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In this paper, we want to show how we can gain more from a Kaibel distillation column by considering a
degree of freedom which is normally not used. Two methods are used to study the effect of vapour split
manipulation, namely a shortcut method and rigorous simulations. Using a case-study, we show that we
may not be able to operate close to minimum energy requirement for some feed disturbances as we have
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1. Introduction

Thermally coupled distillation arrangements offer direct cou-
pling between the prefractionator and main column which reduce
mixing losses and also minimize energy requirement for a speci-
fied separation when properly operated. Successful applications of
the dividing-wall columns have been reported in industry (e.g. [1]),
with BASF, with around 70 columns in operation, as the main user
of these columns [2]. In this paper, we study the Kaibel distillation
column [3], which may be implemented as a dividing-wall column
with two sidestreams. It is a promising energy-saving alterna-
tive for separating multi-component mixtures into four potentially
pure products.

The vapour split (see Fig. 1) is one of the degrees of freedom in a
dividing-wall column. It is usually set at the design phase by deter-
mining the location of the wall and the pressure drop in the divided
sections, but it is usually not adjustable during operation (e.g. [4]).
There is no report from industry of an adjustable vapour split and
a degree of freedom in operation is unused. However, to reduce
energy usage, several authors including Wolff et al. [5], Halvorsen
etal. [6] and Ghadrdan et al. [7] have shown that it is important to
set the liquid and vapour splits at their right values.

The Kaibel laboratory setup at NTNU [8] is probably the only
implementation of active manipulation of the vapour split. Fig. 2
shows a picture of the lab column with manipulatable vapour and
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liquid splits. The vapour split valve in this implementation is rudi-
mentary and not very precise, but Dviwedi et al. [9] showed that
this can be corrected with a simple temperature feedback action,
and the column can be operated and stabilized using the vapour
split [9].

The issue of this paper is to further study the potential savings
of manipulating the vapour split in the Kaibel arrangements. We
study two approaches: First, we have used a very simple and useful
tool, called the V,;;;;, diagram [10], to study the effect of vapour split
on the energy requirement. Then, we have confirmed the results by
rigorous simulations in UniSim.

2. Degrees of freedom in the Kaibel arrangement

Fig. 1 shows a schematic of a Kaibel dividing-wall distillation
column and its thermodynamic equivalent with separate sections.
Assuming that the distillate (D) and bottom (B) flows are used for
level control, there are six remaining degrees of freedom (u) in a
Kaibel distillation column: boilup rate (V), reflux (L), side stream
flows (S1, S»), liquid split (R;) and vapour split (Ry).

u:[RL RV LV 51 52]

Note that liquid split (R;) is defined as the ratio of the liquid
entering the top of the prefractionator (L;) to the overall liquid (L)
coming from the top of the main column and the vapour split (Ry)
is defined as the ratio of the vapour entering the bottom (V;) of
the prefractionator to the overall vapour (V) from the bottom of
the main column. Assuming that the objective of the separation is
to reach specific product purities, four of the degrees of freedom
are used to satisfy the product purity specifications: Top (xpq),
side-stream 1(xs, ), side-stream 2 (xs, ), bottom (xp4). The two
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Fig. 1. A schematic of Kaibel dividing-wall distillation column (left) and its thermodynamic equivalent (right).

remaining degrees of freedom can be used for optimization, e.g. for
minimizing energy consumption.

3. Vpin diagrams

In this section, the V;;, diagram concept is shortly described (for
more information please refer to [10,11]). V is the vapour flow in
the column, and subscript “min” is used because we consider the
limiting case with infinite number of stages. The V,,;, diagram gives
a lot of insight for design, operation and control of the column and
has been successfully used to design thermally coupled columns

(e.g. [12]).
3.1. Vi diagram basis

The basis for the V,;;, diagram is a conventional two-product
distillation column with an infinite number of stages. With a given
feed, such a column has two steady-state degrees of freedom. So,
the entire operating range can be visualized in two dimensions,
even with an arbitrary number of feed components. In the Vi,
diagram, these two dimensions are chosen to be vapour flow per
unit feed (V/F) and the product split, expressed by the distillate
(DJF). The choice of vapour flow rate on the ordinate provides a
direct visualization of the energy consumption and column load.
So, for every possible operating point given by the set of recoveries,
we want to find the normalized vapour flow rate (V/F), the overall
product split (D/F or B/F), and the product distribution.

The Vyi,-diagram in Fig. 3 illustrates how the feed compo-
nents for a ternary feed (with components a-c) are distributed
to the top and bottom products in a simple two-product “infi-
nite stage” distillation column as a function of the product split
(DJF). The “mountain-like” boundary ([0,0]-Pgp-Pac-Ppc-[1,1 —q])
gives V/Fwhen we have pure products. For values above the bound-
ary, we are actually wasting energy. So, an important boundary is
the transition from V> V,;;, above boundary to V=V,,;;,. The peak
values give the vapour flow requirement for the corresponding
sharp neighbour component splits. The knots (bottom of the val-
leys) are Vi, for the so-called “preferred splits” where we specify
sharp split between two key components (components a and c),
while we allow intermediate components (component b in this
example) to be freely distributed. As the vapour flow V is reduced

below the boundary for a given D, we no longer have sharp splits.
Note that the V;;;, diagram is as exact as the method used to calcu-
late the internal streams. For example, if the Underwood method is
used for the shortcut calculation of the internal flows, the underly-
ing assumptions of constant relative volatilities and constant molar
flows are required for the V,;;;, diagram too. However, the Vi,
diagram can also be generated by simulations for real mixtures
(see Section 5). In a general case with N components, there are
N¢(N¢—1)/2 peaks and knots: N. — 1 cases with no intermediates
(e.g.,a/b,b/c,c/d,...)which are the peaks in the V,;;;, diagram, N, — 2
cases with one intermediate (e.g.,ac, bd, ce, . . .), which are the knots
between the peaks. On a first glance of Fig. 3, we can say that the
b/c split is the most difficult separation, since it is the highest peak.

3.2. Vpin diagram for 4-product Petlyuk arrangement

In this paper, we consider the separation of four components.
Before deriving the overall minimum vapour flow for the Kaibel col-
umn, let us consider the more complex but more energy-efficient
extended Petlyuk arrangement for separating four products shown
in Fig. 4. The feed specifications and relative volatilities used to
sketch the minimum energy diagram in Fig. 4 are:

zr=[0.25 0.25 0.25 0.25]

q =1, (Liquid feed)
o =[6.704 4.438 2.255 1]

The minimum total vapour flow requirement in a Petlyuk
arrangement is given by the highest peak in the V,;;;, diagram [10].
For example, the minimum vapour requirement for a 4-component
feed (abcd), which is separated into 3 products (a/b/cd) will be

VT,min,Petlyuk(a/b/Cd) = max(vmin,ZP(a/bL Vmin,ZP(b/Cd))

where the subscript T refers to the vapour flow in the top of the Pet-
lyuk column, and the subscript 2P refers to conventional columns
with two products (Fig. 3a). This expression requires that every
internal column in the arrangement is operated at its preferred split
[13]. All the internal flows can also be obtained from V,,;;, diagram
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Fig. 2. Laboratory Kaibel distillation column at the Chemical Engineering Depart-
ment at NTNU, Norway [8].

[14]. Note that the minimum energy which should be provided by
the reboiler for the case with constant molar flows is

VB, petlyuk = V1,petlyuk — (1-q)F

where q is the liquid feed fraction.

3.3. Vpin diagram for a Kaibel column

In the Kaibel-arrangement, the prefractionator is not operated
at the preferred split, but performs a sharp ab/cd split. The succee-
ding “main column” performs the a/b split in the top and the c/d
split in the bottom. The middle section between the b and c outlet
should be operated at full reflux (V~ L) without any net transport
of components, since the b/c split is already obtained in the pre-
fractionator. The minimum vapour flow requirement in the main
column is given by the highest requirement from the a/b or the
c/d split. The minimum vapour flow requirement in the Kaibel col-
umn is always outperformed by the full Petlyuk arrangement. This
difference can be high or small depending on feed properties [15].

The Vi, diagram in Fig. 5 (which is identical to the one in Fig. 4)
is the Vy,;;, diagram for the prefractionator of the Kaibel column. As
mentioned earlier, the task of the prefractionator is to perform a
sharp b/c split. So, the important information to be obtained from
the Vi, diagram in Fig. 5 is the vapour flow V3, and the net flow
Dy associated with the peak P; .

While for the Petlyuk arrangement, all information can be
obtained from the standard V,;, diagram, the Kaibel column
requires additional computations for the main column, from
which we obtain the corresponding vapour flows V5 and V3, (see
Figs. 6 and 7). These are obtained using the approach explained in
[15] (see Appendix A).

Fig. 8 shows the final V,,;, diagram for a 4-product Kaibel col-
umn made by combining Figs. 5-7. As it is seen from the figure, the
most difficult split is taking place in the top main section where we
perform the a/b split. So, the total vapour requirement of the col-
umn s dictated by the peak P;, and we have Vi, = Vo This will lead
to excess energy in the other section of the column. Note that from
this point on, for the sake of simplicity, we have kept only those
parts of the diagram which are specific for the Kaibel distillation
column, which correspond to the upper solid line in Fig. 8.

4. Optimal vapour split in Kaibel columns
4.1. Sharp split separation

We first consider the case of a sharp split separation, which
means that the lines in V};;;, diagram are for 100% recovery of a
component. The following equation is used to calculate the optimal
vapour split.

_ Va/F
Vm/F

Ry (1)

where
Vm
F = max(Vy; /F, V33, /F).

The values of V1¢/F (P} ), Va/F (P, ) and V3,/F (P_,;) can be obtained
from V,;, diagram. Fig. 9 shows the V,;, diagram for three feed
composition disturbances, and the corresponding optimal Ry for
each case is given in Table 1. It seems that a constant Ry may work
fine for a/b feed composition changes, since the vapour require-
ment in both the prefractionator and main column (peaks P; . and
P, ) seem to change with about the same ratio. This is shown more
clearly in Table 1, where we see that the Ry value is mostly affected
by the composition disturbance in the direction of b/c.

In the case when we have a fixed Ry, we need to make sure
that the minimum vapour requirement for a b/c sharp separation in
the prefractionator is guaranteed. Since the V,,;;, diagram is for the
optimal Ry, having a fixed Ry means that the vapour requirement for
the prefractionator should increase, so that the the ratio of V;; and
the corresponding requirement for the main section of the column
(VM) equals the fixed value which is set for Ry. Fig. 10 is an example
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Fig. 3. Vpin diagram for a ternary feed.

which shows the vapour requirement for the column for a change
in feed composition. The optimal Ry for the new feed composition
leads to less requirement (In this case: VM,Ry,ope = 2.089), compared
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Fig. 4. Vi, diagram for a 4-product Petlyuk column.

the vapour in the prefractionator (Vy;). This in turn will affect the
actual Underwood roots and so the vapour requirements in the top
and bottom sections of the column (see Appendix A).

4.2. Non-sharp separation

The analysis becomes more difficult for non-sharp separations.
Here, the compositions of component b in the top and c in the bot-
tom of the prefractionator are not zero. We can find a certain slack
if we allow non-sharp split in the Kaibel configuration, but this is
limited by the product specifications. So, there will be a small region
below Py from which any point could be chosen as the prefraction-
ator’s operating point. An optimization can be done to find the best
operating point of the prefractionator. Fig. 11 shows an example of
non-sharp separation with 95% recoveries for the main products.

The recoveries of the components in all products should be spec-
ified in order to sketch the V,;;, diagram. For example, a recovery
of 95% for component a in the distillate flow rate does not give any
information about the possible existence and the amount of b in this
stream. The recoveries of the main products are usually set by the
customer needs. By writing the component mass balances around
the column and assuming that at optimal operation, the compo-
nent which is to be drawn at a product stream will only appear
in the adjacent product streams and not in the ones away from it
(for example, component b which is the main product of S1 stream,
will appear as impurity in streams D and S2), we need to estimate
two variables to get a feasible solution for mass balance equations.
The impurities in products can be guessed from the V;,, diagram.
These issues are dealt in [16]. The highest peak in the V,,,;, diagram
determines the component that may appear as impurity in the side
stream during optimal operation.

5. Rigorous simulation
5.1. Vi diagram from rigorous simulation

In this section, we study the minimum energy diagram with a
finite (but large) number of stages using rigorous simulations. This
is to check the validity of the V,;;;, diagrams which are obtained by
ideality assumptions.

Table 2 shows the procedure for obtaining the V,,;, diagram
using rigorous simulations. Each row in Table 2 corresponds to one
line in the V,;;;; diagram. For each line, one recovery is fixed. The
simulations are done for a conventional column with four compo-
nents. The recovery can be used as one of the two specifications
which are needed to specify the column using the simulator ([17]).
The other specification is chosen to be the distillate flow rate.
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Fig. 6. V,;;; diagram for the top main section of Kaibel distillation column (a/b split).

So, by keeping a recovery constant and increasing the distillate
flow rate, the points on each line are obtained. When the recov-
ery specifications for the peaks or valleys are reached, the recovery
specifications for the next line should become active to continue

the simulation (see Table 2).

In the ideal V,y,;, diagram, it is only the peaks and valleys which
are calculated. The boundary lines to separate different regions
come from connecting these points. This is why the lines go to the
origin. For a real column, we should start with a feasible point.
This is because it may not be possible to get a certain recovery

Table 1
The optimal values of Ry for different composition disturbances in three main directions.
Disturbance Feed composition Vie Var V3p Optimal Ry
a/b change [0.20 0.30 0.25 0.25] 1.160 1.995 1.670 0.5815
[0.25 0.25 0.25 0.25] 1.121 1.918 1.633 0.5846
[0.30 0.20 0.25 0.25] 1.081 1.838 1.594 0.5882
b/c change [0.20 0.30 0.25 0.25] 1.059 1.7399 1.671 0.6086
[0.25 0.25 0.25 0.25] 1.121 1.918 1.633 0.5846
[0.30 0.20 0.25 0.25] 1.180 2.089 1.591 0.5649
c/d change [0.20 0.30 0.25 0.25] 1.081 1.886 1.508 0.5733
[0.25 0.25 0.25 0.25] 1.121 1.918 1.633 0.5846
[0.30 0.20 0.25 0.25] 1.160 1.949 1.753 0.5952
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with any amount of distillate flow. We need to start from higher
distillate flow rates if the recovery specification is high. The first
boundary line is made by specifying the recovery of component b
in the bottom (R ) at the upper bound (UB). The distillate flow
rate is increased until the point where the recovery of component

Table 2
Procedure of constructing the V,;;, diagrams using rigorous simulations.

Line Specifications

0-a/b, Rp pot = UB, Increase D while Ry 0p <UB
a/b-a/c, Ra,top = UB, Increase D while Rcop <LB
a/c-bjc, Repot = UB, Increase D while Ry ., <UB
b/c-b/d, Ry,t0p =UB, Increase D while Ry <LB
b/d-c/d, Riop = UB, Increase D while R,y < UB
c/d-end, Reop =LB, Increase D while Ry o <LB

R=recovery; UB=upper bound; LB=lower bound.

a in the top (Rq,op) reaches the specified value. The specifications
for other boundary lines are given in Table 2.

The infeasible area should be avoided. The area below the line
V=D is infeasible since all liquid and vapour streams above and
below the feed have to be positive. So, in every step, we should
check if the operating point hits the infeasible region or not. The net
liquid molar flow in the top section (second stage) is the criterium
and it should not become negative. When the V=D line is crossed,
we discontinue the current line and the line V=D is followed up to
the point where the criterium of the next line is met.

Fig. 12 shows the V},,;;, diagrams for a four-component column
with fifty stages for different recoveries. It is shown that the difficult
split changes depending on the product recoveries. Fig. 13 shows
the Vi,,;, diagrams for 99% recovery for all the main products and
with different numbers of stages. As the number of stages become
larger, the V,;;, diagram becomes more similar to the ideal V,;;,
diagram. As expected, when the number of stages gets relatively
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Fig. 9. Vi, diagram for the Kaibel distillation columns for different feed disturbances. Red: z;/z; =0.20/0.30, black: z;/zj=0.25/0.25, blue: z;/z; =0.30/0.20. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of the article.)

low, the peak V increases sharply. It would go to infinity as we
reach Np,;, for the section in question.

5.2. Kaibel case-study

Fig. 14 shows the UniSim simulation flowsheet of a Kaibel
column separating four simple alcohols (methanol, ethanol, 1-
propanol, 1-butanol). Pumps and valves are needed in the
simulations to compensate for the pressure difference between the

2.5

V/F

00 0.2 0.4 0.6 0.8 1
D/F

Fig. 10. V,;;;; diagram for the nominal feed properties (black, Ry=0.5649) and
new feed composition (b/c composition change to 0.30/0.20) with optimal (blue,
Ry =0.5846) and fixed Ry(red, Ry =0.5649). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article.)

column sections on the two sides of the wall. In reality, these are
not required.

With a given feed, there are six steady-state degrees of freedom.
In our case, four degrees of freedom are used to satisfy the four
product purities specifications. The remaining two degrees of free-
dom, here selected as vapour and liquid splits, are used to minimize
the energy requirement. Fig. 15 shows contours of constant boilup
(V) as a function of the vapour and liquid splits. In a 3-dimensional
figure, this looks like a thin bended cone.

V/E

0.5

0 0.2 0.4 0.6 0.8 1

D/F

Fig. 11. Nonsharp separation with recovery of 95% for products: equimolar (black)
and feed composition of [0.20 0.30 0.25 0.25] (red). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of the
article.)
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Fig. 12. Vi, diagrams for different recoveries using rigorous simulations.

Note that the contours for V> V,,;;;, do not encircle the optimal
point for R; and Ry corresponding to V=V,,;;,. This is surprising,
and implies that there are two solutions for R; and Ry, where one
is undesirable. In Fig. 15 the lower parts of each contour will be
undesirable. This may be understood from Fig. 16, which shows a
cut of the solution surface at fixed vapour split. From Fig. 16a, we
see that the optimal value for R; is obtained at a minimum value. We
also see the multiplicity in the solution, where the upper branch is
the undesirable solution. This is further described by Figs. 16 and 17,

1.6 T T T T
1.4} .
1.2f 1
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D/F

Fig. 13. V,;;; diagrams for 99% recovery with different numbers of trays from rigor-
ous simulations.

which shows that there are two different ways for the components
to go to the side-streams and satisfy the product specifications.

In Fig. 18, we study one of the contours and show how the impu-
rities in the top and bottom of the prefractionator and the impurity
ratios in the side streams change along the contour. By impurity
ratios, we mean Xq/X. in the S1 stream and x,/x, in the S2 stream.
That a/b is the most difficult split can also be seen here, so that
impurities of b in the bottom of prefractionator are greater than
the impurity of c in the top. This leads to larger ratios of impuri-
ties in side stream 1 compared to the impurity ratio in side stream
2. This information could also be obtained from the V,;;;, diagram,
by finding the column section where we have energy surplus (see
Fig. 8). Fig. 18b actually shows many different points that could be
picked as the prefractionator’s operating point. This was discussed
in Section 4.2 and is shown schematically in Fig. 19.

An important point to investigate is to check how much we may
lose by keeping Ry constant. To study this, we have plotted in Fig. 20
contours of boilup +2% above the optimal point corresponding to
each set of feed compositions for three main directions of compo-
sition change. We assume that operating within 2% of minimum
energy is still acceptable. The red dots in this figure show the opti-
mum point for each set of feed composition. From Fig. 20, we find
that with Ry constant at its nominal value Ry =0.6295, it is possible
to operate within 2% of the minimum energy requirement when
there are disturbances in the a/b direction and almost possible in
the c/d direction. However, as seen from Fig. 20C, this is not the
case for a disturbance in the b/c direction. In the figures, we have
shown the ranges for Ry that keeps V inside +2% of V,,,;, for the dis-
turbances, and for the c/d and b/c disturbances the nominal value
of Ry is not in this range. These figures also show that the value of
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of prefractionator.

a constant vapour split should be chosen carefully so that it covers Fig. 23 shows the comparison between three values of vapour
most of the expected disturbances. As we go further from the min- splits: one is the optimal value for the nominal case and the others
imum requirement, a wider range of disturbances is covered by a are some lower and higher value which is chosen by the insight
fixed Ry, as is shown in Fig. 21, and in this case, the c/d disturbance obtained from Figs. 20 and 21. The values in the Figure show the
can be handled by keeping Ry at its nominal value, when we allow percentage of loss compared to the case that we re-optimize and Ry
for Vvary 10% above the minimum. is a manipulatable variable. It is confirmed that if some lower value
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Fig. 17. Paths of component B flow to upper side streams.
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is chosen for the constant Ry, the disturbances in b/c direction are
handled better.

The analysis we have done in Figs. 20 and 21 is with the
assumption of using additional energy and check if this is suffi-
cient. Another approach would be to check how much additional
energy is needed to handle a given a disturbance. Fig. 22 shows

1.8
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V/E

0.8
0.6
0.4

02t/

plots of boilup (V) versus R; with fixed Ry. For various feed dis-
turbances, as shown in Fig. 23, the difference in minimum energy
consumptionisrelatively small for the disturbancesina/b (V+0.8 %)
and c/d directions (V+2.8 %). However, the loss is larger if we fix Ry
when there are large disturbances in b/c direction (V+16.4%). A
large adjustment for R; is needed to stay at V,,;;, (see Fig. 22 C).
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0.6 0.8

D/F

r prefractionator operation.
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However, this may be easy by controlling the composition in the
prefractionator.

6. Conclusion

In this paper, we have shown that the realization of the energy
saving potential of thermally coupled columns may require on-line
adjustment of the vapour split in order to handle expected feed
property variations and still maintain minimum energy operation.
In particular, this applies to cases where the optimal operating win-
dow with a fixed vapour split is narrow, like in a 4-product Kaibel
column, and also in some 3-product dividing-wall columns with
high purity in the side product. We should pay special attention
to disturbances that make the peaks sequence change from one
section of the column to the other.

Appendix A. V,,;;, diagram for Kaibel column using
Underwood equation

In this section, we show how to obtain the minimum vapour
flow requirements for Kaibel distillation column from the Under-
wood equation. This assumes constant relative volatility () and
constant molar flows. First the Underwood roots are calculated
from the below equation.

OgqZg op Zp OlcZc
aa—9+ab—9 o —06

A Zd

w611 (2)

The minimum vapour flow rate at the top of the prefractionator
is expressed analytically by the Underwood expression [18]:

b
V][/C _ ®aZa op Zp (3)
F Olafgb Olbfeb

Here 6}, is the middle common Underwood root found from Eq. (2).
In the next step, the actual Underwood root related to the a/b
split (¢4) in top of the main section, and the actual Underwood root
related to the c/d split (¥ ¢) in the bottom of the main section are
calculated. They are calculated from the following equations.

b
V1t/C _ g Za N ap Zp (4)
Faa-¢ ap-¢
b/c
|% oz gz
1t c4C d4d
—(1-q)= -2 , —d=d 5
L (1o g = B (%)

The interesting roots are ¢, in the top and ¢ in the bottom. The
following equations show the minimum requirements in the top
and bottom of the main column [15].

b
Vgt/ _ _GaZa _ QaZa ()
F Qg — 002[ Qg — Pa
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