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the temperature increase is fast as a step change, later this increase slows down,
until the temperature settles on steady state. Once the top of the columns is heated
up, the vapor enters total condenser, where it changes its state, and flows back into
the column as a liquid. In figure 5.8, as T1 increases to stable point, most of
the other temperature starts decreasing towards the steady state, or continues in
increasing towards it.

The stabilization of the column into the steady temperature profile lasts ca
one hour. It is clear from the figure, that the changes after initial fast increase
for individual temperatures differ. This is due to diverse effects of vapor flow, and
liquid flow in opposite direction. The change in liquid flow is induced by vapor flow,

and naturally slower phenomena in general as liquid flows through the column.

Pressure

Figure 5.9 shows pressure change in pressure drop.

The pressure increase started with the increase of T16 reboiler temperature.
The increase slows down at 300 and 650 Pa, which agrees with the stop in in-
creasing temperature in reboiler at about 30°C and 32°C. Then both, pressure and
temperature start increasing again. Once T16 finishes the first jump, pressure is
about 920 Pa, at the same time the T15 temperature starts increasing, followed by
other temperatures. As the column is heated up, pressure drop increases, until the
top is heated up (T1), and pressure drop stabilizes at maximum, 2.1 kPa.

Pressure drop is increasing with increasing of the height in the column, which

vapor flow can reach before condensates.

5.2 Control Experiments

Different control structures for Kaibel distillation column were tested. Four to five
feedback control loops regulates chosen temperatures alongside the column. The
three loops are controlled using liquid split product valves D, S1 and S2. The forth
loop uses liquid split RL, or vapor split RV as manipulated variable. In 5-point

temperature control, both vapor and liquid split in use.

5.2.1 Liquid Split Control

Closed loop experiments for 4-point temperature control were carried. TP5 tem-
perature was used as a controlled temperature for liquid split control loop RL, the

other three control loops use product valves D,S1,S2 as manipulating variables.
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Figure 5.9: Heat-up of the column, pressure evolution during start up.

These experiments verify current controller settings, and serve as a comparison
to other control structures. The response to setpoint changes of all controlled

temperatures was measured together with rejection of disturbance of feed rate.

Feed-rate Disturbance

The figure 5.10 shows disturbance of the feed rate of 20%. The feed rate was
increased from 3 to 3.6 1/h at 9:38, and lowered back at 10:06.

In two minutes after the step change, the RL and S2 control loop are unable to
keep the setpoint temperatures and start decreasing. Both controllers compensate
for the disturbance, S2 temperature reaches desired setpoint in 10 minutes, while it
takes more than 15 minutes for the RL. This is due to lower gain of RL controller.
The magnitudes of the changes are 0.5 °C for both temperatures. Similar responses
are seen for the step back.

The other control loops — D, S1 - seems unaffected, this is due to farther distance
from the feed. Increase in feed rate causes higher load in the column. It is clear
from the figure, that the S1 controlled temperature T7 is more noisy compare to
the other temperatures, this is not due to difference of measuring device, but due to
proximity of the top of the main column branch, where colder liquid meets warmer

vapor, and temperature varies locally.
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Figure 5.10: Closed loop experiments, 4-point temperature control liquid split,
disturbance rejection: + 20 % feedrate at 9:38 and — 20% at 10:06, D setpoint
change from 70°C to 69°C at 10:33 and back at 10:53.
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The main disturbance is due to bigger load of colder feed entering the column.
The feed temperature is around 40°C for temperature setpoint of feed heat element
at 60°C. As the larger load is distributed through prefractionator, it affects RL
temperature TP5 and continues down towards reboiler, where S2 temperature T13

is affected.

D Setpoint Change

The same figure 5.10 shows the responses to change of setpoint in D temperature
T2 from 70 to 69°C at 10:33 and 10:53 back. The D temperature reaches new
setpoint in ca five minutes after initial change for both steps, for the step back the
D temperature overshoots the setpoint. The effect on other loops follows.

RL temperature is driven away for ca five minutes, with magnitude of this
changes less than 0.5°C in the same direction as D temperature changes. For S1
temperature, it is clear that some disturbance occurs the step down is not as visible
in the noise, while step up shows increase in temperature for almost 1°C before it
settles back in three minutes. The effect on S2 loop is rather small, following
the same direction as RL with smaller magnitude, there is a small decrease in
temperature after the second step, this can be explained by effect of other loops —
RL, S1, which are settling.

The other loops are affected by the amount of liquid flowing from the top of
the column, D manipulated variable.

The following figure 5.11 shows change in setpoints in variables RL, S1 and S2.

S1 Setpoint Change

New temperature setpoint for S1, is reached almost immediately after the step at
8:54. The other temperatures are almost unaffected, smaller changes are visible for
RL and S2 in the same direction, but this effect is so small, that it can be explained

as well by variation due to change in composition.

S2 Setpoint Change

The change in S2 temperature setpoint starts at 9:35, new setpoint is reached in
ca 7 minutes. The response to step back is bit faster, setpont is reached in 5
minutes without any overshoot. During the fist step, the S2 manipulation variable
saturates for initial response. These changes have no visible impact on the other

control loops.
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Closed loop experiments, 4-point temperature control liquid split,

Figure 5.11:

setpoint changes +- 1°C: S1 starts at 8:54, S2 starts at 9:35, RL starts at 10:01.
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RL Setpoint Change

At 10:01 the setpoint changes in RL were introduced. For step down, the new
setpoint is reached after 10 min, for the step up the response is similar and it
overshoots the setpoint first. This change has an effect on S2 controlled tempera-
tures, while the other two are intact. The S2 temperature is disturbed in the same
direction as the change of RL with the magnitude of 0.3°C.

To conclude, the manipulated variables are able to handle all of the introduced
changes in reasonable time range. They operates in rather narrow range without
getting saturated for most of the cases, which agrees with the sensitivity of con-
trolled variables. The saturation in small scale occurs for S2 temperature change

for initial response of the controller.

5.2.2 Vapor Split Control

The usage of vapor split as a manipulated variable brings several challenges. As it
was mentioned, two vapor split valves situated in prefractionator and main column
enables the control of vapor split in whole range. The steps of valves are quite rough
due to over-dimension of the equipment, and in several occasions, the slipping of

the stepper motor, which moves the valves, was observed.

Open Loop

The open loop step response experiment was used to estimate the correct param-
eters for vapor split controller RV. The controlled temperature in RV loop is TP7
which is the most sensitive temperature, verified by experiments carried by Dwivedi
(2013). The manipulated variable RV range from 0 to 1. This value is translated
into position of the valves as explained in Experimental Setup.

The steps were conducted in whole range of RV, the response of TP7 is captured
in figure 5.12. It can be seen that the magnitude of the responses are dependent
on the position of the initial and final value of manipulated variable, i.e. the
temperature change is nonlinear to the change of RV.

First, set changes were conducted close to the middle value of 0.5, which agrees
with position where both valves are open. It can be observed, that the temperature
responses are of small magnitude. The first high peak at 115°C was caused by lack
of feed entering the column, and hides the response to the step change from 0.3
to 0.7. Later, the step changes were conducted closer to the edges of the RV
range. The temperature responses has larger magnitude compare to previous step
responses. The actual steps and temperature responses are summarized in a table
5.3.
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Figure 5.12: Open loop experiments, 4-point temperature control vapor split, RV
step changes.

RV ATp;
start - final [°C]

0.5 -0.35 no visible change
0.35 — 0.65 0.37
0.65 — 0.5 0.26
0.5-0.3 0.5
0.3-0.7 disturbance
0. 5- 0.7 0.5
0.7-0.9 6.3

0.9 -0.1 unstable
0.5-0.3 0.3
0.3-0.1 2.9

Table 5.3: RV Open loop step changes, ATP7 response after 5 minutes from the
initial change.
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Controller Tuning

It is clear, that the magnitude of TP7 temperature responses towards RV varies
along the range of manipulated variable. This change of sensitivity, can be also
concluded from active vapor split experiments presented by Dwivedi (2013). Their
controller tends to keep the RV at positions close to the boundaries on both sides,
where the temperature is more responsive, while the middle range is almost unused.

This causes difficulties to find correct parameters of the controller. The con-
troller gain Kp is dependent on the step position, therefore the computed values
varies from 0.09 for the edges to 10 for the middle range.

Different controller settings and boundaries of manipulated variable were tried.

To summarize the observations:

e For large gain the temperature responded for changes close to middle range,
but was unstable for changes close to the edges.

e For smaller gain, the responses at the middle range are not observable, and
the controller tends to saturate in one of the extremes, and doesn’t reach the

desired steady state.

e RV boundaries 0.1 — 0.9 were used in most of the experiments to avoid com-
plete closing of vapor flow through one of the branches. Experiment with
lowering of the boundaries to 0.3 — 0.7, and thus usage of middle range only,

in combination with large controller gain did not bring desired effect.

It was conceded, that the main problem lies in the uncertainty of the responses
in the middle range, where the switch between vapor split valves occurs. It was
assumed, that some nonlinearity could be removed by using one valve only for
control of the vapor split, and lower the RV range to one half.

From open loop experiments, it is concluded that the controlled temperature
TP7 is more sensitive towards the changes of RV in its upper range. Note, that
observation of the last open loop steps 0.5 - 0.3 and 0.3 - 0.1 could have been biased
due to big disturbance caused by previous step 0.9 - 1. Even if the sensitivity is
the same for both valves, the possibility of measurement bias justify the choice.

Therefore, the boundaries of manipulated variable RV were set <0.5, 0.9>,
which means regulation of the vapor slit by split valve in the main column only.

The controller parameters were computed from the step change 0.7 to 0.9. The
SIMC rules for integrating processes (Skogestad (2003)) were used. The parameter
estimation for tau, =2min, results in Kp =0.09, 77 =8. This controller would be
able to cover the changes close to upper boundary, due to small gain, but would

not be that responsive at lower part of the range.
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The setpoint temperature for controller was found by setting RV to manual
control at value 0.7. To avoid temperature drift and maintain control of the pre-
fractionator, the RL control of TP5 was turned on. Once, the steady state was
reached, the RL control loop was turned to manual, and RV control loop was

turned to on.

RV Setpoint Change

From figure 5.13, it can be seen that RV controller is able to keep steady state.
The step change of RV controlled temperature TP7 was introduced. The response
to step up is rather slow, controller steps from 0.7 to 0.8 almost immediately, but
it takes more than 15 minutes to reach new setpoint. There is visible pause, where
temperature stops increasing, this can be due to delay in between proportional and
integrating action of the controller, or due to some disturbance in feed composition.
The other control loops are unaffected by this change.

The TP5 temperature increases as the temperature in whole prefractionator
arise with larger vapor flow. The temperature responses for change of vapor flow
were captured, and are presented in Appendix B. To conclude, the temperature in
prefractionator increases with step up, and decreases with step down, the effect is
largest at the bottom of the branch, whereas at the top of it the change is hardly
observable. The main column seems unaffected by this changes, temperatures in
the bottom of the main column varies, but no visible trend is observable.

The step down in setpoint is faster compare to step up, in 10 minutes temper-
ature is close to new steady state. However, the temperature stays ca 0.3°C higher
than the steady state, the controller is unable to reach it in observed time range.
During the step down, RV manipulated variable reach values around 0.6, where the

temperature sensitivity to RV change is weak.

RL Disturbacne

The controller settings were tested for capability of disturbance rejection. The step
change of liquid split RL was introduced into the system, see figure 5.14. The step
from 0.4 to 0.45, increased the liquid load into the prefractionator. TP7 controlled
temperature decreases from steady state for five minutes, with the lowest value
differing from setpoint about 1.5°C, before it starts increasing and reach setpoint
in ca 10 minutes. The S2 controlled temperature T13 follows the same trend with
lower magnitude.

The manipulated variable increases before it almost saturates, and stays at 0.88.

After the disturbance is introduced, the oscillations of the controlled temperature
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occur. The oscillations are locally distributed in the system, which it is visible from
oscillations of the S2 controlled temperature, but not from the others.

RV at 0.9 means that most of the vapor flows into prefractionator, as vapor
split valve in main column is almost closed.

The RL step from 0.45 to 0.4, decreases the liquid load, and TP7 increases
about 0.5°C before it settles back in ca 10 minutes. The oscillations disappear, as
RV controller decreases from saturation. This trend can be seen for S2 temperature
as well.

From the system reaction to RL at 0.45, stabilization of RV close to its limit
can be concluded that for given settings the system is on the edge of stable oper-
ation. Settings includes feed rate, energy input, controller settings, boundaries of
manipulated variables, and setpoint temperatures.

In this case, the newly introduced were RV controller settings and boundaries,
and RV temperature setpoint. The setpoint temperature was set the same way as
for RL controlled temperature; after start up, manipulated variable was kept at
desired steady state value manually, until the temperature settles, and then the
control loop was introduced. The temperature profile of prefractionator is strongly
dependent on feed composition, which slightly vary from batch to batch. For these
experiments, batch is formed by recycling products from product tanks and by
removing part of the butanol which accumulates in reboiler during operation.

The lowering of setpoint temperature would allow to move from the saturation

and avoid oscillations.

S2 Setpoint Change

The setpoint change for S2 controlled temperature T13 was introduced into the
system, see figure 5.15 The new steady state was reached after five minutes from
the initial step change at 9:58. The RV controlled temperature TP7 lowered bellow
setpoint, but not immediately after the step change, thus there could be other
reasons for this behavior. During this step, some small oscillations of RV, D and
S1 controlled temperatures occurs. This oscillations stays after the step change in
S2 setpoint back to initial value. It takes 15 minutes for S2 temperature to reach
the desired value after step back, the TP7 is increased temporarily to 90°C after
the new steady state of S2 is reached.

It can be concluded that, while the controller settings are not ideal, it is possible
to reject setpoint changes and disturbances in reasonable time. The controller’s
optimal value lays in good operating range, and avoids saturation, and complete

closing of the vapor valves.
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Oscillations were observed close to the upper boundary for RV. This can differ
for various setpoints for TP7. The other reason could be rather narrow boundaries

for liquid split RL (and chosen steady state). This idea is covered in Discussion.

5.2.3 5-point Temperature Control

Experiments were carried to verify new control structure, which was introduced
to improve the control of the column. The goal was to use two different temper-
atures in prefractionator as controlled variables for two separate control loops to
improve the speed of stabilization of the prefractionator temperatures. The ma-
nipulated variables available to use are liquid split RL and vapor split RV. The
vapor split control temperature is the same as in previous experiments, TP7 on
the bottom of the column is the most sensitive temperature for vapor split. The
same controller settings were used as in previous case. The possible temperatures
for liquid split control were TP1 to TP6. Temperature TP5, the most sensitive one
towards the RL, was declined due to high sensitivity towards the change of vapor
split, and the same reasoning applies to TP6. The two control loops would con-
tradict each other. TP4 is temperature measurement by feed entrance, therefore
the temperature variations are rather large and the temperature is most sensitive
to disturbances in feed rate, its temperature and composition, which summarize
the reasoning against using this temperature. TP3 measurement sensor is strongly
biased, unavailable for control purposes. The remaining temperatures TP1 and
TP2 have similar sensitivity towards RL variations, and the influence by vapor
split variation is smaller compare to TP5. Both temperatures seems as acceptable
choices for control variables.

Open Loop Experiments

As the first open loop experiments, figures 5.16 and 5.17 showed varying result,
more experiments were conducted to uncover the behavior. For experiments on
figures 5.16 and 5.17, S1 and S2 control loops were turned on.

Figure 5.16 shows temperature responses of TP1, TP2 and TP5 to step in RL.
After the first step change, RL from 0.5 to 0.3., the TP5 temperature starts in-
creasing; both TP1 and TP2 show small inverse response before start increasing.
A smaller RL step in opposite direction induces decreasing of all studied tempera-
tures.

In figure 5.17 is shown rest of the results from the same laboratory run. The RL
step change from 0.5 to 0.4 and back is introduced to the system. TP5 increases

and decreases accordingly. The response from TP1, and TP2 is weak, again the
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Figure 5.16: Open looop experiment, 5-point temperature control, RL step change,
TP1, TP2 and TP5 responses, closed loops D, S1, S2, open loop RV.

inverse response is observed. In this case, this inverse response last longer compare
to previous figure, and its magnitude is almost larger than the rest of the step.
The other set of experiments were carried to uncover the changes. The control
loops S1 and S2 were set to manual at steady state values to eliminate the influence
of respective control loops. RL was changed from 0.4 to 0.6 and back, see figure
5.18. The TP1 and TP2 temperatures show yet another not predicted behavior.
As the RL is increasing, the temperatures start responding in “correct” direction
(the same as TP5), but then starts increasing until reach peak and lowers bit again,
where it settles. After RL step from 0.6 to 0.4 is introduced, TP1 and TP2 starts

decreasing, the minimal values are reached and then increase towards steady state.

In comparison to other controlled temperature, the TP1 and TP2 copies the
response of S1 controlled temperature T7, and consequently D controlled temper-
ature T2. Since the S1 loop was on manual, the liquid split change influenced T7
and caused variations, which were distributed to prefractionator.

The last open loop experiment was conducted with all control loops closed,
namely D, S1 S2 and RV. Results are presented in figure ZZ. TP1 and TP2 shows
similar behavior as TP5 with smaller magnitude. After five minutes from original
change, the open loop responses are reversed by RV control, which tries to remove
the liquid split disturbance. The controller settings were calculated from initial

Jun 01, 2018
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Figure 5.17: Open looop experiment, 5-point temperature control, RL step change,
TP1, TP2 and TP5 responses, closed loops D, S1, S2, open loop RV.
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Figure 5.19: Open looop experiment, 5-point temperature control, RL step change,
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responses.

Controller Tuning

The SIMC rules, by Skogestad (2003), were used to find the controller parameters.

Two different values of 7, parameter were tried. Controllers with 1, = 1min,
were too fast, and the liquid split variations were too big — changing from 0.3 to
0.6 every couple of minutes. This would cause big variations inside the column,
and even instability.

For 7, =2min, the parameter the RL variations are lower. The controller with
parameters Kp = —1, and 7; = 8 is shown in figure 5.20. TP1 controlled temperature
is increasing, but the increase of manipulated variable RL seems to only worsen it.
Then, RL is set to manual. It seems that for bigger variations of liquid split RL,
the “inverse” response prevail, and temperature TP1 shifts in the direction of T7

change.

5.2.4 Pressure Drop Modeling

Simulation results are summarized in table 5.4. The pressure values are smaller
compare to experimental results. This can be due to the used equation, which was

derived for columns with larger diameter. From experimental studies on random
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Table 5.4: Results for pressure drop modeling

Reb. duty RV total pressure pressure P pressure M molar flow P molar flow M

- - [Pa] [Pa] [Pa] [mol/s] [mol/s]
2 0.5 455 98.15 98.15 0.0225 0.0266
2 0.3 456.3 98.89 98.89 0.0224 0.0267
2 0.1 457.67 99.6 99.6 0.0223 0.0268
2 0.7 457.63 99.37 99.37 0.0226 0.0264
2 0.9 460.17 100.56 100.56 0.0227 0.0263
1.8 0.5 265.7 57.31 57.31 0.0172 0.0203

packing, it is known that the dry pressure drop is smaller for smaller column diam-
eters. Parameter can be introduced into the pressure resistance equation for fitting
of the model to experimental results. The model shows expected results for change

of reboiler duty, and the vapor split change.



Chapter 6

Conclusions, Discussion, and

Recommendations for
Further Work

6.1 Discussion

The discussion chapter focus on description of peculiar behaviors, the most relevant

discussion is in Result section.

Pressure Measurement by Vapor Split Valves

The valves are equipped with two horizontal tubes with ca 5mm in diameter. Pres-
sure measurements were realized using silicone hoses molded in U-shape with one
end connected to the horizontal tube emerging from the vapor valve, and with the
other end open to the atmosphere.

It was observed, that some liquid was accumulated in these tubes, and also par-
tially in hoses. The main reason for it is seen in condensation of vapors in narrow
passage, where it stays and eventually forms liquid plug, which biases the measure-
ment. Capillary forces can be other reason for liquid accumulation, probably these
forces enhances the first effect.

There were several signs, that measured values were incorrect. The two mea-
surement points, PB and MB, which denotes the pressure bellow respective vapor
valves, sometimes differ, even-though the measured pressure should be equal, since

there is no packing or other internals between these two points. Also, as the lab-
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oratory run progressed in time, the measured values were getting lower, and some
even got into negative, which would indicate pressure in the column lower than in

atmosphere.

Pressure Buildup by Side Stream 2

Different approaches were introduced to en light the phenomena of pressure build
up and pulsating. The pressure build up was observable on liquid seal by side
stream 2 (S2), which is also used as pressure measurement. The pressure increases,
sometimes in form of pulses. Once the liquid seal is overcomed, the vapor is leaking
from the column through S2. The pressure increase is distributed inside the column,

the vapor leakage stops the vapor flow into the upper part of prefractionator.

The larger liquid seals to were equipped to the column for S1, and S2. The
effective height of these U tubes is ca 35cm. During experimental run, even these
new liquid seal was overcomed. This observation denotes pressure equal to more
than 35cm of height of liquid column. In comparison, the normal liquid column
height for total pressure drop in reboiler for this operation is ca 25-30 cm. Since
the pressure was larger, than total pressure drop in whole column, the source of

pressure build up has to be external.

Finally, the pressure phenomena was explained. The S2 product tube is quite
narrow, and on its way to product tank has to do two 90° turns, and leads almost
horizontally. The tube was replaced by wider silicone hose, and it was observed
that the liquid is accumulated above the entrance to the tank. The problem lies in
small throughput of the tank. When the liquid plug is formed and the pressure by

S2 is increasing.

Experiment — Model Mismatch

The simulation results show that model describes the phenomena rather well, but
the magnitude of these changes is low. In Mackowiak and Macékowiak (2014) is
written that - for random packing - the dry pressure drop depends on the diameter
of the column. This could explain the experiment-model mismatch. Parameter can
be introduced for better fit.

The other option could be that the chosen approach for estimation of pressure
restrictions is unsuitable for given experimental column. The empirical equation is

denoted for columns with considerably larger diameters.
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6.2 Conclusions

The theoretical part provides introduction to problematic of Kaibel column, divid-
ing wall columns, and other thermally coupled arrangements with focus on control
approaches. The practical implementations of vapor split control were shown. The
other part focus on pressure drop, and different approaches of pressure drop esti-

mation and modeling.

The pressure drop evolution in Kaibel column was studied experimentally. The
pressure drop is strongly dependent on energy input. The total pressure drop
increases, if one of the branches is closed, and the magnitude depends on amount
of packing in given section. The composition is also important factor for pressure
drop, the feed with higher molecular weight, the pressure drop is higher. The

change of liquid split does not have particular influence on pressure drop.

The model for pressure drop in Kaibel column was created. The model is able
to compute steady state values for total pressure drop, pressure drop in prefrac-
tionator, and main column, and vapor flows into respective branches. The input
variables are reboiler duty, vapor split and temperature and composition in reboiler.
The simulations show expected dependency on reboiler duty and vapor split. The

model was not fitted to experimental data.

The four-point temperature control of Kaibel column was studied. Control
structure with liquid split control can reject feed disturbances, and setpoint changes

of all variables.

The control structure with vapor split was introduced, and the open loop re-
sponses were studied. The sensitivity of controlled temperature is strongly depen-
dent on the position of the step change in manipulated variable. The controller was
tuned using only one of the valves to avoid non-linearity in responses, and avoid
saturation at boundaries. Even for this one-valve-control, the system was able to
reject setpoint change, liquid split disturbance and setpoint change of side stream

2 control loop temperature.

The five-point temperature control of Kaibel column was studied. The addition
of second control loop to the prefractionator enables both liquid and vapor split
control. The open loop responses for preferred controlled temperatures in prefrac-
tionator were conducted. The temperatures on top of the prefractionator show
incoherent responses, and the strong dependency on control loop S1 was found.
The sensitivity towards the liquid split is rather low. The steady operation closed

loop operation for 5-point control was not reached.
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6.3 Recommendations for Further Work

e Re-tune vapor split controller for wider rejection
e Try other controlled temperatures for five point control

e Fit the pressure model to experimental data



Appendix A

Acronyms and Abbreviations

DWC(s) Dividing wall collumn(s)

GDPR Generalized pressure drop correlation
B Bottom product

D Distillate, top product

RL Liquid split

RV Vapor split

S1 Upper side stream product

S2 Bottom sidestream product
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APPENDIX A. ACRONYMS AND ABBREVIATIONS
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