 (where
we see that A/B is the easier split at nominal feed conditions) that we can
over-purify either the top product or the side product with almost no extra
energy (V). In some sense we can say that the "optimal” solution is going
against the ”"natural” product distribution, which is to over-purify one of
the products. Which product should we over-purify? This is mainly an
operational issue, and we choose to over-purify A in the side stream. This
makes control of the side stream easier, since we at least nominally need not
consider the amount of A in the side-product. So we reduced the impurity
of A in the side stream from its specification of 0.5% to 0.1%, and re-
optimized the operation. The resulting boilup (V) increased only marginally
from 1.3322 kmol/min to 1.3325 kmol/min, so we can indeed over-purify
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for free. The resulting optimal values for the ”product” compositions in
the prefractionator were: xg710pt:0.58% and xf}opt:0.16%. However, this is
for the nominal feed composition, and to handle feed compositions changes,
we choose divide these values by a factor 2 and ended up with the final
specifications in (3.4b). Using the specifications in (3.4b), resulted in a slight
further increase in boilup (V) from 1.3325 kmol/min to 1.3381 kmol/min,
and it gave a further reduction of A-impurity in the side stream from 0.10%
to 0.05%. The final nominal flows and purities are given in Table 3.1.

So far, we have assumed that the vapor split (Ry) is a degree of freedom.
Unfortunately, this is not the case with most (if not all) Petlyuk columns
in operation. Thus, for practical columns, where Ry is not a degree of
freedom, we generally need to use extra energy, and the result is that we
will get over-purification (inequality) for yet one more of the purities in (3.3)
and (3.4).

3.3.3 Control Structures

With this introduction to the control objectives and setpoints, we now con-
sider four alternative control structures; CS1 and CS2 (Figure 3.4) are for
the next-generation dividing-wall columns where the vapor split (Ry) is
available as a degree of freedom, whereas CS3 and CS4 (Figure 3.5) are for
the more realistic case today where Ry is not a degree of freedom.

Note that in all cases, we use the standard “LV-configuration” where the
distillate flow (D) is used for level control of the condenser and the bottoms
flow (B) is used for level control of the reboiler, so that reflux (L) and boilup
(V) remain as degree of freedom for composition control.

Control Structure 1 (CS1)

In this structure, we use “Option I” and control the sum of the impurities
(x% + x2) with the side-product (S). Since the vapor split (Ry) is available
for manipulation, we then have two degrees of freedom left and can control
both “products” in the prefractionator (see 3.4a). This will guarantee oper-
ating the prefractionator at its preferred split [12]. For control loop pairings,
we use the most obvious “close-by” manipulated variables as shown in 3.4a.

This scheme is workable at steady state but performs poorly for some
feed disturbances. The reason is that the sign of the initial gain of the molar
flow rate of side-product on the two key impurities is opposite. Depending
upon the dominant impurity in the side-product, the input (S)-output (x}
+ X%) relationship will change, making it very difficult to work under tran-
sient conditions. We will demonstrate using closed-loop simulations that
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structure CS1 has poor dynamic response properties to feed composition
disturbances and CS1 is therefore not recommended.

Control Structure 2 (CS2)

In structure CS2, we use “Option II” where we overpurify one of the prod-
ucts. We use the side-product (S) to control the heavy key impurity (X%)
This means that the amount of light component, A (Xi) is left uncontrolled
which is acceptable as long as it is over-purified. However, if Xi becomes
large then we need to increase the vapor flow in section C21 and instead
overpurify the bottom product. To achieve this we pair the boilup (V) with
two composition controllers (both x5 and x3 ) and use a max-selector. This
means that one of the two products (bottoms or side-product) will be over-
purified for any disturbance. However, as explained earlier this will only
slightly increase the energy usage (V).

Control Structure 3 (CS3)

We also study two structures for the case when the vapor split is not avail-
able as a degree of freedom. Control structure CS3 in Figure 3.5a, has
been suggested by Ling and Luyben [18] and a similar control structure was
reported by Alstad [2, Chapter 9] and Kiss and Rewagad [15]. Since the
vapor split is not available for control, the prefractionator column C1 can
have only one-point control and the light component (A) at C1 bottoms is
left uncontrolled. In the main column, the side-product is paired with the
heavy key (C) while the light key (A) in side-product remains uncontrolled.
This is acceptable as long as there is little light component A in the side-
product (over-purified). As confirmed in the simulations, this structure fails
if the feed composition is such that A/B split is the most difficult one.

Control Structure 4 (CS4)

This is an improvement of CS3, which is workable also when A /B is the more
difficult split. It is based on the same idea as structure CS2, but the boilup
now also looks after the amount of A in the prefractionator C1 bottoms. To
ensure sufficient vapor flow, we use a maximum-select controller and pair
the boilup with the largest boilup resulting from controlling the following
three impurities:

1. Component A in bottom of prefractionator (x5')

2. Component A in side-product (x3)
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3. Component B in bottom-product (x5)

This implies that two of these compositions will be overpurified at any
given time, and that the energy usage (V) may be large for some distur-
bances.

3.4 Closed loop simulation results

Table 3.2: Summary of closed-loop composition responses using different
control structures (superscript numbers refer to corresponding
Figure numbers)

Disturbance CS1 CS2 CS3 Cs4

Feed, +20 % OK 36¢ QK 37 QK 3% QK 3%

Feed —20 % OK 36 QK 3™ OK?38 OK 3%
F (mol%) = [138.3 53.3 33.3] Poor3%  OK37 OK 38 QK39
I (mol%) = [13.3 33.3 53.3] OK OK OK OK

z§ (mol%) = [33.3 53.3 13.3] Poor 36¢ OK 37 QK 38 QK 39

2l (mol%) = [33.3 13.3 53.3] Poor®%¢  OK37®  Fail 38¢ OK3%

2 (mol%) = [53.3 13.3 33.3] OK3*%/  OK*"/  Fail 38/ OK3%/

F

2 (mol%) = [53.3 33.3 13.3] OK OK Fail OK

% OK: Closed-loop stable and purities all products are either restored/ over-purified
and the transient responses are not very severe

¥ Fail: Closed-loop stable but purity of side-product is not maintained (X% dropped
considerably)

¢ Poor: Although steady state purities may be restored, the transient response is
poor and shows valve saturation

¢ Nominal feed rate: F=1 kmol/min
Nominal feed composition, zr (mol%) = [33.3 33.3 33.3]

The four control structures were simulated for the nominal case, for a
+ 20 % feed rate change and for six feed composition disturbances of which
four cases are shown in Figures 3.6 to 3.9. All the control structures could
handle the feed rate disturbance of + 20 % but for the feed composition
disturbances, some responses using structures CS1 and CS3 were poor.

Nominally, the column is operated at a point where both splits A/B and
B/C are “difficult” and none of the products are over-purified. However,

for feed composition disturbances, zf , z2F and zf , the B/C split is the

most difficult one and for feed composition disturbances 2, 2" and 2{, the

A/B split is more difficult. The results of the closed-loop simulations feed
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Table 3.3: SIMC tuning parameter (7¢) used in the four con-
trol structures “°

Loop CS1 CS2 CS3 CS4
R, 10 min 10 min 10 min 40 min
Ry 40 min 40 min — —

L 20 min 10 min 10 min 40 min
S 80 min 40 min 40 min 10 min

Vg 10min 40 & 40 min * 40 min 40, 40 & 10 min °

*1¢ for Vi paired with B in reboiler & 7¢ for Vp paired with A in
side-product respectively

b re for Vg paired with B in reboiler , 7¢ for Vp paired with A in
side-product & 7¢ for Vg paired with A in sub-column C1 bottoms
respectively

rate and all six compositions are summarized in Table 3.2 and we see that
structure CS3 fails when the A/B split is more difficult.

Simple decentralized proportional-integral (PI) controllers with SIMC
tuning [25] were used. Step changes in the manipulated variables were made
to identify the input-output steady state gain and effective time delay. The
SIMC tuning parameter, 7¢ was selected to get a smooth response (see Table
3.3). Note that the tuning was straight forward. The energy loop involving
the maximum-select controllers were detuned for a smooth response.

In addition, logarithmic transformations of compositions were used to
reduce the effect of non-linearity [26, 27]. Therefore, the controlled com-
position variables are actually In x;, where x; is the key impurity being
controlled.

3.4.1 Simulation of structure CS1

Figure 3.6 shows closed-loop responses using CS1 for a + 20 % feed rate
changes and feed composition disturbances. We use a semi-log scale to plot
the compositions of the key impurities in the main products D, S and B. The
side-product has two key impurities, A and C. We observe that the closed-
loop responses for feed disturbances, 2/" and 24" (Figures 3.6¢ and 3.6d) show
poor transient responses. After a long time (not shown in simulations), the
impurities are restored to their steady-state values. However, this structure
is not recommended, as during the transient conditions, the inputs saturate
and there are very large changes in the product compositions.
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3.4.2 Simulation of structure CS2

Control structure CS2 shows good dynamic responses for the + 20 % feed
rate changes and the feed composition disturbances as shown in Figure 3.7.
The steady state impurities of the products are better than the specifi-
cations (3.3). For feed compositions when the B/C split is more difficult
(Figures 3.7c and 3.7d), the light impurity (A) in side-product is not con-
trolled and is over-purified. For feed compositions when A/B is the more
difficult split, the maximum-select controller pairs the boilup with the light
key in side-product and the bottom product is over-purified (Figures 3.7e
and 3.7f). Note that for these cases, both key impurities in the side-product
are controlled simultaneously.

3.4.3 Simulation of structure CS3

We next consider the case when the vapor split (Ry) is not a degree of
freedom. Control structure CS3 does not attempt to control A in the side
product and is workable for cases where B/C is the most difficult split (dis-
turbances zfg and zf’p, see Figures 3.8c and 3.8d). However, for disturbances
when A/B is the more difficult split (Figures 3.8e and 3.8f), we have a
“breakthrough” of A in the bottom of the prefractionator (see, for exam-
ple, Figure 3.10) and the impurity constraint (x3 < 0.5%) is violated both
dynamically and at steady-state.

3.4.4 Simulation of structure CS4

Figure 3.9 shows closed-loop responses using control structure CS4. The
product purities of all products can be controlled within the constraints
(3.3) at steady state in all cases. When A/B is the more difficult split, the
boilup is not paired with the bottom light key and therefore the bottom
product is over-purified (Figures 3.9e and 3.9f).

3.5 Analysis of energy usage

We have found in the simulations that control structures CS2 and CS4
give good composition control in all cases, but in addition we want the
structures to achieve minimum energy usage, or at least close to minimum
energy usage. We have plotted the energy usage (V) in all simulations, but
to say how good it is we need to compare with the minimum energy usage for
the various feed compositions. This is shown in Table 3.4 where we compare
the steady-state energy usage for control structures CS2 and CS4 with the
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Figure 3.10: Failure of control structure CS3 for feed composition dis-
turbance z£" (mol%) = [53.3 13.3 33.3] caused by break-
through of component A in bottoms of prefractionator (x5!)

resulting in contaminated side product (x3).

optimal for each case, that is, with and without the vapor split (Ry) as a
degree of freedom, respectively. The results show that control structure CS2
is close to the optimal for all feed compositions, with a maximum energy
loss of 1.01 % for feed composition zév . Control structure CS4 is also close to
the optimal for all feed compositions, with a maximum energy loss of 2.27%
for feed composition z3. Note that the optimal energy usage is generally
higher for structure CS4 than for CS2 (up to about 20 % for z%.), but this
is an inevitable loss caused by operating with a fixed vapor split (Ry ). The
reason for the (albeit small) energy losses for control structures CS2 and
(CS4 is mainly because the prefractionator is not operating quite optimally,
that is, the prefractionator setpoints in (3.4b) are not the optimal ones as
explained earlier in Section 3.3.2. This is also why the energy usage is 0.42
% above the minimum even for the nominal feed composition.

3.6 Discussion

3.6.1 Change in difficult split

Figure 3.3 shows how the V,,;, diagram depends on the feed composition.
As explained earlier, the minimum boilup for sharp separation is set by the
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Table 3.4: Energy usage at steady state for control structures CS2
and CS4 as compared against optimum energy usage with
and without the vapor split (Ry) for different feed com-
position disturbances.

Boilup (V), kmol/min
Disturbance with Ry without Ry
optimal CS2 | optimal CS4

2 (mol%) = [18.3 53.3 33.3] 15070  +0.7% | 15072 +12%
2E (mol%) = [13.3 33.3 53.3]  1.2528  +0.33 % | 1.2551 +0.37 %
zE (mol%) = [33.3 53.3 13.3] 15713  40.68 % | 1.5722 +0.76 %
zF (mol%) = [33.3 18.3 53.3]  1.0151  +0.06 % | 1.1434 +1.88%
2 (mol%) = [53.3 13.3 33.3]  1.2571  +0.23 % | 1.4769 +2.27%
2 (mol%) = [53.83 33.313.3] 14533  +1.01 % | 1.6406  0.87 %

zF (mol%) = [33.333.333.3] 13325 4042 % | 1.3325  +0.42 %

“most difficult binary split”, which are given in Figure 3.3 by the peaks Pap
and Ppc. For the nominal feed (red solid line), the peak Ppc is highest.
This implies that the B/C split is more difficult. It is then acceptable to
leave A uncontrolled in the side stream as in structure CS3. However, for
a feed composition making A /B the more difficult split (blue dashed line in
Figure 3.3), the boilup should be increased, for example, using a selector to
avoid A in the bottoms of the main column section C21 (A/B split) and as
well as bottom of the prefractionator (A/C split, see Figure 3.10).

The magnitude of feed composition disturbance in this study is large.
However, simulations show that structure CS3 fails and there is a break-
through of light impurity (A) in the side product also for smaller feed dis-
turbances. The reason is that the nominal operating point is quite close to
a region where A/B may become the more difficult split.

3.6.2 Multivariable Control (MPC)

In this work, we have studied performance of decentralized control schemes
based on Pl-controllers and max-selectors as this is the preferred solution
in industry, whenever it is found to be workable. We found that its perfor-
mance is acceptable, but tuning the controllers was difficult in some cases.
Thus, this may be a case where multivariable control (e.g. MPC) should be
considered to reduce interactions and improve performance.

One may think that the max- select controllers can easily be replaced by
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a constrained multivariable controllers, like MPC. However, a more careful
evaluation reveals that this is not so clear, because when we switch using
the PI-controllers, we use controllers tuned in different operating regions,
for example, with and without A in the side product. Thus, to get accept-
able control with MPC, one probably would need to include model infor-
mation from different operating regions, which may difficult to handle in a
conventional linear MPC framework. Possibly, this could be a case where
non-linear MPC based on physical models may be the preferred solution.

3.6.3 Other control structures

In principle, there are many other possible control structures with selectors,
in addition to CS2 and CS4, but these have not been studied. To see this,
note that we are attempting to control siz compositions, which include two
for the two “products” in the prefractionator and four for the three products
in the main column, see (3.3) and (3.4). However, we only have five degrees
of freedom for the case when Ry is a manipulated variable, and four de-
grees of freedom for the case when Ry is fixed during operation, respectively.
Thus, we have too few degrees of freedom to control all siz compositions
and to satisfy the siz specifications we need to overpurify some products.
For the case when Ry is fixed, we are lacking two degrees of freedom and we
propose in control structure CS4 to always control three of the compositions,
and to overpurify two of the remaining three compositions using a selector.
However, it is not given which three compositions to include in the selector,
and it is not given that boilup should be used in the selector. Specifically,
for the split A/B we may choose to overpurify xp (B in distillate) rather
than x3 (A in sidestream), and for the split B/C we may choose to over-
purify xg, (C in side stream) rather than x5 (B in bottom). Similarly, for
the prefractionator, we may for the split A/C choose to overpurify xc in
the top rather than xa in the bottom. Some of these alternatives may be
worthwhile considering, in particular, if overpurification of some product is
desirable, whenever possible. Nevertheless, of all these possible alternative
structures, it seems that structure CS4 is a good choice, mainly because the
boilup (V) has a direct effect on the three compositions used by the selector,
and because the three remaining manipulated variables have a direct effect
on the three remaining compositions. Indeed, it was found to give good
composition control with close to minimum energy usage for a wide range
of feed composition changes.
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3.7 Conclusions

In this work, we study decentralized control structures when the objective
is to achieve desired purities for the three products with minimum use of
energy (V). For the case where the vapor split (Ry) is a degree of freedom,
we propose to use structure CS2 as shown in Figure 3.4a. It will generally
lead to overpurification of either the side stream or bottom product, but this
will cost very little in terms of extra energy usage. For the more realistic
case where the vapor split is not a degree of freedom , the energy usage
will be higher for some disturbances. This is inevitable, but otherwise the
proposed structure CS4 (see Figure 3.5b) achieves the desired purities with
use of minimum energy. The simpler structure CS3 may be used instead
of CS4 for cases where the A/B split is relatively simple so that we always
have low concentration of A (“overpurification”) in the side stream.
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Chapter 4

Steady state and dynamic
operation of four-product
dividing-wall (Kaibel)
columns: Experimental
Verification

4.1 Introduction

Distillation is a separation technique that uses heat energy to provide the
separation work of “un-mixing” the feed mixture. In this paper, we study
the integrated Kaibel distillation scheme for separation of four components
as shown in Figure 4.1[10]. The main motivation for this scheme is com-
bination of capital savings and energy savings compared to conventional
distillation sequences for multicomponent separation. This scheme is not
the best in terms of minimum separation work (exergy), mainly because
it performs a difficult B/C split in the prefractionator and not the easiest
(A/D) split.

An “ideal reversible” system with minimum exergy requires a more com-
plex arrangement, infinite number of stages and heating and cooling on all
stages. [5, 6, 21]. For four-product separation, Figure 4.2a shows the re-
versible scheme proposed by Petlyuk and Platonov [19]. The column sec-
tions are directly coupled and the easiest split is done first. Any mixing
losses near the feed stage and at the ends can thus be avoided. Some of the
features of reversible distillation are retained in an adiabatic “four-product
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Figure 4.1: Thermodynamically equivalent implementations of four-
product Kaibel column (studied in this paper)
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extended Petlyuk column”, which has only one heater (reboiler) and one
cooler (condenser) (See Figure 4.2b). In fact, the adiabatic scheme shown
in Figure 4.2b is better than the reversible scheme in Figure 4.2a in terms
of energy although it is inferior in terms of exergy. Compared to conven-
tional two-product column sequences, the potential energy savings in an
adiabatic “four-product extended Petlyuk arrangement” (Figure 4.2b) can
be up to 50% [3]. The disadvantage of using the arrangements shown in Fig-
ure 4.2 is that, a large number of sections are required for a multicomponent
separation. Petlyuk et al. [20] also proposed schemes for multicomponent
separation with a minimum number of column sections. For a four-product
separation, one of the schemes given by Petlyuk is same as the “Kaibel”
scheme in figure 4.1a [9].

The four-product Kaibel column, in Figure 4.1, although less efficient
than the Petlyuk arrangements in Figure 4.2, can still offer up to 30% en-
ergy saving compared to conventional sequences due to the directly coupled
prefractionator [8]. Our experimental setup is similar to the scheme in Fig-
ure 4.1a, which does not have a vertical dividing-wall but the results are
extendable to dividing-wall columns.

Numerous successful industrial implementations of three-product dividing-
wall columns have been reported by the German company BASF [4, 18].
In the open literature, a thorough experimental study for operation of
a three-product high purity distillation column was reported Niggemann
et al.[17]. Earlier, start-up for a three-product column based on rigorous
simulations was reported by Niggemann et al.[16]. Mutalib and Smith[14]
reported a simulation study on a three-product dividing-wall column and
concluded that a conventional proportional-integral (PI) control scheme can
give good regulation. They also reported experimental studies done on a pi-
lot plant column [15]. Ling and Luyben [13] performed a simulation study
and proposed a four-point control structure for a three-product dividing-
wall column. van Diggelen et al.[26] compared conventional PID controller
with controllers obtained by H., controller synthesis and p-synthesis. Ling
et al.[12] proposed control structures considering remixing losses for an en-
ergy optimal operation. Several works have also been reported for the use
of Model Predictive Control for divided wall columns [1, 2, 22].

There is one reported use of four-product Kaibel column in BASF and
several patents from BASF as summarized by Dejanovic et al.[4]. Some
simulation work has also been carried out on control and operation of four-
product Kaibel columns. Strandberg and Skogestad[25] found in a simu-
lation study that a four-point temperature control scheme with inventory
control can stabilize the column and prevent “drift” of the composition



4.2. Experimental setup 51

profiles during operation. Ghadrdan et al.[7] reported another simulation
study on optimal steady state operating solutions for economic criterions
like minimizing energy for fixed purity specifications. Kvernland et al.[11]
studied a multivariable Model Predictive Controller on top of a regulatory
layer with a four-point temperature control.

In the open literature, there are no experimental studies reported on op-
eration and control of four-product directly coupled columns. In this paper
we present experimental results for a four-product Kaibel column separating
methanol, ethanol, 1-propanol and 1-butanol (with normal boiling points of
64.7 °C, 78.4 °C, 97.2 °C and 117.7 °C, respectively).

4.2 Experimental setup

Figure 4.3a shows a picture of our experimental column [24]. Although this
is not a dividing-wall column, it is thermodynamically equivalent as illus-
trated in Figure 4.1. The height of the column is about 8 meters. The
system is operated at atmospheric pressure and the column sections are
packed with 6-mm glass Raschig rings. The column sections are numbered
from 1 to 7 as shown in Figure 4.3a. Sections 1 and 2 constitute the prefrac-
tionator, while sections 3-7 form the main column. The internal diameter
of vacuum jacket glass column-sections 1, 2, 4, 5 and 6 is 50 mm while
that of column-sections 3 and 7 is 70 mm (column sections are numbered
in Figure 4.3c). The height of packing in sections 1 and 2 is 1.1 m and 1.6
m, respectively, while in sections 3, 4, 5 it is 0.65 m. The height of packing
in sections 6 and 7 is about 0.75 m and 0.9 m, respectively.

The reboiler is kettle type and the power to the reboiler is adjusted by
varying the voltage to the heater elements through a thyristor. The con-
denser is mounted on top of the column and is water-cooled. The condensed
vapor flows back to the column due to gravity; a part is taken out as top
product and the rest forms the liquid reflux.

The liquid reflux split valve, top product valve and side product valve
are swinging funnels (On/ Off) and are controlled by externally placed
solenoids. The flow through the swinging funnel depends on the internal
liquid flows in the respective column section. To implement the continuous
output of the proportional-integrator (PI) controllers, the common tech-
nique of pulse width modulation (PWM) is used where the width (length of
the pulse is the adjustable continuous variable) and the period (cycle time)
is normally fixed. The cycle time of the On/ Off valves should be much
shorter than the plant time constant and hence emulate continuous-pump
like flow conditions. In our case, the valve switching function has a total
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F—»

S2

Figure 4.3: (a) Picture of the experimental column. [24]
(b) Schematic showing location of temperature sensors. [24]
(¢) 4-point regulatory control structure used for operation
Ty = TP5, Ty = TM2, Ts = TM8 & T- = TMI4.
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cycle time about 10 seconds and a resolution time for switching of 0.2 sec-
onds. For example, if the controller output is 0.22, a valve position on one
side of the funnel is 2.2 seconds and 7.8 seconds on the other. This gives an
implemented accuracy of 4% when the valve position is 0.5, but much worse
resolution when close to the fully open (0)/ close (1) position. To improve
the resolution, we used an algorithm that allows also the total cycle time
to change between 5 seconds and 15 seconds. This implementation reduces
the rounding off errors and improves the resolution of the valve.

In our setup, it is also possible to adjust the vapor split ratio (Ry) be-
tween the prefractionator and the main column using a valve, but in the
reported experiments it has been kept constant as is common in industrial
implementations. The vapor split between the prefractionator and the main
column is then determined by the normal pressure drop offered by the pack-
ing in the column sections.

The liquid-level measurement in the reboiler was faulty and a level con-
troller could not be installed. Therefore, the bottom product was allowed to
accumulate during the experimental runs. With a large reboiler, the com-
position of the bottoms will then take a long time to reach steady state, but
otherwise this should have little effect on the experimental results.

The control setup is implemented in Lab View’™ on a standard PC.
Figure 4.4 is a screen-shot from the computer interface (Lab View) during
the experimental run 12, with a snapshot of temperatures as read by the
probes in various sections. The dialog labelled “Temperature graphs” shows
the four controlled temperatures for 100 seconds. Note that some of the
temperature measurements have large measurement biases (for example,
TP4 and T16) and their values are calibrated for later analysis and one
probe (T15) is faulty.

4.3 Control Structure

As reported in the simulation study earlier by Strandberg and Skogestad|[25],
a 4-point temperature control structure can avoid “drift” of the composition
profile in the various sections of a 4-product column. Temperature is a good
indicator of composition and is easy to measure. Temperature control is fast
and can keep the compositions (and split) in the column close to nominal
value and hence preventing “drift” in the event of disturbances.

In Figure 4.3c, we show the control structure used in the experiments. In
Table 4.1, we show in more detail the loop pairings. The four temperature
control loops are named loop 1, 2, 3 and 4. In the footnote to Table 4.1, we
also define the four corresponding liquid flow ratios Ry, Ri2, Ri3 and Rr4
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Table 4.1: Four-point temperature regulatory control structure *°

Control loop Manipulated Variable ¢ Controlled Variable °

Loop 1 Liquid split valve (Rp1) Temperature in section 2 (T3)

Loop 2 Distillate split valve (Ryz) Temperature in section 3 (T)

Loop 3 Upper side product split valve Temperature in section 5 (T5)
(Ris)

Loop 4 Lower side product split valve Temperature in section 7 (T7)
(Rea)

¢ manipulated variables (controller outputs) are the swinging funnel ratios
RLl7 RLQ7 RLg and Rpa:
Ri1 = 74, Ri2 = %5, Rus = =57, Rua = 953
Here, L1, L3, Ls and Lg are liquid flows in sections 1, 3, 5 and 6, respectively (see
Figure 4.3)
S1 and S2 are side product flow rates

b controlled variables are temperature sensors as shown in figures 4.3b and 4.3c:
Ty =TP5, T3 = TM3, Ts = TM8 and T7 = TM14

which are set by the swinging funnels.

In control loop 1, the liquid split ratio (Ry,1) is used to control a sensitive
temperature in the prefractionator (T9 = TP5). In loop 2, the distillate split
ratio (Rp2) controls a temperature in section 3 (T3 =TM3). In the loop
3, the upper side product split ratio (Rr3) controls a sensitive temperature
in section 5 (T5 = TMS8). Finally, in control loop 4, the lower side product
split ratio (Rp4) is used to control a sensitive temperature in the bottom
section (T7 = TM14).

The controllers are conventional proportional-integrator (PI) controllers.
As the system is interactive, we used sequential tuning and loop 1 in the
prefractionator was closed first. Next loops 2, 3 and 4 in the main column
were closed. The tuning of the loops was done using the SIMC rules [23]
with the tuning parameter, 7, chosen to be 1 minute for loops 1 and 2 and
2 minutes for loops 3 and 4. The temperature setpoints for the loops were
adjusted during start-up as explained below.

The remaining two degrees of freedom, the boilup (V) and the vapor
split ratio (Ry), are not used for control in experiments, but may be in
general available for some optimizing objective, like minimizing energy for
a given specification.
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Table 4.2: List of experiments ¢

Experiment Description

Run 1 cold start-up
Run 2 —2 [9C] setpoint change in Ty (prefractionator loop)
Run 3 +1 [°C] setpoint changes in T3 (distillate product loop)
Run 4 +1 [°C] setpoint changes in T (upper side product loop)
Run 5 +1 [°C] setpoint changes in T7 (lower side product loop)
Run 6 simultaneous +1 [°C] setpoints changes in all tempera-
tures
Run 7 +20 % disturbance in feed rate
Run 8 steady state run with constant setpoints:
Ty = 80.6 °C T3 =69 °C T5 =82 °C T7 = 110.2 °C
Run 9 steady state run with constant setpoints:
Ty = 88°C T3 = 69°C T5 = 88°C T, = 113°C
Run 10 steady state run with constant setpoints:
Ty = 91°C T3 = 69.5°C T5 = 92°C T; = 113°C
Run 11 steady state run with constant setpoints:
Ty = 91.5°C T3 = 72°C T5 = 92°C T7 = 112°C
Run 12 steady state run with constant setpoints:
Ty = 95°C T3 = 71°C T5 = 86°C T7 = 112°C
Run 13 total reflux experiment for calculating number of theoret-

ical stages

“ Feed rate for all runs (except run 7) = 3 LPH
Reboiler duty for all runs = 2 kW

4.4 Experiments

Various experiments were conducted for studying the start-up operation,
to test the 4-point control structure for setpoint changes, disturbance han-
dling and to study steady state operation. Table 4.2 shows a list of the 13
experiments reported in this paper.

4.4.1 Start-up

Figure 4.5a shows the results from a typical cold start-up of the pilot plant
(Experimental run 1). The following start-up policy was used:

After turning on the reboiler (at time = 0), the column is heated up in
total reflux mode (D=0, S1=0, S2=0, F=0). Initially, the output of control
loop 1 (Rr1) is fixed at a reasonable value (manual mode). In our case, it
was fixed at Ry,; = 0.3 which implies that 30% of the reflux is directed to
the prefractionator and 70 % to the main column. The output of Ris, Ris
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and Rp4 of control loops 2, 3 and 4 were initially fixed at 1 (no product
withdrawal). At about 30 minutes, the feed to the column is turned on.
Shortly after, the controllers (loops 1, 2, 3 and 4) are turned on (AUTO
mode). With control loops 2, 3 and 4 turned on, we begin to draw the three
products D, S1 and S2. The initial temperature setpoints are the values
from the total reflux mode, and the setpoints are then adjusted in closed-
loop mode to get good separation in the column. The temperature setpoint
for the prefractionator (Tgs) is adjusted to get a large temperature change
across the prefractionator column. This corresponds to a sharp split between
the intermediate components (ethanol and propanol). The setpoints for the
remaining loops (Tss, Tss and Trg) are for the main column which performs
binary splits, and these are adjusted in an attempt to get the temperatures
of the four product close to the normal boiling point of their corresponding
main components. Off-line analysis of the products (reported later) shows
that this start-up procedure resulted in good quality products, in spite of the
fact that we used only temperature loops. Of course, if online composition
measurements are available, these should be used to adjust the temperature
setpoints.

Figure 4.5b shows a zoomed-in plot of Figure 4.5a for the time period
from 35 min to 140 min. In the experiments, the feed flow rate was held
constant at 3 liters/hour and the reboiler duty was set constant at 2 kW.
We conclude from the experiment (Figures 4.5a and 4.5b) that the start-up
procedure works well and leads to stable operation.

4.4.2 Closed-loop operation

In the following experiments (runs 2-7), the four temperatures setpoints are
changed in closed-loop, to drive the system to various new steady states.
The composition of the feed mixtures is also varied.

In Figure 4.6 (run 2), we show results for a temperature setpoint change
of —2 °C to control loop 1. This setpoint change can be handled well and
the steady state is reached in about 25 minutes. There is an initial delay
of about 1 minute as the location of the temperature is far from the valve.
As a consequence, it takes a while for the change in the liquid reflux to
affect the controlled temperature. This loop has interactions with loops 3
and 4, as T5 (measured) and T7 (measured) show some deviation from their
setpoints due to action of Rp,q.

Figure 4.7 (run 3) shows a setpoint change of +1 °C change in the loop
2. Again, this setpoint change is handled well. However, there is significant
interaction with all the other loops. This is because a change in distillate
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flow affects directly the molar difference between the boilup (V) and liquid
reflux (L) in the entire column.

Figures 4.8 and 4.9 (runs 4 and 5) plot show similar setpoint changes in
loops 3 and 4, respectively, and these changes are handled well without in-
teractions with other loops. Figure 4.10 (run 6) shows simultaneous changes
in the setpoint for all the four loops, which are also handled reasonably well.

Finally, Figure 4.11 (run 7) shows the response for an increase in feed
rate from 3 liters/hr to 3.6 liters/hr (+20%). This disturbance can also
be handled well and the controlled-temperatures are brought back to their
setpoints in about 30 minutes.

4.5 Steady state experiments and comparison with

simulations
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Figure 4.12: Experimental Run 8: steady state operation (Tas = 80.6 °C,
Tss =69 °C, Tss = 82 °C & Trg = 110.2 °C)

In order to study the steady-state behavior, experimental runs 8-12 were



Steady state and dynamic operation of four-product
66 dividing-wall (Kaibel) columns: Experimental Verification

carried out with constant temperature setpoints. For runs 9-12, samples of
the feed and products were collected and analyzed using High-performance
liquid chromatography (HPLC). Figure 4.12 (run 8) shows a typical re-
sponse when the column is “steady” for a period of 2 hours, with all the
four temperature loops closed. All the four temperatures can be maintained
at their respective setpoints. The steady-state results for run 9-12 are sum-
marized in Table 4.3 (compositions) and Table 4.4 (controller outputs =
plant inputs).

We now want to compare the steady-state experimental results with a
standard equilibrium stage distillation model. The vapor-liquid equilibria
is modelled using the Wilson model for the liquid phase and the vapor is
assumed to be ideal. We use the constant molar overflow assumption, which
is reasonable for our mixture (See Appendix for details of the dynamic
model, but note that, we have compared only the steady state experiments
with the model).

To match the experimental steady state data, we can adjust the following
degrees of freedom in the model:

1. theoretical number of stages (we use a fixed value for all experiments)
2. boilup (V/F)

3. feed composition

4. liquid split ratio (Rp)

5. vapor split ratio (Ry)

6. distillate product split ratio (Rrz)

7. upper side product split ratio (Ry3)

8. lower side product split ratio (Rp4)

The degrees of freedom are adjusted for each experiment, except for
the theoretical number of stages in the sections. The number of theoreti-
cal stages was based on experimental estimation of height equivalent of a
theoretical plate (HETP). For the estimation of HETP, a total reflux exper-
iment (run 13) was performed with only two components, namely methanol
and ethanol. The liquid split ratio (Ry1) was used to control temperature
difference (AT = Ty — T5) between the prefractionator (section 2) and the
main column (section 5). The temperatures (T9 = TP5, T5 = TMS8) chosen
were approximately at the same height (and of packing) from the reboiler.
The setpoint of this controller was then set to zero so that the compositions
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should be the same on both sides. The system was allowed to stabilize
and samples were taken at the location of side products (S1 and S2) for
analysis. Figure 4.13 shows the stable run during this experiment with the
controlled-variable (AT) and controller output. The molar composition of
methanol was about 75 % and 21 % in samples S1 and S2, respectively.
The graphical McCabe Thiele method and Fenske equation both give the
number of theoretical stages to be about 4. The height of packing between
the sample points is 0.65 meters and, the HETP for our packing was thus
estimated to be about 16 c¢m. The value of HETP = 16 ¢m was used to
find the number of stages in each section which gives 17 (7+10) theoretical
stages for the prefractionator and 22 (4+4+44+4+5+reboiler) for the main
column.

Based on the power input of 2 kW to the reboiler, we can obtain the
boilup (V/F) for use in the model. The feed composition is available from
HPLC measurements. Finally, the liquid split ratio (Rr;) was obtained
directly from the experiments.

With the first four degrees of freedom determined (i.e., theoretical num-
ber of stages, boilup, feed composition and liquid split ratio), we are left
with four more degrees of freedom (vapor split ratio Ry, distillate product
split ratio Ry, upper side product split ratio Rps and lower side product
split ratio Rr4), which are adjusted to match the following experimental
values from the steady state runs:

1. mole fraction of methanol in the top product (D)
2. mole fraction of ethanol in the upper side product (S1)
3. mole fraction of propanol in lower side product (S2)

4. a temperature in section 2 (TP5) of the prefractionator

This procedure for data fitting is used for experimental runs 9-12. Table
4.3 compares the product composition from experiments and simulations
and Table 4.4 gives the corresponding values of the four degrees of freedom.
Since the mole fractions of the main components in the top product (D),
upper side product (S1) and lower side product (S2) are matched directly,
there is an exact match of these compositions. But additionally, the key
impurities in the side products (S1 & S2), which were not matched indi-
vidually, show a very good fit. For example, in experimental run 9, the
mole fraction of methanol in S1 from the experiment is 31.8%, while from
the simulation it is 34.2%. The key impurities (propanol and n—butanol) of
the lower side product (S2) also show a good fit. From Table 4.4, we see
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that the simulated values of the four degrees of freedom (R, Rr2, Rr3 and
Rp4) which were obtained by matching the compositions, agree well with
the experimental values.

Figure 4.14 compares the temperatures from the model (lines) and the
experiments (points). The y-azis in Figure 4.14 shows the theoretical stages
in the model, numbered from top (1) to bottom (22). The z-axis shows the
corresponding temperatures. The locations of temperature probes in the
experimental setup with respect to the theoretical stages in the model are
not precise and were not adjusted, but nevertheless we find that the match
is good.

In summary, we have a very good agreement between the experimental
steady-state data and the equilibrium stage model.
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Figure 4.13: Experimental Run 13: total reflux conditions for determin-
ing the HETP.

4.6 Discussion

4.6.1 Practical issues related to operation

The operation of the experimental column had some problems. Early on,
the column was very difficult to operate and stabilize with little material
reaching the top of the column [24]. On the intuition that suggested that this
was due to insufficient boilup, the reason turned out to be vapor leaking from
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files in experiments 9-12
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the product valves on the side streams. To resolve this issue, we installed an
additional small manual valve and a solenoid valve (in series) downstream of
the swinging funnels, just outside the column. The opening of the manual
valve was adjusted to ensure that there was always a liquid hold up in the
glass downcomer under the swinging funnel. The additional solenoid valves
and the swinging funnel open and close simultaneously during the cycle.
Alternatively, an externally placed liquid seal in the product withdrawal
line would have stopped any vapor from “leaking” by providing a hydraulic
head to counter the small positive pressure in the column.

4.6.2 Plant-model mismatch

As mentioned, the equilibrium stage model fits well with the experiments.
The mole fraction of butanol in the bottoms product was, however, smaller
than that in the model in all the runs. One reason for this may be that we
have no bottom product (B), meaning that the bottom product accumulates
in the reboiler, and therefore it will take a very long time to reach the steady
compositions in the reboiler.

The experimental data also had some uncertainties. The experimen-
tal results for example in Figure 4.12, show some noise in the temperatures.
This can be just instrument noise or process noise due to the use of swinging
funnels and not continuous valves with pumps. The composition measure-
ments with HPLC also have some measurement error. There were some
biases in temperature probes. These were calibrated using their measure-
ments in cold column conditions. Some probes showed up to 3 °C of error
from the room temperature and their measurements were accordingly cor-
rected.

Another source of error can be the column pressure drop, which was
neglected in the model. The total pressure drop under normal operation of
the column was about 16 ¢m of water or about 0.016 bar (measured using
a U-tube manometer).

4.6.3 Optimal operation

From the experimental data and the model in Table 4.3, the purities of top
and bottom products are relatively high (up to about 96% and 95 % ), while
the purities of the side products are low (about 55% and 89 % ). Is this
the best one can achieve? To answer this question, we used the model to
compare the four experimental steady-state runs to operations under two
“optimal” modes.
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In mode I, for a given boilup and with the purity of top product (z%,.,5)
and bottom product (acguo ) specified, the objective is to maximize the sum
of the purities of the side products. In mode II, also for a given boilup, the
objective is to maximize the sum of purities of all the products.

The two optimization problems (mode I and mode II) are defined in
more detail in Table 4.5 and the results are given in Table 4.6. Table
4.6 compares the product purities in the four experimental runs with the
“optimal” values in modes I and II. In mode I, where the top and bottom
purities are fixed, we find that some minor improvement can be made in the
side stream purities. The largest difference is in experimental run 11, where
the S1 purity can be improved from 51.5 % to 65.4 %. On the other hand,
in runs 10, 11 and 12, the S2 purity is actually better in the experiment.

In mode II, even though there was an improvement on the sum of the
purities of four products, the purity of the end products (D and B) decreased
from the base case. The purity of the upper side products (S1) increased
in all the scenarios while the purity of lower side product (S2) decreased in
experimental runs 11 and 12.

From the results in Table 4.6, we conclude that the experimental results
are close to “optimal” operations, as described by mode I or mode II. This
shows that the temperature setpoint adjustment procedure described in the
start-up procedure works well.

4.7 Conclusions

The experimental studies verify that stable operation of the four product
Kaibel column can be achieved with the 4-point temperature control scheme
shown in Figure 4.3c. The control structure gave good servo performance
for setpoint changes as well as good regulation for a +20 % feed distur-
bance. The same control structure was adopted during the cold start-up
of the column and with the proposed procedure for adjusting the temper-
ature setpoints, it was possible to use only temperature measurements to
approach the desired steady-state composition, that is, without needing on-
line composition measurements.

An equilibrium stage model was fitted to the experiments. The fitted
model gave good match with the experiments. This suggests that equilib-
rium staged models can be used to study the operation and design of such
columns.
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Appendix

4.7.2 Model Detalils

The Kaibel column under study is modelled in Matlab using seven column
sections [24]. The model is available at the home page of the correspond-
ing author, S. Skogestad. We assume constant pressure, equilibrium on all
stages, a total condenser, constant molar flows and linearized liquid dynam-
ics. The model equations for a column sections are:

1. Total material balance on stage 7’

d
gMi=Linn—LitVia -V

where, M; is molar holdup on stage i’; tray numbering is from bottom
to top.

L; is liquid molar flow and V; is total molar vapor flow from a stage

’,L"

2. component balance on stage i’ for a component 5’

d
E(%‘, i M) = Lig1 @) ip1 + Vier vy, -1 — Li x5 — Vi yj, 4

where, x; ; is mole fraction of component ’;j’ in liquid phase on stage

’,L"

3. Vapor-Liquid Equilibria

Ideal vapor phase is assumed and the Wilson model is used for the
liquid phase activity coefficients (v;). The VLE is describe by the
following equations:

Pyj:xj ’)/j PJS

where, P is the total pressure and saturation vapor pressures (PS ) is
given by Antoine equation
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B .
log PP =A; — —
(I N PG
where A, B and C are Antoine constants and 7T; is absolute tempera-
ture of a stage 'i’.

4. Constant molar flow in a section
Vit = Vi =Vip

This assumption holds well since the four components have similar
heats of vaporization (35.3, 38.5, 41.8 and 43.1 kJ/kmol) at their nor-
mal boiling points.

5. Linearized flow dynamics

Li=Lo; + (M; — Moy;)/T+ Vici — Vo i1
Lg, Vy and M are nominal values for molar liquid flows, molar liquid
flows and molar hold up, respectively at time, t=0; 7= 0.063 min.
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Table 4.3: Steady state experimental and simulated compositions (in mol

%) for runs 9-12

Experiment Run 9

Feed D S1 S2 B
comp exp & sim  exp sim exp sim exp sim exp sim
methanol  21.4 96.6 96.6 31.8 34.2 0 1.3 0 0
ethanol 15.4 3.4 3.4 55.4 55.4 16.8 154 0 0
propanol 21.4 0 0 127 103 75.0 75.0 74 1.8
butanol 41.7 0 0 0 0 8.2 8.3 926 98.2

Experiment Run 10

Feed D S1 S2 B
comp exp & sim  exp sim exp sim exp sim exp sim
methanol  20.4 94.9 949 299 274 0 0.6 0 0
ethanol 27.4 5.1 5.1 51.2 51.2 5.9 6.6 0 0
propanol 28.5 0 0 18.9 21.3 87.5 87.5 4.6 243
butanol 23.7 0 0 0 0 6.6 5.3 954 97.6

Experiment Run 11

Feed D S1 S2 B
comp exp & sim  exp sim exp sim exp sim exp sim
methanol  20.4 92.7 92.7 173 14.8 0 0.2 0 0
ethanol 17.6 7.3 7.3 51.5 51.5 54 4.6 0 0
propanol  26.7 0 0 31.2 335 89.6 89.6 6.7 3.1
butanol 35.3 0 0 0 0.1 4.9 5.6 933 96.9

Experiment Run 12

Feed D S1 S2 B
comp exp & sim  exp sim exp sim exp sim exp sim
methanol  16.3 94.4 94.4 263 223 0 0.5 0 0
ethanol 19.0 5.6 5.6 56.3 56.3 10.1 7.3 0 0
propanol  28.3 0 0 173 21.3 86.3 86.3 64 27
butanol 36.4 0 0 0 0 3.5 5.8 93.6 97.2
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Table 4.4: Degree of freedom in the four experiments 9-12
Run 9 Run 10 Run 11 Run 12
Degree of freedom . . . .
exp sim exp sim exp sim exp  sim
Ria 0.31 0.31 0.15 0.15 0.25 0.25 0.22 0.22
Rio 093 095 098 098 093 095 096 0.97
Ris 0.94 090 0.72 0.81 0.81 0.86 0.83 0.88
Ria 0.75 0.87 0.83 091 090 0.91 0.86 0.88
Rv - 0.39 - 0.30 - 0.35 - 0.32

Table 4.5: Operation under two optimal modes ¢

Mode 1

Mode II

Objective

Degrees of freedom

Constraints

__S1 52
J=rgontrpion

Liquid split ratio, Rp,1

Distillate split ratio, Rr,2

Upper side product split ratio, Ry,3
Lower side product split ratio, Rr,4
Vapor split ratio, Ry

boilup = nominal

feed rate = nominal

feed composition = nominal
feed liquid fraction = nominal
P <oy = nominal

Tp,0p = nominal

_..D S1
J= ;”MeOH;FxEtOH
+t2proHtTBuOH

Rr1
Ri2
Rirs
R4
Rv

boilup = nominal

feed rate = nominal

feed composition = nominal
feed liquid fraction = nominal

“ Remaining degrees of freedom are used for liquid and vapor inventory control, hence
are not available as degrees of freedom for optimization. The bottoms rate and
distillate flow are consumed for level control of reboiler and condenser, respectively;
Condenser duty is consumed for pressure control
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Table 4.6: Comparison of experiments 9-12 with optimal operation in

mode I (maximize sum of the purities of side products) and
mode II (maximize sum of the purities of all the products).

Experiment Run 9

D S1 S2 B
mode mode mode mode
exp exp exp exp
comp I 11 1 11 I 1I I 11
methan. 96.6 96.6 89.7 34.2 28.9 13.0 1.3 0.7 0.4 0.0 0.0 0.0
ethanol 3.4 3.4 10.2 554 529 71.2 154 10.1 134 0.0 0.0 0.0
propanol 0.0 0.0 0.0 10.3 181 159 75.0 80.8 82.2 1.8 1.8 3.5
butanol 0.0 0.0 0.0 0.0 0.1 0.0 8.3 8.4 4.0 98.2 98.2 96.5
Experiment Run 10
D S1 S2 B
mode mode mode mode
exp exp exp exp
comp I 11 1 11 I 1I I 11
methan. 94.9 949 94.6 274 29.2 27.1 0.6 0.7 0.6 0.0 0.0 0.0
ethanol 5.1 5.1 5.3 51.2 53.6 53.6 6.7 8.6 7.7 0.0 0.0 0.0
propanol 0.0 0.0 0.0 21.4 171 19.2 875 85.5 88.0 2.4 2.4 3.5
butanol 0.0 0.0 0.0 0.1 0.1 0.0 5.3 5.1 3.6 97.6 97.6 96.5
Experiment Run 11
D S1 S2 B
mode mode mode mode
exp exp exp exp
comp I 11 I 11 I 11 I 11
methan. 92.7 927 929 153 183 18.8 0.2 0.5 0.5 0.0 0.0 0.0
ethanol 7.3 7.3 7.1 51.5 654 64.2 4.4 11.7  10.9 0.0 0.0 0.0
propanol 0.0 0.0 0.0 33.0 16.2 16.9 89.6 83.2 84.7 3.2 3.2 3.8
butanol 0.0 0.0 0.0 0.1 0.0 0.0 5.7 4.6 3.9 96.8 96.8 96.2
Experiment Run 12
D S1 S2 B
mode mode mode mode
exp exp exp exp
comp I 11 I 11 I 11 I 11
methan. 94.4 944 90.1 223 233 14.5 0.5 0.7 0.4 0.0 0.0 0.0
ethanol 5.6 5.6 9.9 56.3 60.3 69.8 7.3 104 119 0.0 0.0 0.0
propanol 0.0 0.0 0.0 21.3 164 15.6 86.3 83.6 &83.6 2.8 2.8 4.0
butanol 0.0 0.0 0.0 0.1 0.0 0.0 5.9 5.4 4.0 97.2 97.2 96.0




Chapter 5

Active vapor split control for
dividing-wall columns

5.1 Introduction

Dividing-wall distillation columns such as Petlyuk arrangements and the
Kaibel column, shown in Figure 5.1 offer large capital and energy saving
potentials compared to conventional schemes [6, 7, 14]. Their control and
operations, however, remains a challenge. For three-product separation, the
energy savings can be up to 30 % using a standard dividing-wall (Petlyuk)
column with a single side stream (Figure 5.1a). The Kaibel column with
two side streams (Figure 5.1b) can give up to 40 % energy savings for
four-product separation. However, the energy saving potential can be lost
if the column is operated away from the optimum vapor split ratio (see,
Figure 5.2). Thus, the flexibility in operation of such systems at minimum
energy over a large range of feed conditions or product specifications, can
be restricted by the absence of an active vapor split during operation.
Dividing-wall column have been successfully implemented industrially,
mainly at BASF [2]. In the academic community, several works have been
reported on operation and control of three-product Petlyuk columns [8-13,
15]. However, all earlier works exclude the use of vapor split as a degree of
freedom. Therefore, Agrawal and Fidkowski [1] suggested as an alternative
to use a vapor side draw. Another alternative is to use the feed enthalpy
as a degree of freedom, where the vapor fraction or degree of sub-cooling
in the feed is varied to achieve optimum operation [5]. However, these
solutions usually come with a penalty on energy requirement. The vapor
split however, comes with no sub-optimal operation with respect to energy
requirement. Therefore, in this work, we consider the vapor split which is
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Figure 5.1: Dividing-wall columns with prefractionator section to the left
of the dividing wall and “main” column section to the right.
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Data: Equimolar feed of methanol, ethanol, propanol and n-butanol with 50 % vapor

fraction

Purities (mol %): 98.9 % (D); 98.0 % (S1); 98.0 % (S2); 99.8 % (B)

Stages: 40 in prefractionator and 100 in main column

Liquid split (R) has been optimized for each value of Vapor split (Rv)

Figure 5.2: Effect of vapor split ratio (Ry) on boilup (V/F) for fixed

purity specifications in dividing-wall columns. (Ry = fraction
of vapor boilup that is sent to prefractionator from the main
column)
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always a potential degree of freedom.

To motivate the need for active vapor split in dividing-wall columns
further, we first consider some simulation results. Halvorsen and Skogestad
[5] studied steady state optimal operation of three product Petlyuk column.
They reported that there may be a narrow operating window with respect to
various degrees of freedom for operation of such system at minimum energy.
The control system should carefully designed to operate within this range
to ensure operation at minimum energy. Further, this operating window
may change in presence of various disturbances such as feed composition
and feed vapor fraction.

We confirm these results with a simulation study on a three-product
Petlyuk column separating equimolar saturated liquid feed of methanol,
ethanol and propanol (Figure 5.2a). The Wilson model is used for the
vapor-liquid equilibria and we assume constant molar overflow. For the
given purity specifications, the boilup is minimum (V/F=1.33) for a vapor
split ratio (Ry) of 0.37. In Figure 5.2a, we plot the minimum boilup (V/F)
required as the vapor split ratio is fixed at values different from its optimum
value of 0.37. By “minimum”, we mean that the liquid split (Ry,) has been
adjusted so that the boilup is minimized for each Ry.

A similar simulation study for a four-product Kaibel column is shown
in Figure 5.2b. We study an equimolar feed of methanol, ethanol, propanol
and n-butanol with 50 % vapor fraction. Again the Wilson model is used
for the vapor-liquid equilibria and we assume constant molar overflow. The
boilup (V/F) is minimum for an optimum vapor split ratio of 0.52 and again
increases in both directions. In summary, the simulation results in Figure
5.2 shows that the energy usage (boil-up, V/F) is sensitive to the value of
Ry, and this motivates the need for introducing the vapor split (Ry) as a
degree of freedom during operation. Ghadrdan et al. [4] concluded similarly
that there is a narrow operating window for energy optimal operation of a
four-product dividing-wall column with respect to vapor split for a given
purity specification.

In this work we demonstrate the use of direct active manipulation of the
vapor split using an experimental four-product Kaibel arrangement (Figure
5.3). The experimental column consists of separate sections Figure 5.3a,
but it is thermodynamically equivalent to a single-shell dividing-wall im-
plementation (Figure 5.1b) as proposed by Kaibel[7]. Use of dividing-wall
is usually the preferred solution at industrial scale because of lower capital
costs. The schemes in Figure 5.3 are thermodynamically equivalent if the
heat exchange across the wall is negligible and most industrial practitioners
disregard this effect.
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(a) Schematic of the vapor split valve
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Figure 5.4: Vapor split valves used for the experiments [17]
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5.2 Experimental Setup

Figure 5.3 shows a schematic of our experimental column which is ther-
modynamically equivalent to the dividing-wall arrangement for separation
of a feed into four products (D, S1, S2 and B) of desired purity. In Fig-
ure 5.3a, the column subsections are numbered for easy reference; Sections
1 and 2 constitute the prefractionator while section 3 to 7 constitute the
main column.

In Figure 5.3b, we show a picture of the experimental column [17]. The
height of the column is 8 meters and it operates under atmospheric pressure.
The column subsections are packed with 6-mm glass Raschig rings. The
column sections have packed sections with temperature probes and their
locations are shown in Figure 5.3c.

The reboiler is of the kettle type and its power is controlled by voltage
to the heater elements through a thyristor. The water-cooled condenser is
mounted on top of the column. The condensate returns to the column due
to gravity; a part is take out as top product and the rest forms the liquid
reflux. The control setup is implemented in Lab View”? on a standard PC.

The liquid reflux split valve Ry, and the valves for the products, D, S1
and S2; Rys, Rrg and Ry, respectively are all swinging funnels. These are
controlled by externally placed solenoids. Since these are ON/ OFF valves,
a continuous output of the PI controller is implemented using pulse width
modulation.

The two vapor split valves are made in stainless steel and are operated by
externally placed electrical motors using rack and pinion assembly. Figure
5.4a shows a schematic of the valves. There are two such valves, one below
section 2 and one below section 6 (denoted V1 and V2 in Figure 5.3a), but
they should be operated such that one of them is always fully open. The
vapor flow rate through the valve is manipulated by opening and closing a
cap that sits on a steel valve seat. There is a liquid downcomer which is
needed to allow the liquid to flow against the pressure drop over the valve.
The downcomer is designed to ensure that the vapor passes only through
the clearance between the cap at the seat.

The circular pinion of each valve is powered by a step motor. The full
span of the valve is divided into 150 small steps. In the current setting,
the free cross section in the valve is somewhat too large, which results in
very small required movements. As will be shown in the section below, the
valve can affect the flows only in the first 10 steps. Whilst the performance
of the valve could be significantly improved, having such a poor resolution
provides an excellent case for demonstrating the effect of feedback, which
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we document below.

5.3 Experiment

5.3.1 Vapor Split valve behavior

The first experiment was designed to test the behavior of the vapor split
valves. This was done under total reflux conditions (no feed or products)
and with constant liquid split (Ry;) using only two chemical components,
namely methanol and ethanol. After charging the reboiler, the heating was
started with a fixed duty of 1.9 kW.

After reaching steady state operation, step changes were made to vapor
valve V1 while valve V2 was fully open. The results are shown in Figure
5.5, where we show the effect of these changes on one prefractionator tem-
perature (T = TP5) and one main column temperature (T5 = TM7). Any
change in the vapor flow rate resulting from changes by the vapor split valve
should lead to changes in these two temperatures. The output of the liquid
split valve is manually fixed during this run.

When we close valve V1 from 15 steps to 10 steps at around 3 minutes,
temperature T starts decreasing gradually while T5 starts increasing. This
indicates, as expected, that less vapor is being sent to the prefractionator,
while more vapor is being directed to section 6. At around 7 minutes, V1
is further closed by 5 steps. This gives a more noticeable change in the
vapor flows and is clearly indicated by about 1 K drop in Ty and about 0.6
K temperature increase in T5. This change is reversed when valve V1 is
opened from 5 steps to 15 at about 13 minutes. A series of changes between
10 steps to 15 steps shows insignificant changes in the two temperatures.
At around 33 minutes, V1 is closed from 8 steps to 3 steps. This leads to
sharp changes in temperatures Ty and T5. At 37 minutes, the valve V1 is
opened from 3 steps to 50 steps. Since the vapor dynamics are very fast,
the initial response on the temperatures is very quick, but the steady-state
is restored more slowly .

We can conclude from this experiment that only the first 10 steps of the
150 steps are really effective, so the resolution is poor and the valve opening
is too large. Nevertheless, we will see that the valve is acceptable for control
purposes.

5.3.2 Total Reflux experiments

To study the suitability of the valve for feedback control, we performed a
set of experiments under total reflux conditions using only two components,
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Figure 5.5: Experimental Run: Effect of changing the prefractionator va-
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Figure 5.6: Split range logic (SRC) used for the vapor split controller

namely methanol and ethanol, with a fixed duty of 1.9 kW.

To minimize pressure drop, one of the valves should always be open. To
ensure this, the valves are controlled using a split range logic as shown in
Figure 5.6. For a controller output of 0, valve V1 is closed and valve V2 is
fully open, while for a controller output of 0.5, both valves are fully open.
Notice that we assume that 10 steps corresponds to a fully open valve.

The vapor split valves are used to control the temperature difference
between the prefractionator and the main column, AT = Ty — T5 as shown
in Figure 5.7. The proportional-integral (PI) controller is tuned using the
SIMC rules [16] with the tuning parameter selected to be 7c= 2 minutes.

Figure 5.8 shows a series of setpoint changes for AT. We plot the con-
trolled variable (AT) and the controller output (Ry in the range 0 to 1),
which through the split range logic changes the valves (V1 and V2). The
figure also shows the two individual temperatures (T9 and Tj), the two
valve opening step values (V1 and V2) and the values for the liquid split
ratio (Ry, and reboiler duty (Q). Note that at any time at least one of the
valves V1 or V2 is fully open.

For first 20 minutes the setpoint is unchanged at 0 K and the temper-
atures are steady. At 23 minutes, the setpoint for AT is increased to 4 K,
which requires increase in the vapor flow to the prefractionator. This set-
point is reached in about 7 minutes without any overshoots. This is followed
by a series of setpoint changes which can be tracked as well. At about 100
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minutes, a disturbance is introduced by increasing the reboiler duty by 0.2
kW. This is shown by an increased difference in temperature by about 0.6
K. But the controller can bring the controlled variable back to the setpoint
of 0 K. In summary, we see from Figure 5.8 that the vapor split valves are
fully acceptable for closed-loop operation.
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Figure 5.9: Initial experimental run 2: total reflux operation

Figure 5.9 shows another experiment under more difficult conditions.
With a large setpoint change for AT of +5 K at about 3 minutes, the
output of the controller saturates and the setpoint can not be reached. The
reason is probably that the valve V2 is nearly fully closed. However, when
the setpoint is reduced, it can be reached. During last 30 minutes of the
run, we also give disturbances by changing the output of the liquid split
valve between 0.4 to 0.46. These disturbances can also be handled by the
vapor split valve.

Based on these experiments, we conclude that even with rough manipu-

lation of the vapor flow, yields good temperature control when implemented
in an appropriate feedback loop.
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perature in top section of prefractionator).
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5.3.3 4-Product Kaibel Column experiments
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Figure 5.11: Main experimental run 3: Continuous operation of Kaibel
column using 4-point temperature control with active vapor
split (Ry).

The following experiment demonstrates that the vapor split also can be
used in practice for continuous operation. Strandberg and Skogestad[18]
found in a simulation study that a 4-point temperature control scheme with
one temperature controlled in the prefractionator can stabilize the column
and as well as prevent “drift” of the composition profiles during operation.
Correspondingly, in our previous experimental work [3], we used the liquid
split (Rp1) to control a temperature in prefractionator (with a constant
vapor split Ry).

Here, we show that the temperature in prefractionator can be controlled
equally well using the vapor split Ry (with a constant liquid split, Ry;).
Figure 5.10 shows the control structure where a sensitive temperature in
prefractionator section 2 (Tsg) is controlled using the vapor split valve. In
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addition, one temperature in each of sections 3, 5 and 7 are controlled by the
distillate split valve (Rp2), upper side product split valve (Rys) and lower
side product split valve (Rp4), respectively. The details of the loop pairing
is given in Table 5.1. The additional degree of freedom, i.e., the liquid split
is not used in this stabilizing layer and is available for optimizing objective
such as to reduce energy for a required purity specification.

Table 5.1: Four-point temperature regulatory control structure for Kaibel

column ¢4
Control Manipulated Variable Controlled Variable
loop
Loop 1  Vapor split valve (Ry) Temperature in section 2 (T3)
Loop 2 Distillate split valve (Rpz) Temperature in section 3 (T)
Loop 3  Upper side product split valve (R3) Temperature in section 5 (Ts)
Loop 4 Lower side product split valve (Rp4) Temperature in section 7 (T7)

“The ratio Ry, is fixed and is not used in the control structure.
¥ Controlled variables are temperatures as shown in Figure 5.3c: Ty = TP5,
T3 = TM3, Ts = TM8 and Ty = TM14.
¢ Definitions of swinging funnel ratios:
Rii = 7%, Ri2 = %5, Rus = =557, Rua = 9%
where, L1, L3, Ls and Lg are liquid flows in sections 1, 3, 5 and 6, respectively. S1

and S2 are side product flow rates (see,Figure 5.3).

d — Vo _ _Vy
Ry = V7 7 Va+Vg . . . .
where, V2, Vg and V7 are vapor flows in sections 2, 6 and 7, respectively (see,Figure

5.3).

An experimental run is shown in Figure 5.11. At about 8 minutes, the
setpoint for the temperature To controlled by the vapor split valve (Loop 1)
is changed from 90°C to 92°C. This setpoint change can be handled well and
the temperature settles in less that 5 minutes. The other temperature loops
show some deviation due to interactions, however, all the temperatures are
brought back to their setpoints in about 20 minutes.

There is a large scope for improving the vapor split valve and suggesting
alternative designs. Nevertheless, even with our prototype valve with poor
resolution, experimental results show that the vapor split can be manipu-
lated effectively in feedback mode to achieve more energy efficient operation
of dividing-wall columns.
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5.4 Discussion

5.4.1 Feedback implementation of vapor split

We here argue in favor of feedback control using vapor split valves to set
“optimum vapor split” between prefractionator and the main column in
dividing-wall columns. There are two advantages of using the vapor split
valve for using vapor split valve in feedback loop. First, the vapor split
valve is a very fast handle since the vapor dynamics are much faster than
the liquid. Further, there is no need to precisely measure the vapor split, the
feedback action can “drive” the vapor split to its optimum value by tracking
some controlled-variable like a composition or a temperature (Figure 5.10).

The additional degree of freedom, i.e., the liquid split, which can be
adjusted more easily manually, can be used to reduce energy usage for a
required purity specification or to improve the purities for a given energy
usage.

Finally, note that vapor split remains as a degree of freedom when we
introduce the feedback temperature controller, as it can be set to any value
by adjusting the temperature setpoint.

5.4.2 Use of two vapor valves

In this work, two vapor valves are used to implement the active vapor split
control. The use of two valves are needed to get the full range of changes in
the vapor split. Another advantage of using two vapor valves is that for a
given vapor split ratio, there may be several combinations of the openings
of the two vapor valves. Of all such combinations, the proposed solution
shall offer minimum pressure drop. This is because, with a split-range logic
shown in Figure 5.6, one of the valves is always fully open while the other is
operated (opening less that 100%) as shown in the experimental runs (see,
Figures 5.9, 5.8).

5.5 Conclusions

The experimental results show for the first time that the vapor split can be
used as a degree of freedom during practical operation of integrated columns,
such as, Petlyuk, Kaibel and dividing-wall columns. Only with the vapor
split available as a degree of freedom can the optimal operation be achieved.
In particular, vapor split valve was found to be useful for closed-loop tem-
perature or composition control, where deficiencies and inaccuracy in the
vapor valves are corrected for by use of the feedback as shown in Figures
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5.9, 5.8 and 5.11. The vapor split, which is difficult to set freely because of
deficiency in the valve, is translated to a setpoint for temperature or com-
position, which is then a degree of freedom and can be set freely. The vapor
split valve used in this study is clearly not optimally designed, but results
with an improved valve may not be very different, because temperature
control is already satisfactory.

5.5.1 Acknowledgement

Mr Jon Anta Buljo Hansen, Master Student (Cybernetics), Norwegian Uni-
versity of Science and Technology, assisted with the modifications of the
column and Lab View implementation.

References

[1] Agrawal, R., Fidkowski, Z. T., 1998. More operable arrangements of
fully thermally coupled distillation columns. AIChE Journal 44 (11),
2565-2568.

[2] Dejanovic, I., Matijasevic, L., Olujic, Z., 2010. Dividing wall column-a
breakthrough towards sustainable distilling. Chemical Engineering and
Processing: Process Intensification 49 (6), 559-580.

[3] Dwivedi, D., Halvorsen, I., Skogestad, S., 107f, AIChE Spring Meet-
ing, 2011. Control structure design for optimal operation of thermally
coupled columns. In: Heritage Distillation Symposium. Dr James Fair.
topical Conference at the 2011 AIChE Spring Meeting.

[4] Ghadrdan, M., Halvorsen, I. J., Skogestad, S., 2011. Optimal operation
of Kaibel distillation columns. Chem. Eng. Res. Des. 89 (8), 1382 —
1391.

[5] Halvorsen, I. J., Skogestad, S., 1999. Optimal operation of Petlyuk
distillation: steady-state behavior. Journal of Process Control 9 (5),
407 — 424.

[6] Halvorsen, I. J., Skogestad, S., 2003. Minimum energy consumption in
multicomponent distillation. 2. three-product Petlyuk arrangements.
Industrial & Engineering Chemistry Research 42 (3), 605-615.

[7] Kaibel, G., 1987. Distillation columns with vertical partitions. Chemi-
cal Engineering & Technology 10 (1), 92-98.



References 97

8]

[12]

[13]

[14]

[15]

Kiss, A. A., Bildea, C. S., 2011. A control perspective on process in-
tensification in dividing-wall columns. Chemical Engineering and Pro-
cessing: Process Intensification 50 (3), 281 — 292.

Ling, H., Cai, Z., Wu, H., Wang, J., Shen, B., 2011. Remixing control
for divided-wall columns. Industrial & Engineering Chemistry Research
50 (22), 12694-12705.

Ling, H., Luyben, W. L., 2010. Temperature control of the btx divided-
wall column. Industrial & Engineering Chemistry Research 49 (1), 189—
203.

Mutalib, M. I. A., Smith, R., 1998. Operation and control of dividing
wall distillation columns: Part 1: Degrees of freedom and dynamic
simulation. Chemical Engineering Research and Design 76 (3), 308-
318.

Mutalib, M. I. A., Zeglam, A. O., Smith, R., 1998. Operation and
control of dividing wall distillation columns: Part 2: Simulation and
pilot plant studies using temperature control. Chemical Engineering
Research and Design 76 (3), 319-334.

Niggemann, G., Hiller, C., Fieg, G., 2010. Experimental and theoretical
studies of a dividing-wall column used for the recovery of high-purity
products. Industrial & Engineering Chemistry Research 49 (14), 6566—
6577.

Petlyuk, F., Platonov, V., Slavinskii, D., 1965. Thermodynamically
optimal method for separating multicomponent mixtures. International
Chemical Engineering 5 (3), 555-561.

Rewagad, R. R., Kiss, A. A., 2012. Dynamic optimization of a dividing-
wall column using model predictive control. Chemical Engineering Sci-
ence 68 (1), 132 — 142.

Skogestad, S., 2003. Simple analytic rules for model reduction and pid
controller tuning. Journal of Process Control 13 (4), 291-309.

Strandberg, J., 2011. Optimal operation of dividing wall columns.
Ph.D. thesis, Norwegian University of Science and Technology, Depart-
ment of Chemical Engineering, Trondheim, Norway.

Strandberg, J., Skogestad, S., 2006. Stabilizing Control of an Integrated
4-Product Kaibel Column. Vol. 2. IFAC, pp. 623-628.



98

Active vapor split control for dividing-wall columns




Chapter 6

Control structure selection
for four-product Petlyuk
column

6.1 Introduction

Significant energy losses in conventional distillation sequences result from
internal remixing. This can be reduced greatly by direct material coupling
and by doing easiest split first. Petlyuk et al. [28] proposed such a scheme
to separate feed into three products, using a prefractionator. The prefrac-
tionator is designed and operated to do the easiest split first. A similar
scheme was shown in a patent by Cahn et al. [5]. Stupin [34] claimed
significant energy and capital saving using thermally coupled arrangement
with a prefractionator. Such prefractionator arrangements can also be im-
plemented in a single column shell using a dividing wall [18]. The German
company BASF reports more than 100 industrial installations [9] of divided
wall columns for separation of a feed into three products.

The idea of Petlyuk to separate a mixture to three products can be
extended to separate a feed mixture into four products in a “four-product
extended Petlyuk column”. Such systems may offer further energy savings
[17]. While several control studies have been reported on three-product
divided wall columns and four-product Kaibel columns, there are no control
studies reported on four-product extended Petlyuk columns.

Wolff and Skogestad [37] did a steady state study and operability analy-
sis on a three-product Petlyuk column and conclude that the simultaneous
specification of both impurities in the side product may be infeasible. Fur-
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ther, the liquid and vapor split ratios between pre-fractionator and the main
column should be manipulated to get the optimal energy benefits. Nigge-
mann et al. [26] conducted simulation and experimental studies for separa-
tion of a mixture of fatty alcohols into three high-purity products. They
reported that the heat transfer across the dividing wall can be a factor in
design and operation. Lestak et al. [21] argued that there may be some
beneficial regions and the heat transfer across the dividing wall, should
help decrease the overall energy consumptions. In non-beneficial regions
however, the wall should be insulated. Mutalib et al. [25] reported exper-
imental studies conducted on pilot plant and showed a two point control
of the system. Ling and Luyben [23] explained that the liquid split valve
must be manipulated and proposed a control structure with the use of four
composition loops with the liquid split controlling the heavy key at the top
stage of the prefractionator. Kiss and Bildea [19] gave some general control
perspectives on dividing-wall columns. Ling et al. [22] suggested a control
structure that can avoid remixing of intermediates leading to energy opti-
mal operation. van Diggelen et al. [36] reported a study on dividing-wall
columns giving emphasis on the controllability properties and dynamic re-
sponses. Some more works on the use of Model Predictive Control have
been reported for divided wall columns [1, 4, 29].

Olujic et al. [27] reported recent advances on column internals for di-
vided wall columns. Dejanovic et al. [9] reported simple design procedures
for separating multicomponent aromatic mixtures into four products using
energy efficient multiple partitioned dividing wall arrangements.

In this paper we report the very first work on control of a four-product
extended Petlyuk column. We study, here the separation of A (methanol), B
(ethanol), C (propanol) and D (n-butanol) using the four-product extended
Petlyuk arrangement. For this case study, the energy saving is about 50 %
compared to the conventional direct and indirect sequences [7].

Figure 6.1 shows the schematic of a four-product extended Petlyuk col-
umn. There are a total of six sub-columns making the Petlyuk arrangement
and are numbered as C1, C21, C22, C31, C32 and C33 for convenience.
This arrangement can also be fabricated in a single column shell using a
double wall partition [7], as shown in Figure 6.2. Thermodynamically, the
arrangements shown in Figure 6.1 and Figure 6.2 are equivalent. We shall
refer to the arrangement shown in Figure 6.1 for the rest of the discussion.

In this study, we assume ten degrees of freedom (valves) available for
composition control. The feed rate and feed conditions are assumed given.
The distillate and the bottoms flow are used for level control of condenser
and reboiler respectively, while the condenser duty is used for the pressure
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control. We assume adiabatic column sections i.e., no heat transfer across
the walls.

Note that we have included three vapor distribution valves (MV2, MV4
and MV6) as manipulated valves. This is unconventional [2] but can be im-
plemented in real systems and development of vapor split valves for dividing-
wall columns can be an area for future research as this can help to attain
minimum energy usage when there are feed composition disturbances or
changes in product specifications. A prototype of vapor split valves was
demonstrated experimentally on a pilot plant recently [10]. Note that the
valves, MV1, MV2, MV3, MV4, MV5, MV6, MV8 and MV9 (see Figure
6.1) do not specify direct molar flow rates, but are modelled as split ratios
in the dynamic model. For example MV1 in Figure 6.1 manipulates ratio
of liquid drawn out from sub-column C21 to the total molar liquid flow in
sub-column C21.

We consider the separation of components A (lightest), B, C and D
(heaviest). However, note that the letters B and D are also used to denote
the bottom and distillate (top) products, respectively. To reduce the con-
fusion, we will use subscripts for components and superscripts for products.
For example, Xg denotes the mole fraction of component B in product D.

Table 6.1: Model details: four-product Petlyuk column

Relative volatilities [A B C D] [7.1 4.43 2.15 1]
Number of stages in C1 304-30
Number of stages in C21 30+30
Number of stages in C22 304-30
Number of stages in C31 30+30
Number of stages in C32 304-30
Number of stages in C33 304-30
Feed flow rate(mol/min) 1

Feed composition Equimolar
Nominal purity of distillate (x) 99.55 (mol %

)
Nominal purity of upper side product (x3")  99.33 (mol %)
Nominal purity of lower side product (xf?)  99.56 (mol %)

Nominal purity of bottom product (x5) 99.62 (mol %)
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6.2 Case Study

The data is given in Table 6.1. The process is modelled in Matlab using the
simplifying assumptions of constant relative volatility and constant molar
flows in each column section. The four components A, B, C and D have
relative volatilities similar to the mixture of methanol, ethanol, propanol
and n-butanol. We assume constant pressure, negligible vapor holdup, a
total condenser and equilibrium on all stages. We assume linearized liquid
flow dynamics. Compared to the specified purities given in Table 6.1, a
large number of stages is assumed in each sub-column. This implies that
the used energy for a near-sharp separation is close to the minimum energy
using an infinite number of stages.

6.2.1 Steady state composition profiles

A B ——— C — —:- D
C31
. c21
~
N . | ~
: /4 C1l \ T =
he N C32
\ = -
\ C22
h
0 02 04 06 08 1 '~ 7
mole fraction S N “c33
. \ {
0 02 04 06 08 1 5 )
mole fraction e T -

0 02 04 06 08 1
mole fraction

Figure 6.3: Steady state composition profiles in sub-columns C1, C21,
C22, C31, C32 and C33

Figure 6.3 shows composition profiles at nominal steady state conditions
of components A (methanol), B (ethanol), C (propanol) and D (n-butanol)
in different sub-columns of the Petlyuk arrangement.

In a Petlyuk arrangement, the easiest separation is carried out first. The
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more difficult splits, i.e, the splits between the immediate boiling compo-
nents are carried out last. In the first sub-column Cl1, the easy split is
between A and D, whereas the intermediate components, B and C, dis-
tribute in both products. The key impurity in the top stage of sub-column
C1is D and the key impurity in C1 bottoms is A. The feed to sub-column
C21 is A, B and C. The easy split is between A and C, where B is allowed
to distribute to both ends of sub-column C21. The key impurity at C21 top
stage is C and the key impurity at C21 bottom stage is A.

The more difficult binary splits are done in sub-columns C31, C32 and
C33. Sub-column C31 does the split between the two light components, A
and B, sub-column C32 does the B/C split and sub-column C33 does the
C/D split.

6.3 V,,, diagrams

1.2f

VIF

0.6

0.4

1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
D/F

Figure 6.4: V,,;, diagram showing minimum vapor flows in various sec-
tions required for sharp separation of equimolar A-B-C-D feed
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9

Halvorsen and Skogestad [15] have developed a graphical tool, the “V,,;,,’
diagrams, to visualize the minimum energy requirement for sharp and non—
sharp separations. For separation of ideal multicomponent mixtures the
Underwood equations [35] are effective for generating the V,,;, diagrams,
but the Vi, diagram may also be generated for non-ideal mixtures using
simulations with rigorous thermodynamic models [8].

Figure 6.4, shows the V,,;, diagram for an equimolar A-B-C-D mix-
ture with a liquid feed. The y-axis shows the normalized minimum boilup
(V/F) and the z-axis shows the net product withdrawal (D/F) in a conven-
tional two-product column. Since, we are studying near-sharp separations,
the peak points denoted by Pap, Pac, Pap, Psc, Pep and Pcp are of in-
terest. The peak Pap gives the minimum vapor flow (V/F), required for
separating A and B. Note that the corresponding product split (z- coordi-
nate) D/F = 0.25, since the feed is equimolar. Similarly point Pap denotes
the minimum vapor required to separate A and D.

Minimum energy is achieved when the prefractionator sub-columns C1,
C21 and C22 are operated at their “preferred splits”, denoted by points
Pap, Pac and Pgp respectively. Thus, the internal flows in the sub-columns
can directly be obtained from the V,;, diagram. This can be used for the
short cut design and preliminary sizing of column sections [7, 13]. In ad-
dition, with the minimum flows required for separation known, flows in a
more detailed dynamic model for the process can be initialized.

Halvorsen [16] and Fidkowski [11] showed that in a Petlyuk arrangement,
the minimum energy requirement to separate a multi-component feed is
equal to the “most difficult binary separation”.

Vmin,Petlyuk = mCLIE(VAB, Ve, VCD) (61)

Here, Vap, Ve & Vep are the minimum boilup required for sharp
separation of A/BCD, AB/CD and ABC/D in a conventional two-product
distillation column with A-B-C-D feed. Note that, Vag, Vec & Veop depend
on the feed conditions.

In Figure 6.4, the Pcp peak is the highest. This implies that the sepa-
ration of C and D is the most difficult binary split in terms of energy usage.
Thus, the minimum boilup required for sharp separation of the multicom-
ponent feed using a Petlyuk arrangement is equal to the boilup required for
this binary split (=Vep = Vi in Figure 6.4).

In a generalized Petlyuk arrangement, the minimum vapor flow in sub-
columns above and below a side product product may be different. This is
equal to the difference in the heights of the peaks in the V,,;, diagram. A
different vapor distribution in sub-columns can be realized by drawing side
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products as both liquid and vapor or, alternatively, by using a intermediate
heater or cooler between sub-columns. In this study, only liquid products are
drawn and internal flows in sections C31 and C32 are recalculated for this
more practical design. This modification does not lead to any additional
energy requirements for a given separation, but it may allow for “over-
purification” in some sections.

6.4 Control structures for three-product Petlyuk
columns

Before we discuss the control structures for the four-product Petlyuk col-
umn, we present a short note based on the works published by previous
workers [3, 6, 14, 20, 23] on the control structure design of three-product
Petlyuk column. Figure 6.5 shows a general control structure for the three-
product Petlyuk column with a ternary feed of A, B and C for the conven-
tional case when the vapor split is not used for control.

To achieve the desired purity of the side stream (S) in the main col-
umn, the A/C split in the prefractionator (C1) must be controlled to avoid
that too much C goes in the top or too much A goes in the bottom. The
specifications for the split in the prefractionator (maximum values for xc
at C1797 and x, at C1P97) are indirectly determined by the purity spec-
ifications for the side stream (S). With a fixed vapor split (Ry) one cannot
control both at the same time, which is why Christiansen [6] and Halvorsen
[14] propose to control the key impurity in the least pure end. Kiss and
Rewagad [20], Ling and Luyben [23] propose to control xc in the top of the
prefractionator, which will be the best policy provided the top is the least
pure end (i.e., when breakthrough of component A in the bottom of the
prefractionator (C1) is not a problem).

We can now discuss the control of the final products (D, S, B) in the
main column. For the distillate (D) and bottoms (B) product it is usually
simple. These products have only one impurity each (the amount of B
component), so for these we simply control the impurity (xp in distillate
(D) and xp in bottoms (B)). However, for the side stream S, there are two
impurities (components A and C), and we do not have enough degrees of
freedom to control both.

One solution is to control the more “difficult” of the two and let the
other be over-purified. For example, if the B/C split is more difficult than
the A/B split, then one should control the amount of C in the side stream
(x2,). This is proposed by Ling and Luyben [23] and if we look at the vapor-
liquid equilibria data of the components they studied, then we indeed find
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Figure 6.5: Proposed Control Structures for three-product Petlyuk
columns
In prefractionator controller, XC can be a temperature con-
troller [3] or a composition controller for the key impurity in
the least pure end [6, 14] i.e., heavy key x¢ at C179F [20, 23]
or, light key x5 at C1597

that toluene (B)/ o-xylene (C) is the more difficult separation. However,
what would happen if the feed conditions change so that the benzene (A)/
toluene (B) split becomes the difficult one and we get too much A in the side
product? To avoid this, we would need to increase the vapor flow in the top
section C21, and since the vapor flow is the same in sections C21 and C22 we
would get excess vapor in the bottom section C22. We resolve a similar issue
in the four-product Petlyuk column by our proposed decentralized control
structures described below.
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6.5 Proposed control structures for the four-product
extended Petlyuk column
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Figure 6.6: Schematic of Control Structure 1 (CS1)

A systematic design procedure [30] for plant-wide control structure should
have emphasis on the overall economic objective. For this study, we use the
minimization of the following general economic objective [32]:

J = cost of feed — value of products + cost of energy (6.2)
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Figure 6.1 shows the manipulated variables MV1, MV2, MV3, MV4,
MV5, MV6, MV7, MV8, MV9 and MV10 used in designing control struc-
ture. The other manipulated variables not shown in Figure 6.1 are distillate
flow rate (D), bottoms flow rate (B) and condenser duty. They are used to
control the liquid level in condenser and reboiler and, for vapor inventory
control respectively.

In this work, we use the six degrees of freedom in the prefractionator
sub-columns C1, C21 and C22 to control the key impurities at their top
and bottoms trays, to prevent them to escape as impurities in successive
the sub-columns and hence in the final products.

Assuming all the products are about equally priced and that the price
of energy is high, the final product purities are the active constraints as
discussed by Skogestad [32]. In addition one may have constraints on in-
dividual impurities for side products. This leaves four degrees of freedom
(MV7, MV8, MV9 and MV10) to control the “main” column i.e., the sub-
columns C31, C32 and C33. A multivariable controller would get even better
performance, but our main objective is to show the feasibility, even with a
simple structure.

In this work, we consider four decentralized control structures and eval-
uate their control performance for a wide range of disturbances like feed
rate, feed compositions changes and feed vapor fraction.

The four control structures are named CS1, CS2, CS3 and CS4 for conve-
nience. Simple decentralized proportional-integral (PI) controllers are used.
The complete list pairing of controlled variables and manipulated variables
used in the control structures are shown in the Table 6.2.

Logarithmic transformation of compositions is used to reduce the effects
of non-linearities [32, 33]. Therefore, in control structures CS1, CS2 and
CS4, controlled composition variables are actually In xz;, where z; is the key
impurity being controlled.

6.5.1 Control Structure 1 (CS1)

In control structure 1 (CS1), we implement the basic two point LV structure
[32] on each sub-column where reflux (L) is used to control the key impurity
in the top and vapor (V) is used to control the key impurity in the bottom.
For example, in sub-column C1 (see Figure 6.6), the key impurity on top
tray is D (n-butanol) which is controlled using liquid reflux valve MV1.

At optimal (minimum energy) operation, sub-columns C31 and C32 have
excess vapor for fractionation (V>V,,;,) at the nominal feed conditions,
thus a one-point control in these sections is sufficient [32]. Sub-columns C1,
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C21, C22 and C33 should be at their minimum vapor conditions (V=V i),
therefore these column sections have two-point control.
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Figure 6.7: Schematic of Control Structure 2 (CS2)

6.5.2 Control Structure 2 (CS2)

Structure CS2 is identical to CS1, except that for the loop involving the
boilup (MV10). Note that in CS1, A (methanol) composition at the C31
bottom and B (ethanol) composition at C32 bottom are not controlled.
Thus for certain disturbances, these light keys can escape into the upper
side product (S1) and lower side stream (S2) as impurity. This possibility
is eliminated by ensuring that there is sufficient boilup for separation in the
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column sections C31 and C32. A simple way to ensure this, is to pair the
boilup, MV10 (see Figure 6.7) with sum of the light impurities at C31 bot-
tom stage, C32 bottom stage and the C33 bottom stage (reboiler). Because
the sum of the light keys is controlled with the boilup (MV10), there may
be a small offset in the product purities.

6.5.3 Control Structure 3 (CS3)

l | g C31

l E C21

Feed Ll | >
s & | "’.;f;". "l c32
..................... : _I_' v\ :

—(

c22

TC
.......... .

Figure 6.8: Schematic of Control Structure 3 (CS3)
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This structure uses temperatures only, thus the idea is to infer composi-
tions from temperature, which is not unique for multicomponent mixtures
(see Figure 6.8). The controlled variables are a sensitive stage temperature
in the stripping and rectifying sections of sub-columns C1, C21, C22 and
C33, respectively (see Table 6.2 for details). Note that, there is only one
temperature control loop in columns C31 and C32.

6.5.4 Control Structure 4 (CS4)
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Figure 6.9: Schematic of Control Structure 4 (CS4)

This is a modification of CS3, with the addition of several outer compo-
sition loops. The temperature setpoints of slave temperature controllers are
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set by master composition controller. The master composition loops con-
trol the same key impurities as in structures CS1 and CS2. For example,
in sub-column C1, the setpoint of the top temperature controller is set by a
master composition controller that controls the D (n-butanol) at top stage
of column section C1. In addition, a modification same as the structure CS2
is that, the boilup (see Figure 6.9) controls sum of the light impurities at
C31 bottom stage, C32 bottom stage and the C33 bottom stage (reboiler).

Table 6.2: Pairing of manipulated variables with controlled variables in
the four control structures ®b¢®e

Controlled Variable

MV?® (CS1°¢ CS2 ¢ CS3 CS4 ¢
MVl  xp®at C179P  xp at C17OF TG4 xp at C17OP /TGt ¢
MV2  xp at C1IBTM  xyat C1IBTM T x, at C157M /TG €
MV3  xc at C2179F  x¢ at C2179F  TG?!  x¢ at C217OF /7 ¢
MV4  xp at C22T9F  xp at 022797 7§22 xp at 02270F /TG?2 ¢
MV5 xa at C21BTM  x, at C21BTM T4%21 xa at C2lBTM/T4%21 e
MV6 xp at C22BTM  xp at C22B8TM TSC{?? xp at CQQBTM/TScl‘QQ e
MV7  xp in condenser xp in condenser ~T5*'  xp at C31790F /TG3L ¢
MV8  xc at C3279F  x¢ at 32797 TJ32  x¢ at C3270F /(32 ¢
MV9  xp at C3379F  xp at C3370F  TO33  xp at C3370FP )TG3 ¢
MV10 x¢ at reboiler xc at reboiler+  TS3'  xc at reboiler +

xp at C328TM 4 xp at C32BTM

xa at C318TM xa at C318TM

“x: mole fraction; subscripts A: methanol, B: ethanol, C: propanol, D: n-butanol

" MV: Manipulated Variable

¢logarithm of x is used as controlled variable in CS1, CS2 & CS4; for example In(xp)
at C179F is paired with MV1 in control structures CS1, CS2 and CS4

4T tray temperature; superscript: column section; subscript: tray number
(numbered from top to bottom)

¢ temperature setpoints of slave controllers corrected by master composition controller

6.6 Tuning

The tuning of the decentralized control structures was done using the SIMC
tuning rules [31]. Because of the mainly sequential sequence of the columns,
the controllers in the prefractionator sub-columns (C1, C21 and C22) are
first closed. This is followed by the controllers in main column (C31, C32
and C33). Step changes in manipulated variables are made to identify the
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Table 6.3: SIMC tuning parameter (7¢)

used in the four control struc-

tures b

Loop CS1 CS2 CcS3  CS4 ¢

MV1 5 min 5min 5 min 4 min
MV2 3 min 3dmin 3 min 4 min
MV3 5 min 5min 5 min 4 min
MV4 5 min 5min 5 min 4 min
MV5 3 min 3dmin 3 min 8 min
MV6 3 min 3min 3 min 8 min
MV7 20min 20 min 5 min 12 min
MV8 20 min 20 min 5 min &8 min
MV9 20min 20 min 5 min 8 min
MV10 5 min 5min 3 min 5 min
¢ 7o for the master composition controllers; ¢

for slave temperature controllers is same as
in CS3 but without integral action

input-output steady state gain and dynamics. Most of the responses have
only a small effective delay. The SIMC tuning factor, 7o was selected to get
a smooth response (see Table 6.3).

6.7 Closed-loop simulation results

The proposed control structures were simulated with disturbances in feed
rate, feed composition, feed vapor fraction and as well as product compo-
sition setpoint changes. The performance is analyzed by considering the
response in the final product compositions as well as product flows (D, S1,
S2 and B) and energy usage (V). The minimum theoretical boilup (Viin)
required for sharp separation, for a new feed disturbance is also shown in
the figures. Table 6.4 shows the summary of closed-loop responses using
different control structures.

6.7.1 Performance of CS1 and CS2

Figure 6.10, shows the closed-loop response for various feed disturbances,
in the sequence as listed in Table 6.4. For a feed rate disturbance of +10
% (t=0, Figure 6.10), all the product purities are restored and the molar
flows of products increase from a nominal flow rate of 0.25 mol/min to 0.275
mol/min. This is followed by various feed composition disturbances.
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Table 6.4: Summary of closed-loop response using
different control structures “%<

Disturbance © CS1 CS2 (CS3 (CS4
Feed, +10 % OK OK OK OK
2F (mol%) =[20302525] OK OK OK OK
2 (mol%) =[20253025] OK OK OK OK
2F (mol%) =[20252530] OK OK Fail OK
2F (mol%) =[25203025] OK OK OK OK
2E (mol%) = [25 2520 30] Fail OK Fail OK
]

2E (mol%) = [25202530] OK OK Fail OK
+20% feed vapor fraction  Fail OK Fail OK

xp in condenser, +5 % OK OK OK
X, +5 % OK OK - OK
X%Q, +5 % OK OK - OK
% OK: Closed-loop stable and purity of all products
restored

¥ Fail: Closed-loop stable but purity of upper side product
is not maintained (x5! dropped considerably)

¢ Nominal feed rate: F=1 mol/min
Nominal feed composition, zr (mol%) = [25 25 25 25]
(equimolar)

At t= 7200 minutes, we give changes in feed composition of components
C (propanol) and D (n-butanol). The product purities of upper side product
(xPl) deteriorate significantly and shows a long settling time. A similar
deterioration in the product purity of S1 is seen in the figure at time, t=9600
minutes, for a disturbance affected by increasing the vapor fraction of the
feed by 20 %. As explained in section 6.2.1, the two side products have two
key impurities. Since the light key on C31 bottom tray is not controlled,
it can leak into the side product 1 (S1) for certain disturbances. These
responses are discussed in more detail later in section 6.8.1. Figure 6.11
shows the performance for setpoint changes of +5% in the heavy keys of
products D, S1 and S2 (at t=0, 1200 and 2400, respectively) using CS1.

Figure 6.12 shows the closed-loop response using CS2 for a feed rate
and feed composition disturbances. At t=0, we give a feed rate disturbance
and the purities of four products can be restored like CS1. Unlike CS1, the
purities of all the products including the upper side product (stl) can be
restored for all the feed composition disturbances. In Figure 6.13, we show
a +5% composition setpoint changes in the heavy keys of products D, S1
and S2.



6.8. Discussion 117

6.7.2 Performance of CS3 and CS4

Figure 6.14 shows the response for a feed rate increase by 10%, at t=0. All
the product purities are restored and the molar flows of products increase
from a nominal flow rate of 0.25 mol/min to 0.275 mol/min. Since we
are studying a multicomponent separation, for feed composition changes,
temperature control alone may not be sufficient for sharp separation. For
example, the closed-loop response for a feed composition disturbance in
components A (methanol) and D (n-butanol), at t=3600, there is a large
deterioration in the product purity of upper side product (X%l). For this
disturbance, the energy usage is more than the “minimum or Vy,;,”. There is
a similar deterioration in purity of S1 for the feed vapor fraction disturbance
at t=9600, for which the energy loop decreases the boilup, less than the
Vinin-

The control structure CS4 uses composition/ temperature cascade con-
trollers. Note that unlike the response using structure CS1 (see Figures
6.10) and structure CS3 (see Figure 6.14), purity of all the products can be
restored after initial transient. Figures 6.15 shows that all the disturbances
under study can be rejected and product purities are restored. Similarly,
Figure 6.16 shows composition setpoint changes in products D, S1 and S2.

6.8 Discussion

6.8.1 Impact of feed disturbances & the V,,;,, diagram

As discussed in section 6.7.1, the closed-loop responses were stable for all
disturbances using CS1. However, for a feed composition disturbance with
20 % C (propanol) and 30 % D (n-butanol), although the response was
closed-loop stable, the purity of upper side product (x3!) deteriorated con-
siderably (see Figure 6.10, at t=7200 minutes). A similar deterioration in
the purity of upper side product (see Figure 6.10, at t=9600 minutes) is
seen when the vapor fraction was increased by 20 %. This can be explained
using the “V,,:,” tool.

Figure 6.17 shows the V,,;, diagram for nominal feed mixture, in solid
lines. As explained in section 6.3, the minimum boilup for sharp separation
is set by the “most difficult binary split”. This is denoted in the Figure 6.17
by peak points Pap, Ppc and Pcp. For the nominal feed, the peak Pcp is
highest. This implies that the separation of C/D is the most difficult. For
separation of this feed using the Petlyuk arrangement, the minimum boilup
is set by this split.

At an operating point close to minimum energy, the sub-column C33
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VIF

Figure 6.18: V,,;, diagrams: nominal feed vapor fraction, ¢!" = 1 (solid-
black line) and for ¢/ = 0.8 (dashed-blue line)
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(doing C/D split) is at the limiting reflux while sub-columns C32 and C31
have some excess reflux. Because the sub-column C33 has a two point
control in structure CS1, for any disturbance that does not cause change
the order of these peaks, structure CS1 can give pure side products. In
other words, a disturbance that may cause A/B or B/C split to demand
more boilup that the C/D split, the upper side product (S1) or the lower
side product (S2) may become impure, respectively.

Figure 6.17 shows the V,,;, plot (in dashed line) for a new feed compo-
sition with 20 % C and 30 % D. Now, peak Pap is highest, which makes
the A/B separation the most difficult split. The structure CS1 has only
one point control of sub-column C31. There is an insufficient boilup for a
A/B separation and A (methanol) escapes from the bottom tray of column
section C31, to contaminate the upper side product (S1). The similar rea-
soning can be given for a feed vapor fraction disturbance. See Figure 6.18,
there is a change in the order peak points, resulting in the drop in the purity
of upper side product (S1).

For the disturbances leading to changes in the peaks in V,,;, diagrams,
a maximum-select controller with boilup can be used to implement a two
point control in sub-columns C31, C32 and C33. Alternately in CS2 and
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CS4, we propose a single controller that pairs boilup with the sum of the
composition of light impurities at the bottom stages of the sub-columns
C31, C32 and C33.

6.8.2 Temperature control

The control structures CS3 and CS4 use temperature controllers. The most
sensitive tray temperature corresponding to a manipulated variable is chosen
as the control variable. The manipulated variables are perturbed in manual
mode from steady state to identify the sensitive tray temperatures. Figure
6.19 shows the effect of 1% change in reflux (MV1) to sub-column C1. The
first plot shows the difference in the temperature of sub-column C1 from
the initial state to the new steady state after perturbation. Tray 12 (T1;)
is clearly the most sensitive. The second plot shows the dynamics of tray
temperature 12 of sub-column C1. This stage temperature (7,) is paired
with MV1, and tuned for a good closed-loop response.

The control structure, CS3 uses temperature control alone. In a multi-
component separation, the setpoints of temperature controllers should be
changed for the feed composition disturbances. Figure (see Figure 6.14, at
t=3600 minutes) shows the regulatory response using CS3 when the compo-
sition of the components A (methanol) and D (n-butanol) in feed is changed.
The purity of upper side product (x3') drops considerably. As temperature
setpoint of the controller is constant, a significant amount of A (methanol)
escapes the sub-column C21 bottoms and appears in upper side product
(S1) as impurity.

For a feed composition change from a nominal equimolar feed to one
containing 20 % A and 30 % D, Figure 6.20 shows the composition of A
(methanol) at the bottom tray of sub-column C21 using control structures
CS3 and CS4. The second subplot shows the temperature of tray 48 in
C21, which is paired with manipulated variable MV5. In structure CS4,
the setpoint of the slave temperature controller is corrected using a master
composition controller, which controls A (methanol) at the C21 bottom
stage at its nominal value. Any key impurities escaping from sub-columns
C1, C21 and C22 may make the final product impure. However for feed
rate changes with fixed composition, the temperature control alone may be
sufficient.

6.8.3 Composition control

The prefractionator “sub-column” C1 separates the components A and D.
We thus control n-butanol, xp (heavy impurity) in the top (or more precisely
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in the liquid on the top stage) and methanol, x (light impurity) in the
bottom liquid product. The optimal purities may vary and/or be difficult
to find, but since this is an easy separation and we assume a relatively large
number of stages. It will not cost much energy to over-fractionate, so it
is suggested to set the setpoints for x4 and xp at low values (for example,
10~%). Similarly, in sub-column C21 we control the key components A
(methanol) and propanol (C), and in column C22 we control key components
B (ethanol) and D (n-butanol). Again, the setpoints for these may be set
to low values, because the separations are expected to be easy compared to
the number of stages.

For the sub-columns C31, C32 and C33, with the four end products, the
choice on control variable is more difficult. For the top three products (D,
S1 and S2), we suggest to control the corresponding heavy key impurity
(xB, x¢ and xp, respectively) at the top stage in each sub-columns, by ma-
nipulating the liquid reflux into these sub-columns. The setpoints for these
impurities are set by product specifications or by optimization. Three light
key impurities now remain uncontrolled; namely x¢ in the bottom product
(B), xp in the lower side product (S2) and xa in the upper side product
(S1). However, these three impurities cannot be controlled independently
[37] because they are all determined by the boilup (V), which sets the vapor
flow in the sub-columns C31, C32 and C33. The standard solution to this
is to have three composition controllers (and three setpoints) with a max-
selector that implements the largest controller output (boilup). This will
imply that two of the products are over-purified. Alternatively, we propose a
simpler solution with only one controller, which is to control the sum of the
impurities, In(z4+xp+2¢). The setpoint of this sum can then be adjusted
to achieve the desired purities of the “limiting” product. Notice that when
the boilup is used to control the sum of the light keys (in control structures
CS2 and CS4), for the disturbances making A /B becomes the most difficult
split (at time = 7200, 9600 in Figures 6.12 and 6.15), the bottom product
gets over-purified, while other products are at their specifications.

There may also be a possibility of infeasibility in the setpoints of the key
impurities in the two-point control of sub-columns. But this is eliminated
by the choice of large number of stages. Another problem using composition
control of keys at the column ends with composition pinch zones is that,
the steady state gain for the corresponding manipulated variable can be
nearly zero and there may be strong non-linearity effects as also discussed
by previous workers [12, 24]. Therefore, their control using a feed back
controller can be impossible. For sub-columns with limiting internal flows,
there are no composition pinch zones at the ends and consequently, there
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is a large steady state gain with the manipulated variables. Therefore,
composition control is feasible with a feedback controller. However, in the
sub-column C32 because of excess internal vapor and liquid flows (see Figure
6.3), there is a long pinch in the stripping section. B (ethanol) at C32
bottom tray was not chosen as a controlled variable, because of severe non-
linearity effects. A composition on a sensitive tray and not a tray in the
pinch zone can be a better candidate control variable.

6.9 Conclusions

In this paper, we propose simple decentralized control structures for min-
imum energy operation of the four-product Petlyuk column arrangement
shown in the figure 6.1 or, its equivalent arrangement as shown in the Fig-
ure 6.2.

The proposed composition control scheme CS2 is shown in the Figure
6.7. It requires composition measurements or estimates for most internal
and external flows in the column. If these composition measurements are
not available, one may use the control structure CS4 in Figure 6.9, where
the inner temperature loops are sufficient to stabilize the operation. The
outer cascade composition loops are required in order to maintain product
compositions and achieve minimum energy operation. The three prefrac-
tionator columns perform three easy splits (A/D, A/C and B/D), and the
corresponding six key impurities may usually be controlled at low values
without a noticeable increase in energy consumption. The remaining four
degrees of freedom are used to control the three difficult splits (A/B, B/C
and C/D) in the main column. We propose to control the amount of heavy
impurity in the three light products (D, S1, S2) by adjusting the three lig-
uid flows into the corresponding sections. Boilup (V) is then left to control
the light impurity in the three heavy products (S1, S2 and B), and, in ac-
cordance with the V,,;,-diagram, we propose to control the most difficult
split, for example, by using boilup to control the “maximum” of the three
impurities (control structure, CS4) or their sum (control structure, CS2).
This will result in “over-purification” of two of the products, but this will
not generally increase the energy consumption because, as known from the
Vmin-diagram, we will optimally have excess energy in two of the sections.
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Chapter 7

Conclusions and further
work

7.1 Main Conclusions

This thesis reports results carried out for control and operation of three
fully-coupled distillation arrangements, namely, the three-product Petlyuk
column, the four-product Kaibel column and the four-product Petlyuk col-
umn. These arrangements are/will most commonly be realized at industrial
scale using a dividing-wall in a single columns shell.

The main contribution of this thesis are described below.

e Three-Product Petlyuk Column

Single loop decentralized control structure strategies for a three-product
Petlyuk arrangement is explored in Chapter 3. The message of this
chapter is that a control structure that can ensure sufficient energy in
all sub-columns may lead to products within the purity constraints.
This can be ensured by feedback control of the key component in the
most critical sub-column from energy point of view. Another pro-
posed control structure is when vapor split is not available as a degree
of freedom. This may come at the expense of some penalty, i.e., in the
form of higher energy consumption. However, this loss is inevitable
and the proposed control structure is close to the optimal energy usage
with fixed vapor split.

e Four-product Kaibel Column

Experimental works carried on the four-product Kaibel column are
described in Chapter 4. A four-point temperature control structure

131
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is verified for steady-state operation as well for transient conditions
during startup and disturbances due to feed changes and setpoint
changes to temperature loops. A systematic method to fit an equilib-
rium based model to steady state experimental data is also described
in this chapter.

e Four-product Petlyuk Column

The inferences drawn from the work carried out on the four-product
Petlyuk arrangement is similar to the first study on three-product
Petlyuk arrangement. The decentralized control structure can per-
form well and shows reasonable closed-loop performance. The main
conclusion is that all the sub-columns should perform their separation
task easiest split to ensure minimum energy operation and to obey
the purity constraints. To ensure this, a LV configuration in each
sub-column is recommended. In addition, the boilup should be paired
with the light key at the bottoms of the column performing the most
difficult binary split in the main column. This can be ensured by par-
ing up the reboiler duty with sum of the light keys at the last stage
of the three sub-columns constituting the main column.

e Active vapor split control

The experimental use of a vapor split valve as a degree of freedom
for diving-wall columns is shown for the very first time. We also
propose that the vapor split valve shall work work best with a feed
back loop. The feedback action removes any uncertainties in the vapor
split between the prefractionator and the main column. There is no
need for measuring the vapor flows to set the valve position. The
use of vapor split valve in closed-loop is shown for operation of the
four-product Kaibel column.

7.2 Further works

There are several areas of improvements and possibilities for further works
as listed under:

e In Chapter 3, for selection of the control structures for the three-
product Petlyuk columns, it was highlighted that there are four key
impurities (x5, x3, x, and x5) in the main column. Since all four
compositions can not be specified simultaneously, it was recommended

to fix two of compositions (xh and x7) at their specifications. One
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Table 7.1: Alternate control structures for three-product Petlyuk
columns with two of the keys in the main column fixed at
specifications (denoted by X)

X5 Xi X% x5
Alternative 1 ¢ X X
Alternative 2 X X
Alternative 3 X X
Alternative 4 X X
Alternative 5 X X
Alternative 6 X X

“used in Chapter 3

of the remaining keys was controlled and the other was allowed to
overpurify using a selector switch. However, this is only one of the six
alternatives and there are a total of *Cy = 6 possible alternatives. One
can fix two of the keys and choose to overpurify or keep at specification
the remaining two. Some these combinations leading to alternative
decentralized control structures can be an interesting future work.
Table 7.1 shows the six alternatives, where two of the alternative keys
are fixed at their specifications.

e Chronologically speaking, works reported in Chapter 3 were done last
while work on the four-product Petlyuk column were done earlier.
Some of the findings made during the study of three-product Petlyuk
column may also be relevant for the four-product Petlyuk column
and should guide future works on four-product Petlyuk column, for
example,

The setpoints for the prefractionator should be overpurified to
avoid infeasibility in event of disturbances (as explained in Section
3.3.2). This finding should be useful also in case of the operation of
four-product Petlyuk column. The discussion on “impossibility” of
infeasible specifications of key impurities is correct in Section 6.8.3 for
the prefractionator only, owing to large number of stages. However,
there may still be infeasibility in the main column, due to ”loose” spec-
ifications in the prefractionator column. Hence, some overpurification
is good for the prefractionator.

Some structures without the use of the vapor split manipulation
may be explored for the four-product Petlyuk arrangements as a future
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work.

Some future works related to simulation studies on Petlyuk arrange-
ments reported in Chapters 3 and 6 are listed as follows.

We studied mainly LV control structures for the sub-columns con-
stituting the Petlyuk arrangement. Some other variations like DV,
L/D-V/B etc. are also possible which may offer superior dynamic
performance and should be chosen appropriately on a case to case
basis.

Distillation is a highly non-linear process and the point of opera-
tion may also have an impact on controllability. For example, a high
purity column is more difficult to control. The design parameters of
the column like number of stages may also have an impact on the
controllability. These factors have not been studied in this work and
should be treated as future work.

Direct composition measurement was used as controlled variable.
Composition measurements are usually expensive. Therefore, a soft
sensor based on temperature measurements may be developed and
tested. This may be especially useful in the control of the prefraction-
ator.

We have reported only decentralized control structures. The simula-
tion models and the experimental setup may also be used for testing
a multivariable controller.

As reported in Chapter 4, the number of stages in the experimental
setup were not sufficient to yield high purity products. This can be
improved by the use of structure packing. However, in practice, it
was difficult to insert the thermocouple in the column sections to-
gether with the structured packing. So either, a solution to measure
temperature with structured packing should be found or, a superior
random packing may be used in place of Raschig rings.

The vapor split valve used for experimental works can be improved by
sizing it better. New designs of vapor split valves may be tested using
current experimental setup.

The experimental setup can be used for studying the control properties
of four-product Kaibel column and three-product Petlyuk column. In
this thesis, only works were carried out for separating four products.
The same setup can be exploited to study operation of three-product
Petlyuk arrangement.
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e Further improvements may be done to the design of the experimen-
tal setup. For the products, swinging funnels may be replaced with
metered-pumps. The level controller in the reboiler may be fixed for
further experiments. The safety of the setup should be improved and
methanol may be replaced by a more benign component.
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e Sigurd Skogestad (Author 4): Supervised the overall work, helped in
planning of experiments, helped in the design of the experimental setup
& in analysis of the results and, in revision of the manuscript.
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Chapter 5 in the doctoral thesis, “Control and operation of dividing-wall
columns with vapor split manipulation (2012)", by Deeptanshu Dwivedi is a
joint work which has been submitted as the following article:

Dwivedi D., Standberg J., Halvorsen 1.]., Preisig, H.A., Skogestad S,
Active vapor split control for dividing-wall columns”, submitied to Industrial
& Engineering Chemistry Research. :

The contribution of each co-worker is as follows:

e Deeptanshu Dwivedi {(Author 1): Performed all the experimental runs,
helped in later modification & maintenance of setup and wrote the
manuscript.

e Jens Stranberg (Author 2): Built and contributed to design of the
experimental setup.

e Ivar J. Halvorsen (Author 3): Supervised the overall work, helped in
planning & running of experiments, trouble shooting during experi-
mental runs and modifications of experimental setup.

e Heinz Preisig (Author 4): Contributed to design of the experimental
setup and helped in revision of the manuscript.

e Sigurd Skogestad (Author 5): Supervised the overall work, helped in
planning of experiments, helped in the design of the experimental setup
& in analysis of the results and, in revision of the manuseript.
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Chapter 6 in the doctoral thesis, “Control and operation of dividing-wall
columns with vapor split. manipulation (2012)", submitted by Deeptanshu
Dwivedi is a joint work which has been accepted as the following article:

Dwivedi D., Halvorsen 1.J., Skogestad S., “Control structure selection
for four-product Petlyuk column”, Accepled for publications in Chemical En-
gineering and Processing: Process Intensification, doi: “10.1016/j.cep.2012.07.013”.

The contribution of each co-worker is as follows:

e Deeptanshu Dwivedi (Author 1): Wrote the model for simulation stud-
ies, performed all the simulations and wrote the manuscript.

e Ivar J. Halvorsen (Author 2): Supervised the overall work and helped
in analysis of results.

e Sigurd Skogestad (Author 3): Supervised the overall work, helped in
analysis of results and in revision of the manuscript.

Aoy ) e scassid

De(,ptanbhu Dwivedi) (Ivar J. Halvorsen) (Sigurd Skogestad)
PhD Candidate Senior Scientist Professor
NTNU SINTEF ICT NTNU



