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Experimental verification on active vapor split
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1 control for dividing-wall columns
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31 Abstract

Dividing-wall distillation columns offer large energy sags, typically up to 40 % over
conventional column sequences. However, the energy emjftir a separation depends on
37 using an optimal vapor split. Hence, the energy saving pialemay be lost if the column is
39 operated away from its nominal point, for example, due tal feemposition changes. This
41 work demonstrates that the vapor split can be effectivebduss a control degree of freedom
43 for example, for temperature control in the prefractionatxtion. Together with an adjustable

45 liquid split, the vapor split allows for optimal operation.

48 Keywords: Thermally-coupled columns, Dividing-wall columns, Peittycolumn, Kaibel column
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Figure 1. Dividing-wall columns with prefractionator siect to the left of the dividing wall and
“main” column section to the right.
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48 (b) Four-product Kaibel column: Boilup (V/F) vs Vapor Split Rat
49 (Rv)
50 Data: Equimolar feed of methanol, ethanol, propanol and
51 butanol with 50 % vapor fraction
52 Purities (mol %): 98.9 % (D); 98.0 % (S1); 98.0 % (S2); 99.8
53 % (B)
54 Stages: 40 in prefractionator and 100 in main column
56 Figure 2: Effect of vapor split ratio (R on boilup (V/F) for fixed purity specifications in dividing-
57 wall columns. (R = fraction of vapor boilup that is sent to prefractionatonfrthe main
58 column)
59
60
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Introduction

Dividing-wall distillation columns such as Petlyuk arramgents and the Kaibel column, shown
in Figure 1 offer large capital and energy saving potentialapared to conventional schemes.
Their control and operations, however, remains a challerfg@ three-product separation, the
energy savings can be up to 30 % using a standard dividingfRetllyuk) column with a single
side stream. The Kaibel column with two side streams (Fig)rean give up to 30 % energy
savings for four-product separation. However, the eneaging potential can be lost if the column
is operated away from the optimum vapor split ratio (seef@@). Thus, the flexibility in operation
of such systems at minimum energy over a large range of fesditoans or product specifications,
can be restricted by the absence of an active vapor spligloperation.

Dividing-wall column have been successfully implementeduistrially BASF# In the aca-
demic community, several works have been reported on gpagnd operation of three-product
Petlyuk columns 7). However, all earlier works exclude the use of vapor s@itiadegree of
freedom. Agrawal and Fidkowskisuggested as an alternative to use a vapor side draw from.
Halvorsen and Skogestaghowed that the feed vapor fraction affects the optimumatjmer of
Petlyuk columns. Therefore, another alternative is to hiseféed enthalpy as a degree of free-
dom, where the vapor fraction or degree of sub-cooling inféleel is varied to achieve optimum
operation.

To motivate the need for active vapor split in dividing-watllumns, we first consider some
simulation results. Halvorsen and Skogestatiidied steady state optimal operation of three prod-
uct Petlyuk column. They reported that there may be a narfmsvating window with respect to
various degrees of freedom for operation of such systemritmaim energy. The control system
should carefully designed to operate within this range tsues operation at minimum energy.

Further, this operating window may change in presence abwadisturbances such as feed com-

*To whom correspondence should be addressed

TDepartment of Chemical Engineering, Norwegian Universft$cience and Technology
*Applied Cybernetics, SINTEF, Trondheim

TPresently: Senior Process Engineer, Aker Solutions, Nprwa
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position and feed vapor fraction.

We confirm these results with a simulation study on a threelpet Petlyuk column separating
equimolar saturated liquid feed of methanol, ethanol aogpgmnol. The Wilson model is used for
the vapor-liquid equilibria and we assume constant molarftow. For the given purity specifi-
cations, the boilup is minimum (V/F=1.33) for a vapor spéitio (R,) of 0.37. In Figure 2a, we
plot the minimum boilup (V/F) required as the vapor splitgas fixed at values different from its
optimum value of 0.37. By “minimum”, we mean that the liquiis(R.) has been adjusted so
that the boilup is minimized for eachR

Next we consider an example of the four-product Kaibel caolw®parating equimolar feed of
methanol, ethanol, propanol anebutanol with 50 % vapor fraction. Again the Wilson model is
used for the vapor-liquid equilibria and we assume consteotar overflow. The boilup (V/F) as
a function of the vapor split is shown in Figure 2b. The boilsipinimum for an optimum vapor
split ratio of Q52 and again increases in both directions. Recently Ghadrtal 1° have reported
a detailed study on the need of active vapor split for fowdpict Kaibel columns. In summary, the
simulation results in Figure 2 shows that the energy usagé(b, V/F) is sensitive to the value of
Ry, and this motivates the need for introducing the vapor §Rij{) as a degree of freedom during
operation.

In this work we demonstrate the use of direct active mantpmrieof the vapor split using an
experimental four-product Kaibel arrangement (Figure B)e experimental column consists of
separate sections, but it is thermodynamically equivateatsingle-shell dividing-wall implemen-

tation (Figure 1b).

Experimental Setup

Figure 3a shows a schematic of our experimental column wikithermodynamically equivalent
to the dividing-wall arrangement proposed by Katb#ir separation of a feed into four products

(D, S1, S2 and B) of desired purity. The column subsectioesnambered for easy reference;

5
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Industrial & Engineering Chemistry Research

F— 5

Vi V2

R

I E

@)

Figure 3: (a) Schematic of four-product Kaibel column withiustable vapor split ratio (R
(b) Picture of the experimental colurhh
(c) Location of temperature sensdrs.
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55 Figure 4: (a) Schematic and (b) picture of the two vapor splites'!
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Sections 1 and 2 constitute the prefractionator while se@ito 7 constitute the main column.

In Figure 3b, we show a picture of the experimental coluthithe height of the column is 8
meters and it operates under atmospheric pressure. Thameslubsections are packed with 6-mm
glass Raschig rings. The column sections have packed ssatith temperature probes and their
locations are shown in Figure 3c.

The reboiler is of the kettle type and its power is controlbgdvoltage to the heater elements
through a thyristor. The water-cooled condenser is mounetdp of the column. The condensed
vapor flows back to the column due to gravity; a part is takeagubp product and the rest forms
the liquid reflux. The control setup is implemented in Labwié' on a standard PC.

The liquid reflux split valve Ry and the valves for the products, D, S1 and Sg3,R 3 and
Ry4, respectively are all swinging funnels. These are corgdoblly externally placed solenoids.
Since these are ON/ OFF valves, a continuous output of themtaller is implemented using

pulse width modulation.

Vapor Split Valves

The two vapor split valves are made in stainless steel anopgmeted by externally placed electri-
cal motors using rack and pinion assembly. Figure 4a showbkensatic of the valves. There are
two such valves, one below section 2 and one below sectiorrofdd V1 and V2 in Figure 3a),
but they should be operated such that one of them is alwaysofjpén. The vapor flow rate through
the valve is manipulated by opening and closing a cap thabsit steel valve seat. There is a lig-
uid downcomer which is needed to allow the liquid to flow agathe pressure drop over the valve.
The downcomer is designed to ensure that the vapor passethonigh the clearance between the
cap at the seat.

The circular pinion of each valve is powered by a step motdre full span of the valve is
divided into 150 small steps. In the current setting, the fi@ss section in the valve is somewhat
too large, which results in very small required movementswAll be shown in the section below,
the valve can affect the flows only in the first 10 steps. Wiiilstperformance of the valve could be

8
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significantly improved, having such a poor resolution pde an excellent case for demonstrating

the effect of feedback, which we document below.

Experiment

Vapor Split valve behavior

The first experiment was designed to test the behavior of épewsplit valves. This was done
under total reflux conditions (no feed or products) and wahstant liquid split (R1) using only
two chemical components, namely methanol and ethanolr Aftarging the reboiler, the heating
was started with a fixed duty of 1.9 kW.

After reaching steady state operation, step changes weile toasapor valve V1 while valve
V2 was fully open. The results are shown in Figure 5, where lwesvsthe effect of these changes
on one prefractionator temperature, & TP5) and one main column temperaturg & TM7).
Any change in the vapor flow rate resulting from changes bw#por split valve should lead to
changes in these two temperatures. The output of the liquitv&lve is manually fixed during
this run.

When we close valve V1 from 15 steps to 10 steps at around 3tesniemperatureslstarts
decreasing gradually whilesBtarts increasing. This indicates, as expected, that &gs® Vs being
sent to the prefractionator, while more vapor is being de@@d¢o section 6. At around 7 minutes,
V1 is further closed by 5 steps. This gives a more noticeabéage in the vapor flows and is
clearly indicated by about 1 K drop i, Bnd about 0.6 K temperature increase 1 This change
is reversed when valve V1 is opened from 5 steps to 15 at al®ontidutes. A series of changes
between 10 steps to 15 steps shows insignificant changes twthtemperatures. At around 33
minutes, V1 is closed from 8 steps to 3 steps. This leads tpstheanges in temperatures and
Ts. At 37 minutes, the valve V1 is opened from 3 steps to 50 st§nsce the vapor dynamics
are very fast, the initial response on the temperaturesysqueck, but the steady-state is restored

more slowly .

9
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Figure 5: Experimental Run: Effect of changing the prefaawtor vapor split valve, V1 with

valve V2 fully open on prefractionator ¢ and main column (4) temperatures.
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We can conclude from this experiment that only the first 1@stef the 150 steps are really
effective, so the resolution is poor and the valve openirtgaslarge. Nevertheless, we will see

that the valve is acceptable for control purposes.

©CoO~NOUTA,WNPE

> Closed loop experiments: Total Reflux

22 100 %
23 (10 Steps)

)
©
Valve Opening

34 0% % .
35 0 0.5 1

Controller Output

39 Figure 6: Split range logic (SRC) used for the vapor splittoalier

42 To study the suitability of the valve for feedback controk performed a set of experiments
a4 under total reflux conditions using only two components, elgnmethanol and ethanol, with a
46 fixed duty of 1.9 kW.

48 To minimize pressure drop, one of the valves should alwaysplea. To ensure this, the valves
50 are controlled using a split range logic as shown in Figur&d. a controller output of 0, valve

52 V1 is closed and valve V2 is fully open, while for a controltartput of 0.5, both valves are fully

54 open. Notice that we assume that 10 steps corresponds ty apein valve.

56 The vapor split valves are used to control the temperatifereince between the prefraction-

58 ator and the main columm\T =T, — T as shown in Figure 7. The proportional-integral (PI)

11
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Figure 7: Control Structure used for total reflux experirsewhere vapor split (R) is used to
control temperature difference between sections 2 ang 5 (ll>-T»; T>= TP5 and =

TM8 in Figure 3c).
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controller is tuned using the SIMC rulEswith the tuning parameter selected totee 2 minutes.

5 - - - - — 1
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Figure 8: Closed-loop experimental run 1: total reflux ctinds.

20 Figure 8 shows a series of setpoint changedfiarWe plot the controlled variabl&{') and the
42 controller output (R in the range 0 to 1), which through the split range logic clesnitpe valves
a4 (V1 and V2). The figure also shows the two individual tempeed (T, and Ts), the two valve
46 opening step values (V1 and V2) and the values for the ligplitrstio (R. and reboiler duty (Q).
48 Note that at any time at least one of the valves V1 or V2 is fapen.

50 For first 20 minutes the setpoint is unchanged at 0 K and the@demtures are steady. At
52 23 minutes, the setpoint fd&T is increased to 4 K, which requires increase in the vapor ftow
54 the prefractionator. This setpoint is reached in about 7utes without any overshoots. This is
56 followed by a series of setpoint changes which can be traekegell. At about 100 minutes, a

58 disturbance is introduced by increasing the reboiler dyt9.B kW. This is shown by an increased
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difference in temperature by about 0.6 K. But the contratbar bring the controlled variable back
to the setpoint of 0 K. In summary, we see from Figure 8 thatviygor split valves are fully

acceptable for closed-loop operation.

5.

AT[K]
o
Output

—NAT (measilj d) |
- — -AT (setpoint)

O 20 40 60 80 100 120 O 20 40 60 80 100 120

steps

S T2 (measure

72
0 20 40 60 80 100 120 0 20 40 60 80 100 120
z6l — T5 (measured)

T1%]
\'
steps

72
0 20 40 60 80 100 120 0 20 40 60 80 100 120
0.5 T T T T T T 3 T T r r r r
g 0.45 5 2
>
© 04 R 1< 1t
— L — Reboiler Duty
0.35 L L L L L L 0 L 1 1 1 1 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
time, min time, min

Figure 9: Closed loop experimental run 2: total reflux cands

Figure 9 shows another experiment under more difficult dosra. With a large setpoint
change foAT of +5 K at about 3 minutes, the output of the controller saies and the setpoint can
not be reached. The reason is probably that the valve V2 itfedly closed. However, when the
setpoint is reduced, it can be reached. During last 30 méraftéhe run, we also give disturbances
by changing the output of the liquid split valve between @.946. These disturbances can also
be handled by the vapor split valve.

Based on these experiments, we conclude that even with ragipulation of the vapor flow,

yields good temperature control when implemented in anagpjate feedback loop.

14
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49 Figure 10: 4-point temperature control structure for cmmbius operation of Kaibel column using
active vapor split (R) for control of prefractionator temperature (Rs kept constant,
50 but could have been used for control for example, of a tentperan top section of
53 prefractionator).
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Closed loop results: 4 Product Kaibel Column

Controlled temperature Controller output
92' — =1
I W\JVW Loop 1 (RV)
— | =
QO =}
<~ 90 £ 0.5
= O
_ _Tz (measured)- — _T2 (setpomt)_
88 ) ) ) ) ) ok ) ) . . ]
0 S 10 15 20 25 1O 5 10 15 20 25
2r — T, (measured)- - - T_(setpoint) | Y
%) =
QT O freamarmmer i it M e %‘ 0.5}
= o
Loop 2
| | | | | | i | | | p2(7,)
0 5 10 15 20 25 0 5 10 15 20 25
90r —— T, (measured)- — - T_(setpoint) | \—/W”\/V\/\M
5) =
< £ o5}
= o
Loop 3 (3_3)
n n n n n 0 n n n n n
0 5 10 15 20 25 0 5 10 15 20 25
116 y y y y y 1 r . . . .
—T_(measured)- — - T_ (setpoint) | _ _/w.‘\\j
O 114} J ! =
OI—l o~ \/ — — — —/ —/ = N “5‘ 0-5- T
|_
112} © Loop 4 (R )
n n n n n O n n n n n
0 5 10 15 20 25 0 5 10 15 20 25
time, min time, min

Figure 11: Closed-loop experimental run: Continuous dpmraof Kaibel column using 4-point
temperature control with active vapor splitfR

Strandberg and Skogest&dfound in a simulation study that a 4-point temperature aintr
scheme with one temperature controlled in the prefractmrean stabilize the column and as well
as prevent “drift” of the composition profiles during opésat Correspondingly, in our previous
experimental work* we used the liquid split (R) to control a temperature in prefractionator
(with a constant vapor split\R.

Here, we show that the temperature in prefractionator caroh&olled equally well using the
vapor split R, (with a constant liquid split, R). Figure 10 shows the control structure where a

sensitive temperature in prefractionator section 2 (3 controlled using the vapor split valve. In

16
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1

2

2 addition, one temperature in each of sections 3, 5 and 7 ateotied by the distillate split valve
2 (RL2), upper side product split valve (R and lower side product split valve (B, respectively.
8 The details of the loop pairing is given in Table 1. The addi#il degree of freedom, i.e., the liquid
9 o o I . . — L

10 split is not used in this stabilizing layer and is availalde dptimizing objective such as to reduce
11 . . . e

12 energy consumption for a required purity specification.

13

14 Table 1: Four-point temperature regulatory control stizefor Kaibel columr+P:.¢d

15

16

17 Control loop Manipulated Variable Controlled Variable

18

19 . . .

20 Loop 1 Vapor split valve (R) temperature in section 2 4T

21 - . . .

22 Loop 2 Distillate split valve (IR) temperature in section 3 T

23 . . : .

24 Loop 3 Upper side product split valve () temperature in section 5 {1

25

26 Loop 4 Lower side product split valve (R temperature in section 7 {J

;g aThe ratio R is fixed and is not used in the control structure.

29 b Controlled variables are temperatures as shown in figums&3c: T = TP5, T; = TM3,

30 Ts=TM8 and T, = TM14.

31 ¢ Defimtlons of swmglng funnel rat|os

32 Riu=g, Ro= +D. Ris = +51, R = L652

33 where, il L3, Ls and Lg are I|qU|d flows in sections 1, 3, 5 and 6, respectively. S1@2dre side

34 product flow rates (see Figure 3).

35 TRy = 2 =\t

36 where, K/z V6 and \; are vapor flows in sections 2, 6 and 7, respectively (see Eigur

37

38

39 An experimental run is shown in Figure 11. At about 8 minuttes setpoint for the temperature
40

41 T, controlled by the vapor split valve (Loop 1) is changed fradi®to 92C. This setpoint change
42

Z‘ri can be handled well and the temperature settles in less thatBes. The other temperature loops
jg show some deviation due to interactions, however, all thgpFatures are brought back to their
j; setpoints in about 20 minutes.

‘5‘8 There is a large scope for improving the vapor split valve sunglgesting alternative designs.
g; Nevertheless, even with our prototype valve with poor netsah, experimental results show that
gi the vapor split can be manipulated effectively in feedbacklento achieve more energy efficient
gg operation of dividing-wall columns.

57

58

59

60
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Discussion

Feedback implementation of vapor split

We here argue in favor of feedback control using vapor splites to set “optimum vapor split”
between prefractionator and the main column in dividindre@umns. There are two advantages
of using the vapor split valve for using vapor split valve @eflback loop. First, the vapor split
valve is a very fast handle since the vapor dynamics are nastarfthan the liquid. Further, there
is no need to precisely measure the vapor split, the feedaetoin can “drive” the vapor split
to its optimum value by tracking some controlled-variabke la composition or a temperature
(Figure 10).

The additional degree of freedom, i.e., the more precisedigplit can be used for optimizing

objective such as to reduce energy consumption for a regjpuaty specification.

Conclusions

The experimental results show that the vapor split can bd asea degree of freedom during
operation of integrated columns, such as, Petlyuk, Kaibeldviding-wall columns. In particular,
it is useful for closed-loop temperature or compositiontoalnwhere deficiencies and inaccuracy

in the vapor valves are corrected for by use of the feedback.
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