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33 Abstract

36 Control and operation of energy-efficient dividing-wallwmns can be challenging. This
38 paper demonstrates experimentally the start-up and st&atly operation of a four-product
Kaibel column separating methanol, ethanol, propanolrahdtanol. We use a control struc-
ture with four temperature controllers and show that it candhe feed rate disturbances as

43 well as setpoint changes. The experiments compares wéllamiequilibrium stage model.

48 | ntroduction

51 Distillation is a separation technique that uses heat grtergrovide the separation work of “un-

53 mixing” the feed mixture. In this paper we study the integdaKaibel distillation scheme for
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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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separation of four components as shown in FigufreThe main motivation for this scheme is
combination of capital savings and energy savings comgareohventional distillation sequences
for multicomponent separation. This scheme is not the Ipgstrms of minimum separation work
(exergy), mainly because it performs a difficult B/C splitle prefractionator and not the easiest
(A/D) split.

An “ideal reversible” system with minimum exergy requirasare complex arrangement, infi-
nite number of stages and heating and cooling on all stégyd=or four-product separation, Figure
2a shows the reversible scheme proposed by Petlyuk anchBlatorhe column sections are di-
rectly coupled and the easiest split is done first. Any mixogges near the feed stage and at the
ends can thus be avoided. Some of the features of reversgiigation are retained in an adia-
batic “four-product extended Petlyuk column”, which has/ane heater (reboiler) and one cooler
(condenser) (See Figure 2b). In fact, the adiabatic schém&rsin Figure 2b is better than the
reversible scheme in Figure 2a in terms of energy althoughiitferior in terms of exergy. Com-
pared to conventional two-product column sequences, ttenpal energy savings in an adiabatic
“four-product extended Petlyuk arrangement” (Figure 2ir) be up to 50%. The disadvantage
of using the arrangements shown in Figure 2 is that, a larg&yeu of sections are required for a
multicomponent separation. Petlyuk et'also proposed schemes for multicomponent separation
with a minimum number of column sections. For a four-prockegtaration, one of the schemes
given by Petlyuk is same as the “Kaibel” scheme in figuré 1a.

The four-product Kaibel column, in Figure 1, although leSgient than the Petlyuk arrange-
ments in Figure 2, can still offer up to 30% energy saving careg to conventional sequences due
to the directly coupled prefractionat®iOur experimental setup is similar to the scheme in Figure
la, which does not have a vertical dividing-wall but the hssare extendable to dividing-wall
columns.

Numerous successful industrial implementations of thmeeluct dividing-wall columns have
been reported by the German company BAS#! In the open literature, a thorough experimental

study for operation of a three-product high purity distiba column was reported Niggemann
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et al. 12 Earlier, start-up for a three-product column based on dgsisimulations was reported by
Niggemann et al3 Mutalib and SmitH* reported a simulation study on a three-product dividing-
wall column and concluded that a conventional proportiongdgral (Pl) control scheme can give
good regulation. They also reported experimental studies @n a pilot plant colum#? Ling and
Luybent® performed a simulation study and proposed a four-pointrobstructure for a three-
product dividing-wall column. van Diggelen et ¥i.compared conventional PID controller with
controllers obtained b¥., controller synthesis and-synthesis. Ling et al® proposed control
structures considering remixing losses for an energy @dtoperation. Several works have also
been reported for the use of Model Predictive Control foid#d wall columnst®-21

There is one reported use of four-product Kaibel column irSBAand several patents from
BASF as summarized by Dejanovic et &.Some simulation work has also been carried out on
control and operation of four-product Kaibel columns. Btiaerg and Skogestatifound in a
simulation study that a four-point temperature controlessh with inventory control can stabilize
the column and prevent “drift” of the composition profilesidig operation. Ghadrdan et &t.re-
ported another simulation study on optimal steady stateatipg solutions for economic criterions
like minimizing energy for fixed purity specifications. Kvéand et al?>* studied a multivariable
Model Predictive Controller on top of a regulatory layertwat four-point temperature control.

In the open literature, there are no experimental studipsrted on operation and control
of four-product directly coupled columns. In this paper wegent experimental results for a
four-product Kaibel column separating methanol, ethahgropanol and 1-butanol (with normal

boiling points of 64.72C, 78.4°C, 97.2°C and 117.7C, respectively).

Experimental setup

Figure 3a shows a picture of our experimental colufmmlthough 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 atmospheric peesslithe column sections are packed

5
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Industrial & Engineering Chemistry Research

Figure 3: (a) Picture of the experimental colurfi.
(b) Schematic showing location of temperature sendors.

(c) 4-point regulatory control structure used for openmafip = TP5, T3 = TM2, Ts = TM8 & T7 = TM14.
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Figure 4: Screen-shot of operator interface during expemtiad run 12.
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with 6-mm glass Raschig rings. The column sections are nuedldeom 1 to 7 as shown in Figure
3a. Sections 1 and 2 constitute the prefractionator, wieidéiens 3-7 form the main column. The
internal diameter of vacuum jacket glass column-sectigris 4, 5 and 6 is 50 mm while that of
column-sections 3 and 7 is 70 mm (column sections are numbereigure 3c). The height of
packing in sections 1 and 2 is 1.1 m and 1.6 m, respectiveljewhsections 3, 4, 5 it is 0.661.
The height of packing in sections 6 and 7 is about Oriz&nd 0.9m, respectively.

The reboiler is kettle type and the power to the reboiler jsstéd by varying the voltage to
the heater elements through a thyristor. The condenser isyted on top of the column and is
water-cooled. The condensed vapor flows back to the colurariagravity; 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 prodvalve are swinging funnels
(On/ Off) and are controlled by externally placed solenoiti®e flow through the swinging funnel
depends on the internal liquid flows in the respective colgettion. To implement the continuous
output of the proportional-integrator (PI) controllerise tcommon technique of pulse width mod-
ulation (PWM) is used where the width (Ilength of the pulséesadjustable continuous variable)
and the period (cycle time) is normally fixed. The cycle timhéhe On/ Off valves should be much
shorter than the plant time constant and hence emulatencmnis-pump like flow conditions. In
our case, the valve switching function has a total cycle timeut 10 seconds and a resolution time
for switching of 0.2 seconds. For example, if the contradletput is 0.22, a valve position on one
side of the funnel is 2.2 seconds and 7.8 seconds on the dthisrgives an implemented accuracy
of 4% when the valve position is 0.5, but much worse resatuvben close to the fully open (0)/
close (1) position. To improve the resolution, we used aorétlyn that allows also the total cycle
time to change between 5 seconds and 15 seconds. This inmghioa reduces the rounding off
errors and improves the resolution of the valve.

In our setup, it is also possible to adjust the vapor splibrdky) between the prefractionator
and the main column using a valve, but in the reported exparimit has been kept constant as

is common in industrial implementations. The vapor splitween the prefractionator and the
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main column is then determined by the normal pressure drifiepeaf 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 wikhtake a long time to reach steady
state, but otherwise this should have little effect on theeexnental results.

The control setup is implemented in Lab VieW on a standard PC. Figure 4 is a screen-shot
from the computer interface (Lab View) during the experitaérun 12, with a snapshot of temper-
atures as read by the probes in various sections. The diabajéd “Temperature graphs” shows
the four controlled temperatures for 100 seconds. Notesthrae of the temperature measurements
have large measurement biases (for example, TP4 and T1@&)eingalues are calibrated for later

analysis and one probe (T15) is faulty.

Control Structure

Table 1: Four-point temperature regulatory control stizet?

Control loop Manipulated VariabR Controlled Variable

Loop 1 Liquid split valve (R1) Temperature in section 2 4T
Loop 2 Distillate split valve (IR) Temperature in section 3 {1
Loop 3 Upper side product split valve ()) Temperature in section 5 €Y
Loop 4 Lower side product split valve () Temperature in section 7 {J

@manipulated variables (controller outputs) are the swigdiinnel ratios R;, R >, R 3 and R4:
Rlet—;,RLz:L;%,RLs:_LS_%L,Rm_:ﬁ _ _
Here, Ly, L3, Ls and Lg are liquid flows in sections 1, 3, 5 and 6, respectively (sgeie 3)
S1 and S2 are side product flow rates

b controlled variables are temperature sensors as showruire§i@b and 3c: I= TP5, Ts = TM3,
Ts=TM8 and T, = TM14

As reported in the simulation study earlier by Strandbewd 8kogestad? a 4-point temper-

ature control structure can avoid “drift” of the composgitiprofile in the various sections of a

9
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4-product column. Temperature is a good indicator of contipmsand is easy to measure. Tem-
perature control is fast and can keep the compositions (@lit)l is the column close to nominal
value and hence preventing “drift” in the event of distuntes

In Figure 3c, we show the control structure used in the erpamis. In Table 1, we show in
more detail the loop pairings. The four temperature combraps are named loop 1, 2, 3 and 4. In
the footnote to Table 1, we also define the four corresponidingd flow ratios R 1, R 2, R 3 and
RL4 which are set by the swinging funnels.

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
(RL4) is used to control a sensitive temperature in the bottorisefT; = TM14).

The controllers are conventional proportional-integréRi) controllers. As the system is in-
teractive, we used sequential tuning and loop 1 in the predm@ator was closed first. Next loops
2, 3 and 4 in the main column were closed. The tuning of thedosas 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 avlgléor some optimizing objective,

like minimizing energy for a given specification.

Experiments

Various experiments were conducted for studying the sfaperation, to test the 4-point control
structure for setpoint changes, disturbance handling arstiudy steady state operation. Table 2

shows a list of the 13 experiments reported in this paper.
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Start-up

Figure 5a shows the results from a typical cold start-up @fiitot plant (Experimental run 1). The
following start-up policy was used:

After turning on the reboiler (at time = 0), the column is leghtip in total reflux mode (D=0,
S1=0, S2=0, F=0). Initially, the output of control loop 1, ¢Ris fixed at a reasonable value (man-
ual mode). In our case, it was fixed at{R= 0.3 which implies that 30% of the reflux is directed
to the prefractionator and 70 % to the main column. The outpir >, R 3 and R4 of control
loops 2, 3 and 4 were initially fixed at 1 (no product withdr§waAt about 30 minutes, the feed to
the column is turned on. Shortly after, the controllers f®d, 2, 3 and 4) are turned on (AUTO
mode). With control loops 2, 3 and 4 turned on, we begin to drethree products D, S1 and S2.
The initial temperature setpoints are the values from thed teflux mode, and the setpoints are
then adjusted in closed-loop mode to get good separatidreinglumn. The temperature setpoint
for the prefractionator (%) is adjusted to get a large temperature change across tfhiaqgi@n-
ator column. This corresponds to a sharp split between tleenediate components (ethanol
and propanol). The setpoints for the remaining loopg,(Tss and Tg) are for the main column
which performs binary splits, and these are adjusted in teamgt to get the temperatures of the
four product close to the normal boiling point of their capending main components. Off-line
analysis of the products (reported later) shows that thit-sip procedure resulted in good quality
products, in spite of the fact that we used only temperatwopd. Of course, if online composition
measurements are available, these should be used to ddjustiperature setpoints.

Figure 5b shows a zoomed-in plot of Figure 5a for the timeqakfiom 35 min to 140 min. In
the experiments, the feed flow rate was held constant atr8/hiteur and the reboiler duty was set
constant at 2 kW. We conclude from the experiment (Figureansisbb) that the start-up procedure

works well and leads to stable operation.
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Figure 11: Experimental Run 7: +20 % feed rate disturbanices (&min)
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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 steatdyisteeached 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 interactions with loops 3 and4sgmeasured) and7T(measured)
show some deviation from their setpoints due to action,af R

Figure 7 (run 3) shows a setpoint changetdf°C change in the loop 2. Again, this setpoint
change is handled well. However, there is significant irgoa with all the other loops. This is
because a change in distillate flow affects directly the mdifference between the boilup (V) and
liquid reflux (L) in the entire column.

Figures 8 and 9 (runs 4 and 5) plot show similar setpoint chaingloops 3 and 4, respectively,
and these changes are handled well without interactiorsathiter loops. Figure 10 (run 6) shows
simultaneous changes in the setpoint for all the four loafsch are also handled reasonably well.

Finally, Figure 11 (run 7) shows the response for an increafed rate from 3 liters/hr to 3.6
liters/hr (+20%). This disturbance can also be handled well and the @@drtemperatures are

brought back to their setpoints in about 30 minutes.

Steady state experimentsand comparison with ssmulations

In order to study the steady-state behavior, experimente 8-12 were carried out with constant
temperature setpoints. For runs 9-12, samples of the feggaucts were collected and ana-
lyzed using High-performance liquid chromatography (H.LEgure 12 (run 8) shows a typical

response when the column is “steady” for a period of 2 houith, &l the four temperature loops

19
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closed. All the four temperatures can be maintained at thspective setpoints. The steady-state
results for run 9-12 are summarized in Table 3 (composijiand Table 4 (controller outputs

plant inputs).

©CoO~NOUTA,WNPE

10 We now want to compare the steady-state experimental sesitlh a standard equilibrium

12 stage distillation model. The vapor-liquid equilibria idelled using the Wilson model for the
14 liquid phase and the vapor is assumed to be ideal. We usetiséatd molar overflow assumption,
16 which is reasonable for our mixture (See Appendix for detailthe dynamic model, but note that,
18 we have compared only the steady state experiments with dideln

20 To match the experimental steady state data, we can ad@itltbwing degrees of freedom in

22 the model:

o5 1. theoretical number of stages (we use a fixed value for pkements)
28 2. boilup (V/F)

31 3. feed composition

. liquid split ratio (R 1)

36 5. vapor split ratio (R)

39 6. distillate product split ratio (B)

42 7. upper side product split ratio (R

N
a1
[oe]

. lower side product split ratio (R)

48 The degrees of freedom are adjusted for each experimergpefar the theoretical number
50 of stages in the sections. The number of theoretical stagedased on experimental estimation
52 of height equivalent of a theoretical plate (HETP). For tegneation of HETP, a total reflux ex-
54 periment (run 13) was performed with only two components&lgt methanol and ethanol. The
56 liquid split ratio (R 1) was used to control temperature differen&@& & T, — Ts) between the pre-

58 fractionator (section 2) and the main column (section 5 TEmperatures gI= TP5 Ts = TM8)

21
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chosen were approximately at the same height (and of packong the reboiler. The setpoint of
this controller was then set ieroso that the compositions should be the same on both sides. The
system was allowed to stabilize and samples were taken &dh8on of side products (S1 and
S2) for analysis. Figure 13 shows the stable run during stpeement with the controlled-variable
(AT) and controller output. The molar composition of methama$ about 75 % and 21 % in sam-
ples S1 and S2, respectively. The graphical McCabe Thieteadeand Fenske equation both give
the number of theoretical stages to be about 4. The heighaaKipg between the sample points

is 0.65 meters and, the HETP for our packing was thus estimated abbut 16cm The value

of HETP = 16cmwas used to find the number of stages in each section whicls ¢iv€7+10)
theoretical stages for the prefractionator and 22 (4+4+&+4feboiler) for the main column.

Based on the power input of 2 kW to the reboiler, we can obteerbbilup (V/F) for use in the
model. The feed composition is available from HPLC measergm Finally, the liquid split ratio
(RL1) was obtained directly from the experiments.

With the firstfour degrees of freedom determined (i.e., theoretical numbstagfes, boilup,
feed composition and liquid split ratio), we are left withur more degrees of freedom (vapor split
ratio Ry, distillate product split ratio B, upper side product split ratio R and lower side product
split ratio R 4), which are adjusted to match the following experimentdli®a 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. atemperature in section 2 (TP5) of the prefractionator

This procedure for data fitting is used for experimental @1i. Table 3 compares the product
composition from experiments and simulations and Tablevdggihe corresponding values of the

four degrees of freedom. Since the mole fractions of the mamponents in the top product (D),

22
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upper side product (S1) and lower side product (S2) are radtdirectly, there is an exact match
of these compositions. But additionally, the key impustie the side products (S1 & S2), which
were not matched individually, show a very good fit. For exkmnip experimental run 9, the mole
fraction of methanol in S1 from the experiment is&%, while from the simulation it is 32%.
The key impurities (propanol and n—butanol) of the loweegidoduct (S2) also show a good fit.
From Table 4, we see that the simulated values of the fouregsgyf freedom (R, R.2, R 3 and
RL4) which were obtained by matching the compositions, agrdbwitl the experimental values.

Figure 14 compares the temperatures from the model (limes)ree experiments (points). The
y-axisin Figure 14 shows the theoretical stages in the model, ntedbieom top (1) to bottom
(22). Thex-axisshows the corresponding temperatures. The locations gideature probes in
the experimental setup with respect to the theoreticakstagthe 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 exgesahsteady-state data and

the equilibrium stage model.
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Figure 13: Experimental Run 13: total reflux conditions fetatmining the HETP.
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Discussion

Practical issuesrelated to operation

©CoO~NOUTA,WNPE

10 The operation of the experimental column had some probl&ady on, the column was very dif-
12 ficult to operate and stabilize with little material reaathe top of the columi® On the intuition
14 that suggested that this was due to insufficient boilup, gasan turned out to be vapor leaking
16 from the product valves on the side streams. To resolveghisei, we installed an additional small
18 manual valve and a solenoid valve (in series) downstreameo$winging funnels, just outside the
20 column. The opening of the manual valve was adjusted to ertbat there was always a liquid
22 hold up in the glass downcomer under the swinging funnel. additional solenoid valves and
24 the swinging funnel open and close simultaneously duriegcitle. Alternatively, an externally
26 placed liquid seal in the product withdrawal line would hat@pped any vapor from “leaking” by

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

32 Plant-model mismatch

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

45 The experimental data also had some uncertainties. Theimesal results for example in
Figure 12, show some noise in the temperatures. This carsbafirument noise or process noise
due to the use of swinging funnels and not continuous valvgspumps. 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

58 corrected.
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Another source of error can be the column pressure drop,hwkés neglected in the model.
The total pressure drop under normal operation of the colwasabout 1&m of water or about

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

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? To answerubstign, we used the model to
compare the four experimental steady-state runs to opesatinder two “optimal” modes.

In mode I, for a given boilup and with the purity of top prodtﬂxﬁ,eOH) and bottom product
(X 0n) Specified, the objective is to maximize the sum of the pesitif the side products. In mode
I, also for a given boilup, the objective is to maximize thersof purities of all the products.

The two optimization problems (mode | and mode Il) are definadore detail in Table 5 and
the results are given in Table 6. Table 6 compares the prquludies in the four experimental
runs with the “optimal” values in modes | and II. In mode |, wééhe top and bottom purities are
fixed, we find that some minor improvement can be made in thesdi@am purities. The largest
difference is in experimental run 11, where the S1 puritylmammproved from 51.5 % to 65.4 %.
On the other hand, in runs 10, 11 and 12, the S2 purity is dgtbetter in the experiment.

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. The purity of the upper side
products (S1) increased in all the scenarios while the yofitower side product (S2) decreased
in experimental runs 11 and 12.

From the results in Table 6, we conclude that the experinheesgalts are close to “optimal”
operations, as described by mode | or mode II. This showshbdaemperature setpoint adjustment

procedure described in the start-up procedure works well.
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Conclusions

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

©CoO~NOUTA,WNPE

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

11 gave good servo performance for setpoint changes as weadiagsrggulation for a +20 % feed dis-

13 turbance. The same control structure was adopted duringptlestart-up of the column and with

15 the proposed procedure for adjusting the temperature isétpd was possible to use only tem-

17 perature measurements to approach the desired steadyataposition, that is, without needing
19 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 equilibrium stagedels can be used to study the

25 operation and design of such columns.
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20 Appendix

42 Model Details

45 The Kaibel column under study is modelled in Matlab usingesesolumn section$? The model
47 is available at the home page of the corresponding authddk&gestad. We assume constant
49 pressure, equilibrium on all stages, a total condensestaatimolar flows and linearized liquid

51 dynamics. The model equations for a column sections are:

54 1. Total material balance on stage’

57 d
58 aMi =Liy1—-L+Viii -V
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where,M; is molar holdup on stage’; tray numbering is from bottom to top.

L; is liquid molar flow andy; is total molar vapor flow from a stagg’

. component balance on stagdgor a component j’

d
gr i M) = Liva Xj, s+ Ve ¥i ima = Li X i = Vi

where,x; i is mole fraction of componenj”in liquid phase on stage”

. Vapor-Liquid Equilibria

Ideal vapor phase is assumed and the Wilson model is usethédiquid phase activity

coefficients ¢). The VLE is describe by the following equations:
Py =Xy PP

where, P is the total pressure and saturation vapor pres@¥és given by Antoine equation

Bj
Ti + Cj

log PP=Aj —

where A, B and C are Antoine constants dind absolute temperature of a stage 'i'".

. Constant molar flow in a section

Viii=Vi=Vin

This assumption holds well since the four components hawdasi heats of vaporization

(35.3, 38.5, 41.8 and 43Kil/kmo) at their normal boiling points.

. Linearized flow dynamics

Li = Lo + (M —Mo,)/T +Vi—1 —Voii-1
Lo, Vo andMg are nominal values for molar liquid flows, molar liquid flowsdamolar hold
up, respectively at time, t=G= 0.063min.
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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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sim

Table 3: Steady state experimental and simulated composiiin runs 9-12
Experiment Run 9
Feed D S1 S2 B
Component exp&sim exp sim exp sSim exp sim exp
methanol (mol %) 214 96.6 966 31.8 342 O 1.3 0 0

ethanol (mol %)
propanol (mol %)

154 34 34 554 554 168 154 O 0
21.4 0 0 127 103 750 750 74 138

sim

n-butanol (mol %)  41.7 0 0 0 0 82 83 926 982
Experiment Run 10
Feed D S1 S2 B
Component exp&sim exp sim exp sim exp sim exp
methanol (mol %)  20.4 949 949 299 274 O 0.6 0 0
ethanol (mol %) 274 51 51 512 512 59 6.6 0 0

propanol (mol %)

28.5 0 0 189 213875 875 4.6 243

sim

n-butanol (mol %) 23.7 0 0 0 0 6.6 53 954 976
Experiment Run 11
Feed D S1 S2 B
Component exp&sim exp sim exp sim exp sim exp
methanol (mol %)  20.4 927 927 173 148 O 0.2 0 0
ethanol (mol %) 17.6 7.3 7.3 515 515 54 46 0 0
propanol (mol %) 26.7 0 0 312 335896 896 6.7 3.1

sim

n-butanol (mol %)  35.3 0 0 0 01 49 56 933 96.9
Experiment Run 12
Feed D S1 S2 B
Component exp&sim exp sim exp sSim exp sim exp
methanol (mol %)  16.3 944 944 263 223 O 05 O 0

ethanol (mol %)
propanol (mol %)
n-butanol (mol %)

19.0 56 5.6 563 563 101 7.3 0 0
28.3 0 0 173 21.3 8.3 863 64 2.7
36.4 0 0 0 0 35 5.8 936 97.2

Table 4: Degree of freedom in the four experiments 9-12

Run 9 Run 10 Run 11 Run 12
Degree of freedom exp sim exp Ssim exp sim exp sim
Ri1 031 031 015 015 025 025 022 0.22
Ri2 0.93 095 0.98 0.98 0.93 0.95 0.96 0.97
Ri3 094 090 0.72 0.81 0.81 0.86 0.83 0.88
Ri4 0.75 0.87 0.83 091 090 0.91 0.86 0.88
Ry - 03 - 030 - 03 - 032
33
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Table 5: Operation under two optimal modes

Mode | Mode Il

Objective I=Eonteon I = XMeonXetonXBroH PXBuoH
Degrees of freedom Liquid splitratioyR R 1
Distillate split ratio, R, Ri»
Upper side product splitratio, B R 3
Lower side product splitratio, R R4
Vapor splitratio, R Ry

Constraints boilup = nominal boilup = nominal

feed rate = nominal feed rate = nominal
feed composition = nominal feed composition = nominal
feed liquid fraction = nominal feed liquid fraction = nomina
XJeon = NOMinal

B _ .
XguoH = hominal

a@Remaining degrees of freedom are used for liquid and vapeniory control, hence are not available as
degrees of freedom for optimization. The bottoms rate astilldie flow are consumed for level control of
reboiler and condenser, respectively; Condenser dutyniswued for pressure control
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Table 6: Comparison of experiments 9-12 with optimal operain mode | (maximize sum of the purities of side
products) and mode Il (maximize sum of the purities of allpheducts).

Experiment Run 9

D S1 S2 B
mode mode mode mode
exp — " exp """  exp_ 7
component I Il I Il I [l I Il
Methanol 96.6 96.6 89.7 342 289 130 13 0.7 04 00 00 0.0
Ethanol 34 34 102 554 529 712 154 101 134 00 0.0 0.0
Propanol 00 00 0.0 103 181 159 750 80.8 822 18 18 35
Butanol 00O OO OO0 00 01 00 83 84 40 98.2 982 96.5
Experiment Run 10
D S1 S2 B
mode mode mode mode
exp — "~ exp """  exp_ "
component I Il I Il I [l I Il
Methanol 94.9 949 946 274 292 271 06 0.7 06 00 00 0.0
Ethanol 51 51 53 512 536 536 6.7 86 7.7 00 00 0.0
Propanol 00 00O 00 214 171 19.2 875 855 830 24 24 35
Butanol 00O OO0 00 01 01 00 53 51 36 976 976 96.5
Experiment Run 11
D S1 S2 B
mode mode mode mode
exp — " exp """  exp_ 7
component I Il I Il I [l I Il
Methanol 92.7 92.7 929 153 183 188 02 05 05 00 0.0 0.0
Ethanol 73 73 7.1 515 654 642 44 117 109 0.0 0.0 0.0
Propanol 00O OO 00 330 16.2 169 896 832 847 32 32 38
Butanol 00O OO 00O 01 00 00 57 46 39 096.8 96.8 96.2
Experiment Run 12
D S1 S2 B
mode mode mode mode
exp — "~ exp """  exp_ 7
component I Il I Il I [l I [l
Methanol 94.4 944 90.1 223 23.3 145 05 07 04 00 0.0 0.0
Ethanol 56 56 99 56.3 603 698 73 104 119 00 0.0 0.0
Propanol 00O OO 00 213 164 156 86.3 836 836 28 28 40
Butanol 00O OO 00 01 00 00 59 54 40 97.2 97.2 96.0
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