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Abstract

Control and operation of energy-efficient arrangementduding dividing-wall columns,
can be challenging. This paper demonstrates experimgihealistart-up and steady state oper-
ation of a four product Kaibel column separating methantblarol, propanol and-butanol.
We use a control structure with four temperature contrelierd show that it can handle feed
rate disturbances as well as setpoint changes. The expaahtata compares well with an
equilibrium stage model and such models can be used forrdasig) predicting optimal oper-

ation.
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(a) Implementation with four separate column sectibngb) Dividing-wall implementation with two side produéts

Figure 1: Thermodynamically equivalent implementatiohfoar-product Kaibel column (studied in this paper)
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(a) Four-product “reversible” Petlyuk column (b) Four-product adiabatic Petlyuk column

Figure 2: “Reversible” and adiabatic arrangements of Fyoduct “extended” Petlyuk colummét studied in this
paper)
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| ntroduction

Distillation is a separation technique that uses heat grtergrovide the separation work of “un-
mixing” the feed mixture. In this paper we study the integdaKaibel distillation scheme for
separation of four components as shown in FigufeThe main motivation for this scheme is
combination of capital savings and energy savings comgareohventional distillation sequences
for multicomponent separation. This scheme is not the Ipgstrims of minimum separation work
(exergy), mainly because it performs a difficult B/C splitlhe prefractionator and not the easiest
(A/D) split.

An “ideal reversible” system with minimum exergy requiresnare complex arrangement,
infinite number of stages and heating and cooling on all st&geFor four-product separation,
Figure 2a shows the reversible scheme proposed by PetlyiRlatonov® The column sections
are directly coupled and the easiest split is done first. Amynyg losses near the feed stage and at
the ends can thus be avoided.

Some of the features of reversible distillation are retaimean adiabatic “four-product ex-
tended Petlyuk column”, which has only one heater (rebpded one cooler (condenser) (See
Figure 2b). In fact, the adiabatic scheme shown in Figuresieiter than the reversible scheme
in Figure 2a in terms of energy although it is inferior in tarof exergy. Compared to conven-
tional two-product column sequences, the potential ensagyngs in an adiabatic “four-product
extended Petlyuk arrangement” (Figure 2b) can be up to 50%.

The disadvantage of using the arrangements shown in Figisréhat, a large number of sec-
tions are required for a multicomponent separation. Pktdtual.l also proposed schemes for
multicomponent separation with a minimum number of colureatisns. Thermodynamically,
this is equivalent to the scheme proposed later by K&ibéth a vertical partition or dividing-

wall (see Figure 1b). For a four-product separation, thesehgiven by Petlyuk is same as the
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“Kaibel” scheme in figure 1&.The four product Kaibel column, in Figure 1, although leds ef
cient than the Petlyuk arrangements in Figure 2 can stidlrafp to 30% energy saving compared
to conventional sequences due to the directly coupledgunator® Our experimental setup is
similar to the scheme in Figure 1a, which does not have acabdividing-wall but the results are
extendable to dividing-wall columns.

Numerous successful industrial implementation of threstpct dividing-wall columns have
been reported by the German company BASE but less is reported on control and operation
of such columns. In the open literature, a thorough expaeriatiestudy for operation of a three-
product high purity distillation column was reported Nigggnn et all! Earlier, start-up for a
three-product column based on rigorous simulations wasrtep by Niggemann et a2 Mu-
talib and SmitH? reported a simulation study on three-product dividing ootuand concluded
that a conventional proportional-integral (P1) contrdheme can give good regulation. They also
reported experimental studies done on a pilot plant coldfidrian et all° reported that a mul-
tivariable model predictive control can give tighter cahi@nd shorter time to steady state in an
experimental dividing-wall column. Ling and Luyb&performed a simulation study and pro-
posed a four-point control structure for a three-produeidang-wall column.

There is one reported use of four-product Kaibel column irSBAand several patents from
BASF as summarized by Déf. Some simulation work has also been carried out on control and
operation of four-product Kaibel column. Strandberg andggistad’ found in a simulation study
that a four-point temperature control scheme with one teatpee controlled in the prefractionator
together with the inventory control can stabilize the catuamd prevent 'drift’ of the composition
profiles during operation. Ghadrdan et'8lreported another simulation study on optimal steady
state operating solutions for economic criterions likeimiaing energy for fixed purity specifica-
tions. Kvernland et al? studied a multivariable Model Predictive Controller on tda regulatory
layer with a four-point temperature control.

However, in the open literature, there are no experimemtalias reported on operation and

control of four-product directly coupled columns. In thisper we present experimental results
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for a four-product Kaibel column separating methanol, etihal-propanol and 1-butanol (with

normal boiling points of 64.9C, 78.4°C, 97.2°C and 117.2C, respectively).

Experimental setup

Figure 3a shows a picture of our experimental colufhmithough this is not a dividing-wall
column, it is thermodynamically equivalent as illustratedrigure 1. The height of the column
is about 8 meters. The system is operated at atmospherisupeeand the column sections are
packed with 6-mm glass Raschig rings. The reboiler is kégte and the power to the reboiler
is adjusted by varying the voltage to the heater elementigr a thyristor. The condenser is
mounted on top of the column and is water-cooled. The coratkvespor flows back to the column
due to gravity; a part is take out as top product and the residdhe liquid reflux. The control
setup is implemented in Lab VieW on a standard PC.

The liquid reflux split valve, top product valve and side prodvalve are swinging funnels
(On/ Off) and are controlled by externally placed solenoitize flow through the swinging funnel
depends on the internal liquid flows in the respective colseution. To implement the continuous
output of the proportional-integrator (PI) controlletsg tcommon technique of pulse width modu-
lation (PWM) is used. The switching frequency of the On/ Gifwes is much faster than the plant
dynamics and hence emulates continuous-pump flow conditibime valve switching function has
a total cycle time of 10 seconds and the resolution time fatchng is 0.2 seconds. For example,
if the controller output is 0.22, a valve position on one sfiehe funnel is 2.2 seconds and 7.8
seconds on the other. This gives an implemented accuracyafiden the valve position is 0.5,
but much worse resolution when close to the fully open (®éel(1) position. To improve the
resolution, we used an algorithm that allows also the tgtelectime to change between 5 seconds
and 15 seconds. This implementation reduces the roundirggrofs and improves the resolution
of the valve.

In our setup, it is also possible to adjust the vapor spliordky) between the prefractionator
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Figure 3: (a) Picture of the experimental colurtth.
(b) Schematic showing location of temperature senddrs.
(c) 4-point regulatory control structure used for openmafip = TP5 T3 = TM2, Ts = TM8, T; = TM14.
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and the main column using a valve, but in the reported exmerigit has been kept constant. The
vapor split between the prefractionator and the main colisrthen determined by the normal
pressure drop offered by the packing in the column sections.

The liquid-level measurement in the reboiler was faulty aniével controller could not be
installed. Therefore, the bottom product was allowed taandate during the experimental runs.
With a large reboiler, the composition of the bottoms wikthtake a long time to reach steady

state, but otherwise this should have little effect on theeexnental results.

Control Structure

Table 1: Four-point temperature regulatory control stizet?

Control loop Manipulated Variabl& Controlled Variable

Loop 1 Liquid split valve (R1) temperature in section 2 4T
Loop 2 Distillate split valve (R) temperature in section 3 T
Loop 3 Upper side product split valve () temperature in section 5 {1
Loop 4 Lower side product split valve () temperature in section 7 {J

@manipulated variables (controller outputs) are the swigdinnel ratios Ry, R 2, R 3 and R4:
Ri1i=+:, Ro= 2, Ra= 5, Ra= 8
L1 L3’ L2 [3+D’ L3 RSy L4. Lo+ ) ]
Here, Ly, L3, Ls and Lg are liquid flows in sections 1, 3, 5 and 6, respectively (sgerei 3)
S1 and S2 are side product flow rates
b controlled variables are temperature sensors as showrnuirefi@b and 3c: I= TP5, T3 = TM3,
Ts=TM8and T, = TM14

As reported earlier by Strandberg and Skogestaal4-point temperature control structure can
avoid “drift” of the compaosition profile in the various semtis of a 4-product column. In Figure 3c,
we show the control structure used in the experiments. Theroosections are numbered from
1to 7. Sections 1 and 2 constitute the prefractionator,engeictions 3-7 form the main column.
In Table 1, we show the loop pairings used in the control stinec The four temperature control
loops are named loop 1, 2, 3 and 4. In the footnote to Table &)seedefine the four corresponding

liquid flow ratios R 1, R 2, R 3 and R4 which are set by the swinging funnels.

8
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In control loop 1, the liquid split ratio (R) is used to control a sensitive temperature in the
prefractionator (3 = TP5). In loop 2, the distillate split ratio () controls a temperature in
section 3 (E = TM3). In the loop 3, the upper side product split ratiq §Rcontrols a sensitive
temperature in section 5 {F= TM8). Finally, in control loop 4, the lower side product $phtio
(Rp4) is used to control a sensitive temperature in the bottorisefT; = TM14).

The controllers are conventional proportional-integréii) controllers. As the system is in-
teractive, we used sequential tuning and loop 1 in the preédmaator was closed first. Next loops
2, 3 and 4 in the main column were closed. The tuning of thedaeas done using the SIMC
rules?! with the tuning parameterc, chosen to be 1 minute for loops 1 and 2 and 2 minutes for
loops 3 and 4. The temperature setpoints for the loops wegustad during start-up as explained
below.

The remaining two degrees of freedom, the boilup (V) and tqeov split ratio (R), are not
used for control in experiments, but may be in general bdahlaifor some optimizing objective,

like minimizing energy for a given specification.

Experiments

Various experiments were conducted for studying the saxperation, to test the 4-point control
structure for setpoint changes, and disturbances anddy staady state operation. Table 2 shows

a list of the 13 experiments reported in this paper.

Start-up

Figure 4 shows the results from a typical cold start-up ofpita plant (Experimental run 1). The
following start-up policy was used:

After turning on the reboiler (at time = 0), the column is leehtip in total reflux mode (D=0,
S1=0, S2=0, F=0). The output of control loop 1 {Ris fixed at 0.3 (manual mode). This implies

that 30% of the reflux is directed to the prefractionator gdime liquid split valve. At about 30

9
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Figure 4: Experimental Run 1: Cold Start-up
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Figure 5: Experimental Run 1: Cold Start-up (Zoomed in frddmdn to 140 min)
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minutes, the feed to the column is turned on. Shortly after,controllers (loop 1, 2, 3 and 4) are
turned on (AUTO mode). With control loops 2, 3 and 4 turnedveabegin to draw the three prod-
ucts D, S1 and S2. The initial temperature setpoints areahees from the total reflux mode, and
the setpoints are then adjusted in closed-loop mode to get sgparation in the column. The tem-
perature setpoint for the prefractionatopd)lis adjusted to get a large temperature change across
the prefractionator column. This corresponds to a sharplsgilveen the intermediate components
(ethanol and propanol). The setpoints for the remainingdddss, Tssand T;g) are for the main
column which performs binary splits, and these are adjustad attempt to get the temperatures
of the four product close to the normal boiling point of th@rresponding main components. Off-
line analysis of the products (reported later) shows thiatgtart-up procedure resulted in good
quality products, in spite of the fact that we used only terapge loops. Of course, if online
composition measurements are available, these shoulcebgaiadjust the temperature setpoints.
Figure 5 shows a zoomed-in plot of Figure 4 for the time pefroch 35 min to 140 min. In
the experiments, the feed flow rate was held constant atr8/hteur and the reboiler duty was set
constant at 2 kW. We conclude from the experiment (Figuresdds that the start-up procedure

works well and leads to stable operation.

Closed-loop operation

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

In Figure 6 (run 2), we show results for a temperature setpbiange of-2 °C to control loop
1. This setpoint change can be handled well and the steatdyistaeeached in about 25 minutes.
There is an initial delay of about 1 minute as the locatiorheftemperature is far from the valve.
As a consequence, it takes a while for the change in the liggfidx to affect the controlled
temperature. This loop has significant interaction witlp®8 and 4.

Figure 7 (run 3) shows a setpoint changetdf°C change in the loop 2. Again, this setpoint

12
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Figure 6: Experimental Run 2: 2[°C] setpoint change in prefractionator temperatuge(cbntrol loop 1)
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Figure 7: Experimental Run 3t 1 [°C] setpoint change in top section temperaturg(cbntrol loop 2)
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Figure 8: Experimental Run 4t 1 [°C] setpoint change in middle section temperatugg(cbntrol loop 3)
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Figure 9: Experimental Run 5t 1 [°C] setpoint change in bottom section temperaturécbntrol loop 4)
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1

2

2 change is handled well. However, there is significant irtgoa with all the other loops. This is
2 because a change in distillate flow affects directly the mdifference between the boilup (V) and
; liquid reflux (L) in the entire column.

9 : - . .

10 Figure 8 and 9 (runs 4 and 5) plot show similar setpoint chamgéhe loops 3 and 4, respec-
11

12 tively and these changes are handled well without intesastwith other loops. Figure 10 (run 6)
13

14 shows simultaneous changes in the setpoint for all the tmpd, which is also handled reasonably
15

16 well.

17 . - . - -

18 Finally, Figure 11 (run 7) shows the response for an increafeed rate from 3 liters/hr to 3.6
19

20 liters/hr (+20%). This disturbance can also be handled well and the @@drtemperatures are
21

22 brought back to their setpoints in about 30 minutes.

23

24 Figure 14 is a screenshot from the computer interface (Lalwv)/during the experimental run
25

26 12, with a snapshot of temperatures as read by the probesicusaections. The dialog labelled
27

28 “Temperature graphs” shows the four controlled tempeeattor 100 seconds. Note that some of
29

32 the temperature measurements have large measuremers aimstheir values are calibrated for
gé later analysis and one probe (T15) is faulty.

34

35

36 . . . . .

37 Steady state experimentsand comparison with ssmulations

38

39

40 Experimental runs 8-12 were run with constant temperattfgomts to steady state and for runs 9-
41

42 12. Samples of the feed and products were collected andzathlysing High-performance liquid
43

44 chromatography (HPLC). Figure 12 (run 8) shows a typicgdoese when the column is “steady”
45

j? for a period of 2 hours, with all the four temperature loogseld. All the four temperatures can be
jg maintained at their respective setpoints. Figure 13 shaywsrenent run 9 with another constant
22 setpoint operation. The steady-state results for run 4 8@mmarized in Table 3 (compositions)
gg and Table 4 (controller outputs plant inputs).

2‘5‘ We now want to compare the steady-state experimental sesitlh a standard equilibrium
g? stage distillation model. The vapor-liquid equilibria i®delled using the Wilson model for the
58

59

60

19
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

T1%]

Industrial & Engineering Chemistry Research

83F T T T — 1
g2l T, (measured)— — - T, (setpoint) |
81} {13
S e I Mttt e oMo ] % 0.5}
80f 10
79t Loop 1 controller output (B)
1 1 1 1 1 O 1 1 1 1 1
0 20 40 60 80 100 10 20 40 60 80 100
1r — T, (measured)— — - T_ (setpoint) | T e g It Y i v
70} 1
2
69 W%Mwhwmﬂm g 0.5F
68f
Loop 2 controller output
| p put (B)
1 1 1 1 1 O 1 1 1 1 1
0 20 40 60 80 100 10 20 40 60 80 100
891 T, (measured)— — - T (setpoint) | AP0 VA ™S S, e e A
88f -
3
87 "‘-'WA'M"W“"‘. e "“w‘mw“"‘r«"‘v VA' 'AY w“"‘""w" Ay ».V%A'.‘.VA,V PN WY g 0.5+
86}
Loop 3 controller output
| 0 p put (R)
0 20 40 60 80 100 10 20 40 60 80 100
1a2r o T7 (measured)— — - T7 (setpoint) MMWWW
5
PV SO N N R f=3 | 4
110 e - 30
Loop 4 controller output (5)
108 . . . . . 0 . . . . .
0 20 40 60 80 100 0 20 40 60 80 100
time, min time, min

Figure 12: Experimental Run 8: steady state operatiog€180.6 °C Tzs= 69°C Tss=82°C T;5=1102°C)
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liquid phase and the vapor is assumed to be ideal. We usetiséatd molar overflow assumption,
which is reasonable for our mixture.
To match the experimental steady state data, we can adgiitltbwing degrees of freedom in

the model:
1. number of theoretical stages (we use a fixed value for piements)
2. boilup (V/F)
3. feed composition
4. liquid split ratio (R 1)
5. vapor split ratio (R)
6. distillate product split ratio ()

7. upper side product split ratio (R

o

. lower side product split ratio ()

The degrees of freedom are adjusted for each experimempebar the number of theoretical
number of stages in the sections. The number of theoretiages was based on experimental
estimation of the height equivalent of a theoretical pl&tETP). For this, a total reflux experiment
(run 13) was performed with only two components, namely mebdhand ethanol. The liquid split
ratio (R 1) was used to control temperature differen& & T, — Ts) between the prefractionator
(section 2) and in the main column (section 5). The tempegat(l, = TP5 Ts = TM8) chosen
were approximately at the same height (and of packing) frlieenréboiler. The setpoint of this
controller was then set eroso that the compositions should be same on both sides. Ttersys
was allowed to stabilize and samples were taken at the tcafiside products (S1 and S2) for
analysis. Figure 15 shows the stable run during this exmariwith the controlled-variablé\{)
and controller output. The height of packing between the@amoints is 065 meters. The molar

composition of methanol was about 75 % and 21 % in samples &52nrespectively, and from
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this the total number of theoretical stages in the sectiowéxen the side streams was estimated to
be about 4. The HETP was thus found to be aboutrh6By assuming the same HETP in the rest
of the column we determine the number of theoretical stagesch section. Based on this, the
number of theoretical stages used in the simulations is fi8iprefractionator (5+8) and 22 in the
main column (4+4+4+4+4+5+reboiler).

Based on the power input of 2 kW to the reboiler, we estimasebttilup (V/F) for use in the
model. The feed composition is available from HPLC measerém Finally, the experimental
liquid split ratio (R 1) can be obtained directly from the experiments.

With the firstfour degree of freedom determined, we are left widghr more degrees of free-
dom, which are determined as follows.

The distillate product split ratio (R) in the model is adjusted to match the measured mole
fraction of methanol in the top product (D). The upper sidedpict split ratio (R3) in the model
is adjusted to match the measured mole fraction of ethanthlerupper side product (S1). The
lower side product split ratio (R) in the model is adjusted to match the measured mole fraction
of propanol in lower side product (S2). Finally, the vapditsgatio in the model (R/) is adjusted
to match a temperature in section 2 (TP5) of the prefractarna

The same procedure is used for experiment runs 9-12 and Jatdmpares the product com-
position from experiments and simulations. Since the maletions of the main components in the
top product (D), upper side product (S1) and lower side pco(sR) are matched directly, there is
an exact match of these compositions. But additionallykdyeimpurities in the side products (S1
& S2), which were not matched individually, show a very goadfor example, in experimental
run 9, the mole fraction of methanol in S1 from experimen&li8%, while from the simulations
itis 32.0%. The key impurities (propanol and n—butanol) of the logide product (S2) also show
a good fit.

Figure 16 compares the temperatures from the model (limes)ree experiments (points). The
y-axisin Figure 16 shows the theoretical stages in the model, ntedbieom top (1) to bottom

(22). Thex-axisshows the corresponding temperatures. The locations qfgsture probes in
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experimental setup with respect to the theoretical stagseimodel 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 exgedahsteady-state data and

©CoO~NOUTA,WNPE

10 the equilibrium stage model.
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36 Figure 15: Experimental Run 13: total reflux conditions fetetmining the HETP and for estimating the experimental
37 vapor split

43 Discussion

Practical issuesrelated to operation

49 The operation of the experimental column had some probldgasly on, the column was very
ol difficult to operate and stabilize with little material résireg the top of the columA® Unlike the

53 intuition that suggests that this was due to insufficientupgithe reason turned out to be vapor
leaking from the product valves on the side streams. Tovesbis issue, we installed an additional

small manual valve and a solenoid valve (in series) dowastréne swinging funnels, just outside
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Figure 16: Steady state experimental and simulated teryernarofiles in experiments 9-12
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the column. The opening of the manual valve was adjusteddorerthat there was always a liquid
hold up in the glass downcomer under the swinging funnel. additional solenoid valves and
the swinging funnel open and close simultaneously duriegcicle. Alternatively, an externally
placed liquid seal in the product withdrawal line would hat@pped any vapor from “leaking” by

providing a hydraulic head to counter the small positivespuee in the column.

Plant-model mismatch

As mentioned, the equilibrium stage model fits well with tlkperiments. The mole fraction of
butanol in the bottoms product was, however, smaller thaniththe model in all the runs. One
reason for this may be, that we have no bottom product (B) nmgahat the bottom product accu-
mulates in the reboiler, and therefore it will take a verygdime to reach the steady compositions
in the reboiler.

The experimental data also had some uncertainties. Theimgeal results as shown in Fig-
ure 12 also show some noise in the temperatures. This cagtiagtrument noise or process noise
due to the use of swinging funnels and not continuous valifsspumps. The composition mea-
surements with HPLC also have some measurement error. Weeeesome biases in temperature
probes. These were calibrated using their measurementédrcalumn conditions. Some probes
showed up to 8C of error from the room temperature and their measuremesits accordingly
corrected.

Another source of error can be the column pressure drop,hwhias neglected in the model.
The total pressure drop under normal operation of the colwasiabout 1@&m of water or about

0.016 bar (measured using a U-tube manometer).

Experimental vapor split

The total-reflux experiment provides information about #lctual vapor split ratio, which is set
by the natural pressure drop as offered by the packing. Dileetanass balance requirements,

the vapor split ratio (R) under the total reflux conditions with the same temperaturéoth
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sides AT = 0 K), must be equal to experimental liquid split ratio_ {Rvhich is equal to about
0.42 (Figure 15). However, in the other experiments, whenféed is introduced, one would
expect lesser vapor to go to the prefractionator (goifRsmaller) because the additional liquid
flow provides more resistance and this is what we observeethdeom the simulation results in

Table 4, we find that Ris between 0.31 and 0.39 in the four experimental runs.

Optimal operation

From the experimental data and the model in table 3, theipsiaf top and bottom products are
relatively high (up to about 96% and 95 % ), while the puritéshe side products are low (about
55% and 89 % ). Is this the best one can achieve? We can use thed tadhe compare the four
experimental steady-state runs to an optimized operation.

We consider two practical modes of operation. In mode |,Herdiven boilup, the purity of top
product &) and bottom productE, ;) is specified and the objective is to maximize the sum
of the purities of the side productd £ X2y, +X%oy). In mode II, we define as our objective to
maximize the sum of purities of all the producis£ X\.on + X on + X500 + X5 uon)-

The two optimization problems, named as mode | and mode ltefieed in table 5 and the
results are given in Table 6.

In mode I, where the top and bottom purities are fixed, we firad little improvement can be
made in the purities. In experimental run 11, the S1 purity lsa improved from 51.5 % to 65.3
%. The purity of side stream 2, however, is smaller in all the fruns.

In mode I, even though there was an improvement on the suhregsdrities of four products,
the purity of the end products (D and B) decreased from the base and the purity of the upper
side products (S1) increased in all the scenarios while tiniéypf lower side product decreased in
experimental runs 10-12. From the purity figures in table&can conclude that the experimental
results are close to the “optimal” operations, as descrilyeshode | or mode Il. This shows that

the temperature setpoint adjustments mentioned in thielgtgsrocedure works well.
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Conclusions

The experimental studies verify that stable operation efftur product Kaibel column can be

achieved with the 4-point temperature control scheme shoviigure 3c. The control structure

©CoO~NOUTA,WNPE

11 gave good servo performance for several setpoint changkgawe good regulation for a +20 %

13 feed disturbance. The same control structure was adoptatgdhe cold start-up of the column

15 and with the proposed procedure for adjusting the temperatetpoints, it was possible to use
17 only temperature measurements to approach the desiretysteie composition that is, without

19 needing online composition measurements.

21 An equilibrium stage model was fitted to the experiments. flttexd model gave good match

23 with the experiments. This suggests that such staged modelbe used to study the operation

25 and design of larger industrial scale Kaibel columns.
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Table 2: List of experiments

Experiment Description
Run 1 cold start-up
Run 2 —2 [9C] setpoint change inJ(prefractionator loop)
Run 3 +1 [OC] setpoint changes insI{distillate product loop)
Run 4 +1 [°C] setpoint changes ins[{upper side product loop)
Run 5 +1 [°C] setpoint changes insT{lower side product loop)
Run 6 simultaneous:1 [°C] setpoints changes in all temperatures
Run 7 +20 % disturbance in feed rate
Run 8 steady state run with constant setpoints:
T, =80.6°C T3 =69°C T5 =82°C T; = 1102°C
Run 9 steady state run with constant setpoints:
T, =88C T3 =6%C Ts = 88°C T; = 113C
Run 10 steady state run with constant setpoints:
T2 =919C T3 =69.5°C Ts = 92°C T; = 11FC
Run 11 steady state run with constant setpoints:
Ty =9159C T3 = 72°C Ts = 92°C T; = 112°C
Run 12 steady state run with constant setpoints:
T2 =95C T3 = 71°C T5 = 86°C T7 = 11°C
Run 13 total reflux experiment for calculating number of tie¢ical stages

aFeed rate for all runs (except run 7) = 3 LPH
Reboiler duty for all runs = 2 kW
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1

2

2 Table 3: Steady state experimental and simulated compositin runs 9-12

5

6 Experiment Run 9

; Feed D S1 S2 B

9 Component exp&sim exp sSim exp sim exp sSim exp sim
10

11 methanol (mol %)  21.4 96.6 96.6 31.8 32.0 0O 104 O 0
12 ethanol (mol %) 154 34 34 554 554 16.8 13.7 O 0
13 propanol (mol %)  21.4 0 0 127 124 750 750 74 16
o n-butanol (mol %)  41.7 O 0 O 0 82 101 926 98.4
16 Experiment Run 10

17 Feed D S1 S2 B

18

19 Component exp&sim exp sSim exp sSim exp Sim exp sim
o methanol (mol %) 204 949 949 299 2742 0 06 0 O
22 ethanol (mol %) 274 51 51 512 512 59 7.2 0 0
23 propanol (mol %) 28.5 0 0 189 213 875 875 46 26
24 n-butanol (mol %)  23.7 0 0 0 0 6.6 46 954 97.3
gg Experiment Run 11

27 Feed D S1 S2 B

gg Component exp&sim exp sSim exp sSim exp Sim exp sim
30 methanol (mol %)  20.4 927 927 173 150 0 02 O 0
g; ethanol (mol%) 176 7.3 7.3 515 515 54 46 0 O
33 propanol (mol %) 26.7 0 0O 31.2 333 86 8.6 67 31
34 n-butanol (mol %)  35.3 0 0 0 0 49 55 933 96.9
35 Experiment Run 12

> Feed D S1 S2 B

gg Component exp&sim exp sSim exp sim exp sSim exp sim
40 methanol (mol %)  16.3 944 944 263 2263 O 0.5 0 0
4l ethanol (mol %) 19.0 56 56 563 563 10.1 8.5 0 0
jg propanol (mol %)  28.3 0O 0 173 209 863 8.3 6.4 3.3
a4 n-butanol (mol %)  36.4 0 0 0 0 35 47 936 96.7
45

46 - :

47 Table 4: Inputs in the four experiments 9-12

48

49 Experiment Run 9 Experiment Run 10 Experiment Run 11 ExpamirRun 12
50

51 Input  exp sim exp sim exp sim exp sim
52 R 031 0.31 0.15 0.15 0.25 0.25 0.21 0.21
gi R 0.93 0.95 0.98 0.97 0.93 0.95 0.96 0.97
55 Rz 0.94 0.90 0.72 0.81 0.81 0.87 0.83 0.88
56 R4 0.75 0.87 0.83 0.91 0.90 0.91 0.86 0.88
57 Ry - 0.39 - 0.31 - 0.35 - 0.33
58

59

60 33
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Table 5: Operation under two optimal modes

Objective

Constraints

Mode | Mode Il
_ Sl X _ D St sz B

J = XEton t Xprom J = Xeon t XEton T Xpron T Xguon
Feed Rate = nominal Feed Rate = nominal

Feed Composition = nominal  Feed Composition = nominal
Feed Composition = nominal  Feed Composition = nominal
Feed liquid fraction = Nominal Feed liquid fraction = Nomina
boilup = nominal boilup = nominal

XJeon = NOMInal

X5,on = NOMInal
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1

2

3

4

2 Table 6: Comparison of experiments 9-12 with optimal operain mode | (maximize sum of the purities of side
7 products) and mode Il (maximize sum of the purities of allpheducts).

8

9 Experiment Run 9

10

11 D S1 S2 B

ig nom mode nom mode nom mode nom mode
14 component I [l I Il I Il I Il

15 S _— —_— —_— —

16 Methanol 96.6 96.6 89.6 321 249 122 10 08 04 00 0.0 0.0
17 Ethanol 34 34 104 554 599 70.2 137 157 13.0 0.0 0.0 0.0
18 Propanol 0.0 00 00 124 152 176 750 734 831 16 15 4.1
;g Butanol 00 00 00 01 01 00 10.2 101 3.6 984 984 959
21 Experiment Run 10

22

23 D S1 S2 B

g;‘ nom mode nom mode nom mode nom mode
26 component I Il I I I I I I

27 . — — U —

28 Methanol 949 949 889 274 270 136 06 07 04 00 0.0 0.0
29 Ethanol 51 51 111 512 546 699 73 93 129 00 00 0.0
30 Propanol 0.0 00 00 21.3 183 164 875 854 830 26 26 3.3
g; Butanol 00 00 OO0 01 01 00 46 47 37 974 974 96.7
33 Experiment Run 11

34

3c D S1 S2 B

36 nom mode nom mode nom mode nom mode
37

38 component I [l I Il I Il I Il

s Methanol 927 92.7 89.4 150 178 130 02 05 04 00 00 00
41 Ethanol 73 73 106 515 653 710 47 120 134 00 0.0 0.0
42 Propanol 0.0 00 00 334 16.8 16.0 89.6 829 822 31 31 35
43 Butanol 00 00O OO0 01 00 00 55 46 40 969 96.9 96.5
44 -

45 Experiment Run 12

46 D S1 S2 B

47

48 nom mode nom mode nom mode nom mode
49

50 component I [l I Il I I I I

> Methanol 94.4 94.4 945 226 234 235 06 06 06 00 00 00
53 Ethanol 56 56 55 563 578 579 84 91 94 00 00 0.0
54 Propanol 00 00 00 210 188 185 86.3 854 860 31 31 338
gg Butanol 00 00 00 01 01 00 47 49 39 969 969 96.2
57

58

59

60 35
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