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ABSTRACT

A linearised dynamic model of a 10-plate binary .
distillation column was obt-ained by perturbation technique.

The control of the column was considered by two
methods: one fnanipulated variable (reflux) control and two
manipulated variables (reflux and reboil) control. These methods
were studied on an é.naiog computer‘. In Both cases optima‘.l
parameters of the controllers were obtained by integral of the
square error criterion for disturbances in the feed composition,
The effect of interaction in two manipulated variable control was
also studied. It was concluded that two inanipula.ted variable
control was practical since it ensures reliability in the operation

of the column.
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CHAPTER I

i) Introduction

The grdwing demand for products and human endeavor to

- achieve the target at the minimum cost, labor and time, introduced the

use of machine. In view of man's incapability for quick and accurate
adjustment, automatic control of mach_ine was considered necessary and
units called ''controllers' were invented to replace mariual supervision.,
Process control engineering is the design and study of guch controller
systems as showp in Fig, 1.1.

In oﬁ’én loop control systems, actual output may be different
from the desi‘red output if the components of the systém are sensitive to
environmental changes such as temperature, humidity, etc. To overcome
this drawback of open loop systems, the concept of feedback as.shown in
Fig, 1,2 was introduced. In this type of system, error signal is obtained
from the comparison of actual output and the desired c;utput. Such a '
system automatically attempts to bring the actual output to the desired
level and in this way corrects the difference between the two. In addition,
proper feedback tends to linearize the system and minimizes the effects
of time constahts, which makes the system faster and smoothefc. The
only disadvantgge of the feedb;ck, is the possibility of the system becoming

unstable,

ii) Process Identification

Transfer Functions:.

By definition, the system transfer function is a linear system
concept. Physical systems are always nonlinear to some extent depending
on their components, Therefoz;e, transfer functions are obtained by
linearizing the system for certain range, beyond which the system character-

istics change and a new transfer function will be required.
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The system transfer function is obtained either analytically
from the physics of the system and from the manufacturer's data or,

experimentally, or by a combination of these two methods. . Since in

- automatic control, dynamics of the system is involved, the experimental

technique for the identification of the transfer function is the only
practical method. Prior to the application of this technique, the

following factors must be examined.

1) Whether the normal signals in the system are sufficient
for the determination of the transfer function or some external test
signal is required; in the latter case what should be the form and

magnitude of the“"signal?

2) Whether the stored energy in the system is to be
considered or ignored, or a method could be devised, which is inde-

pendent of stored energy?

The difficulty in the process 1dent1f1cat1on depends upon
the extent of nonlinearity in the system. If the system is highly non-
linear, then it should be linearized around the operating poipt. In that
case, the amplitude of the test signal should be chosen with 'greét care

as with a large amplitude of the disturbing signal, the system could

become nonlinear and even unstable, The following methods are.commonly

used in the process identification.

a) Frequency Response Method:

This technique involves the measurement of gain and
phase characteristics of the system as a function of frequency. The
test signal is injected when the system has attained steady state condi-
tion, The frequency of the test signal is varied and the output in the
form of gain and phase is recorded. The steady state transfer functioﬁ

of the system, then in general, may be written as:




L=

-

Thw) = 2 (W) 1.1
where _
Ci(jw) is the output of the system.
R(jW) is the input to the system,

The %na‘gnitude of the input signal is also varied to
check the behaviour of the system at different input levels. This
technique requifes a large number of tests. Also, it is{slow and time
consuming, but the accuracy with which it determines t};e process

transfer function justifies its use in a great aumber of cases.

b) Impulse Response Method:

This téchnique determines the system characteristics
in time domain. Step response, which is the integral of the impulse
response is sometimes more suitable in practice. Impulse response can
be measured experimentally in a:ny of the following three ways. ’
1) Exciting the system with an impulse and measuring the response,
2) applying a random signal to the process and measuring the impulse
response, 3) exciting the system with any iﬁput signal r(t), starting
at t = 0 and measuring response c(t). If the system has no stored
energy at t = 0, then the impulse response can be repreéented by the

convolution integral.

c(t) = g(x) r(t-x) dx.

A description of these methods can be found in literature L 2. In
general, after the data of impulse or step response is obtained, the
transfer function can be determined graphically. When the aiaproximate
shape of the curve is known, i:he identification of the transfer function

can be obtained accurately by either the digital or the analog computer.




-5-

This technique ié simple and fast as _compéred to frequency
response method, hence it is more economical. However, the errors
in the measurement of the transienf response effect the transfer function
more than the errors of frequency response. Also, repeafed impulse
responses are used to average out the effect of noise, whereas noise has’
no signifié:ant effect on the measurement of frequency response method.
The choice betwéen frequency and the impulse response methods depends
upon several considerations, such as the nature of the test, availability
of the equipment and the factor of time.

The identification of a §rocess can also be carried out by
the so called ”hi}l-climbing" technique. This technitiue involves the
comparison of the outputs of the ﬁrocess and a model for the‘ same input.
The resuiting error is used to drive the model paramei':ers to their
correct values. |

Once the transfer function of the process is determined, the
process along with its accessories can be instrumented on an analog
computer for synthesis. Prior to the discussion regarding the determi-
nation of the traﬁsfer function of the‘controller, some discussion on the
optimal control and the performance criteria seems appropriate. In
general, the performance criterion is the deciding factor in the deter-

mination of the controller transfer function.

iii) Optimal Control

An optimal control of a process is defined as one which
drives the process towards optimum with respect to a certain perfor-

mance criterion, The following steps are essential for this approach.

i) Choice of a suitable performance criterion.
ii) Identification of 'the current value of the
performance criterion.
iii) Comparison with recent test value of

performance criterion.




R

.-6-

iv) Decision to move to a state, where a better
value of the performance criterion i'nvay be
expected,

v) Repetition of the cycle of the above operations,

The major pal;t of this discussion will be centred around
steps i). Steps (ii-v) will be considered when hill-climbing will be

discussed in section (v-b) of this chapter.

iv) Choice of a Suitable Performance Criterion

Performance Criterion:

A system is required to perform a certa1n function in a
certain environment and the measure of how well thlS function is
performed is called the "performance criterion',

. The criterion'used to define an optimum design will depend
upon the application of the system being considered. For example,
the cost of the power produced could be the criterion on which a power
plant design should be optimized for an electric utility application,
whereas weight would be more important criterion for dptimizing the
design of an aircraft system. In a formal mathematical language, the

performance criterion 'P! may be defined as

P= f,o(x Yo eens ,xn)

1

Subjects to the constraints
fi(xl,.....,xn))o i=1,.....m,

where xi's are the system variables, which influence its performance,

In general, the following factors influence the choice of °

the performance criterion.
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i) The output may be é function of more than
one variable, S

ii.) The effects of interaction among the
controlled variables may be such as to

- decrease the efficiency of the original

.. change,
iii)  More than one objective may be involved.
iv) The number of possible courses of action

can be very large.

The;. selection of the proper performance criterion should,
therefore, tak‘,e all these conditions into consideration.

After this brief introduction to the idea of performance
criterion, its choice for the optimal control of follow up, regulators,

end-point and batch~process control is considered.

SERVOMECHANISMS:

These are tracking devices, which must slavishly fqllow
an input signal, usually with power amplification and at a distance and
often in the presence of unmeasurable and uncontrollable disturbances
as shown in Fig. 1. 3. Familiar examples are radar gun.aiming, power
steering of land, sea and space vehicles, control valve actuations, etc.
For such devices, a satisfactory dynamic response dépends on the
performa.ncé cfiterion.used. Servomechanism is made adaptive by
the introduction of a regulator loop to maintain a conétant optimum
performa.n-ce criterion, Here, "adaptive" is used in the sense of optimal.
This ambiguity is quite common in literature. Fig. 1.4 shows one such

scheme for adaptive control.

REGULATORS:

These are the devices, which are required to maintain

a constant output in the presence of disturbances as given in Fig, 1. 3.
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Familiar examples are pressure,l temperature, voltage, etc. and
disturbances may be the volume flow rate, heat flow rate, current,
etc.

In regulating systems and process control the perfor-
mance criterion.should, therefore, be either error or some function
of the error or a function of several such variables, which influence
the output, For the maximum outpﬁt, the system should always be
operating at the optimum value of the performance criterion.
However, in the presence of disturbances and paraméter changes,
this optimum x}alue of the perforrﬁance index will generally'drift.
The process of tracking this optimal value of the perférmance_criterion

is that of optimization.

END-POINT AND BATCH PROCESS CONTROL:

In the end-point or batch process control, zero error in
the end-point condition is more important than the energy consumption.
Therefore, the performance criterion should be a function of end-

point conditions.

PROPERTIES OF THE PERFORMANCE CRITERION:

The performance criterion should have the following

attributes3:

i) Selectivity: that is, fhe extremum value
of the perforfnaﬂce criterion should be
sharp enough so as to clearly define
the optimum controller parameters.

2) Ready Applicability: The performance

criterion should be such that it coﬁld
be handled conveniently either analytically

or on an analog or digital computer.
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DYNAMIC PERFORMANCE CRITERION:

In the early devéloprﬁent of the servomechanism theory,
the design was based mainly on trade-off between stabi‘lity and
sufficient speed of response. The optimum conditions, then, were
obtained by éolving the three term controller or using compensation.
S‘ome of the'commo‘n performance measures are given in Table L. a.
Some of these measures are shown on the transient response curve

for a step input to a third order system, as in Fig, 1.5,

»» Max. overshoot

output .
Steady state

position error

input - -‘-_-./ e [ o L
// Y, z7rz

|
!
I
!
l
|
|
I
|
I
|
!
|
I
|
|
I
J

€
| Rigt

Settling Time

Y

) 4

F1g 1.5, - Transient Response of a 3rd Order System
‘with Proportional Control,

‘The shaded area in the response curve is contributed by rise time,

overshoot, settling time and steady state error and is the measure
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of the imperféction in the system performance. Therefore, the
minimization of this area will obviously bring the system to the
optimum. With the dévelopment of the control theor}‘r, greatér
interest was focussed on impﬁlse. or step response, wherefrom it

was realized that'error was~the measure of imperfection in a system
and it should be as near to zero as possible in the transient as well
steady state conditions., Thus a performance measufe, which is a
function of error can be used as a criterion for the optimization of

the system. Some of these measures are enlisted in Table L. b,

These measures are reliable, as they relate error, which is the
measure of imperfection of a éystem. The relative selectivity of these
measures is shown in Fig, 1,6. Regardirig the ready applicability,

these measures can easily be instrumented on an analog computer.

Table I: Dynamic Performance Criteria

a) Simple Dynamic Measures,

i) .Natural Frequency.
ii) Damping Ratio.
iii) Bandwidth,
iv) Phase Margin,
v)- Gaiﬁ Margin.
vi) Rise Time. _
vii) Maximum Overshoot.
viii) Settling Time.
ix) Steady State Error, Position,

Velocity.
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b) Integrated Transient Measures.

oo
Integral square error, I.S.E,. 4 g [€(t)] 2 dt,
' o
0o ‘
' 56,7,8 ‘
Integral error (control area) C.A. €(t)dt.
o

(= -]

Integral time multiplied error, ? ITE O( te(t)dt.

0

Integral absolute errorlo’ 11, IAE f lﬁ('t)Idt.

o o
Integral time multiplied absolute error °

3 ( t|e(t) at.
ITAE . o

Impulse response are ratio IRARIZ -%}—

c) Average Statistical Measure,

“T»oo

T .
raml3 1 2. |
Mean Square error MSE .~ 'Lim [ 3T [ : [e(t)_] | dt ]
-T

This section may be concluded with the remark that integral

time multiplied absolute error criterion is more selective and does not

penalize instantaneous errors, and it results in a satisfactorily damped

system,

In case of regulators, as mentioned earlier, performance

criterion is either error or a function of the error and the perfor-

mance criteria listedinTable I.b, are readily applicable for optimal

control,

: s 14 . .
One performance criterion = recently introduced is a two

objective criterion in which the following integral is to be minimized.

e
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[ -] )
o( [fl(e) + fz(Yn)]dt.

where

fl(e) is some function of error.

fz(vr\i is some function of manipulated variable.

DETERMINATION OF CONTROLLER TRANSFER FUNCTION.

a) Simple Time Invariant Systems:

"These are the sysfems whose describing equations
are completeﬁr known. They are simulated on an analog computer,
usually with a three term controller. The controller parameters are
chosen with respect to the selected performance criterion. The
optimum value of the perfdrmanc_e criterion results in best parameters
of the controller and hence an optimum system. One such scheme is"’
shown in Fig.n 1.7. If "“integral square error' criterion is chosen,
the system equations can also be solved by usual mathematical techni-

ques and optimum parameters of the controller obtained.

b) Complicated Time Variant Systems:

When little is knéwn about a time varying system, and
also, the perfgrmance criterion is a function of several variables with
certain constraints, tﬁe use of the ordinary techniques‘ for the adjustment
of optimum controller parameters becor;zes impractical. The existence
of constraints'is one such feature which in some cases cannot be
handled by the calculus of variations. Moreover, often used trial and
error methods for optimization are likely to be inefficient and practic-
ally impossible to program on a digital computer. In.a situation like

this "gradient techniques" are the compromise between the above two.

Usually the performance criterion may be expected to have an extremum
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Fig. 1.6. Selectivity of Criteria for the Step Function
on Second Order System,

——
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Fig. 1.7. A Simple Scheme for Obtaining an Optimum System,

2.2
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i, e. it is ah ""even' function,‘ and thus general search problem is one
of hill climbing (or Valley~descending). Hill-climbing is the method
which finds local gradient of either single or mﬁltivariable systems
and climbs the hill using this gradient information, which is the basis
of steep ascent technique, One such scheme is shown in Fig. 1.8.

This steep ascent method of minimizing a certain function consists

' essentiaily of sfeps (ii~v) mentioned in conjunction with the definition

of optimal control, For the sake of continuity, they are mentioned

again with the addition of initial steps:

i) Choice of a sfarting point,
ii) Making a "pfobe" step in one manipulated
variable. .
iii) ‘ Identification of the c?urrent value “of the

system performance criterion.
iv) Comparison with the recent list vaiue of
‘ the performance criterion.
v) Decision to move to a state, where a
better value of the performance criterion
may be obtained.

vi) Repetition of the cycle.
Fig. 1.9 shows the typical optimizing trajectories.

With multivariable performance criterion successive
probing steps may be made in each variable to obtain a maximum

15,16 has used this basic technique in

combined gradient, Feldbaum
his 12-variable optimalizer, ' The measure of error has been chosen
as the mathen.uatical expectation of the output. In his paper, Feldbaum
has also discussed the magnitude of the probing steps in relation to
the magnitude of interference. Milsum14 has introduced a simpler
technique of testing each variable in turn and making appropriate step
after each test., This technique is not as efficient as that of Feldbaum,

but it is easy to instrument on an analog computer.
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In the conclusions, it may be remarked, that the function
of manipulated varlables may have several extremum values. In
such a case, one may not know, whether the right peak is attained.
The only way to ensure convergence upon the global optimum, when
the gradient of the performance criterion ceases to improve further,
is to give a giant step by determinate or random techniélue. Then the
gradient of the pérformance criterion should be testéd. If the
gradient improves, further steps should be continued to seek the
right peak. If the gradient shows worsening, the peak obtained

previously was the right one.
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CHAPTER II

i) Some Considerations on the Application of Existing Control

Theory to Chemical Processes,

The ambition of the process engineer is to design fully
automatic continually optimized plants. So far, there may be quite
a few plants, which really fulfill this ambition. When this require-~
ment in the plé.nt désign was recognized, people tried to devise
suitable controls. Nevertheless, apart from few exceptions, the
control of chemical processes has not been very satisfactory. The
main factor adversely affecting a satisfactory control is the lack of
sufficient knowledge17 of chemical processes. Distinétive features
of the chemical and mechanical systems are summarized in Table II18
wherefrom it can be appreciated why the control of chemica:l plants
is not as satisfactory as that of mechanical plants.

Apart from the distinct features in Table I, chemical
systems are multivariable processes, a large system may contain
as many as 1000 variables. Out of these only a few are confrolled .
directly, - Others are assumed to have negligible effect, In
mechanical systems of equal complexity, it is rare to have such a
large systerﬁ without some auxiliary objectives. This auxiliary
objective allows the system to be broken in subsystems; and permits
each of these to be designed as an independent unit,

The slow response, .propagation and hydrodynamic delays,
little known reactions and inadequate measuring devices are the

major factors which make control less effective in the process field.

ii) Binary Distillation Columns.

In fractionation, binary distillation as shown in Fig. 2.1

is the simplest process in which two streams of liquid (top and bottom

’
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TABLE II

Mechanical Systems

The variations in the inpl;lt
are normally random, of
short duration and uncontrolled.
System is fast i. e. response
time and damping is small.
Frequent occurrence of
disturbances and fast dynamic
response of the system call
for the necessity of optimiza-
tion of the system.

Inputs are not normally
measured.

The only source available

for detecting changes, is "

the system itself.

System performancé is not
sufficiently reproducible
when based on varying input
magnitudes (owing to the

effects of noniine.ariti;és) .

Outpuf is measurable.

1)

2)

3)

4)

5)

6)

7)

Chemical Systems

Random input variations are
infrequent and sustain for

a long period.

Response time and damping
are usually large.

Changes are so infrequent
that duration of transients

is very short as compared

to steady state, hence optimi-
zation is of little importance.

Inputs are generally measured.

Analytic devices are generally

used with continuous processes.

Performance is reproducible
within acceptable limits.
Some small benefits may be
obtained by small adjustments
dictated by the application of °
feedback concepts.

Output may be complex and
difficult to measure

correctly.
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products) are produced. In this process, the separation depends
upon the ratio of vapor to liquid, relative volatility of the components
and effectiveness of mass transfer. The main components of the

plant are:

1) Preheaters.

2) Tanks, pumps and flow measuring devices.
3) Réboiler.

4) Reflux condenser and accumulator,

5) Distillation column.

Feed stream at some predeterminee temperature enters
the column tﬁrdugh the feed plate and spreads in the column. Due
to the downcoming stream of i'eflux, the concentration of the light
key component increases in the ascending vapour, which increases
the proportibn .of the light key component in the section above the -
feed plate. Hence, this section is termed as "enriching" or "rectifying"
section, The vapor which ascen'—ds towards the top from the bottom
of the column, is partially condené'ed due to the temperature gradiéntg
in the column. - This condensation occurs particulariy; beiow the feed
plate. Hence, the lower portion'of'the column is called "stripping"
(exhausting) sl‘ection. A typical temperature and composition distri-
bution in a column is shown in Fig., 2.2. The factors which control
the fractionation . process are treated in some detail in the following

section.

iii) Factors Controlling Distillation Process:

Temperature:

In consideration of the major role of the tempe~
rature in the process of distillation, a brief account of the importance

of proper temperature at specific points is given here,
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Fig. 2.1. Flow Conditions ina Binary Distillation Column.




-22-

Feed Tempera.turé:

If the temperature of the feed is higher than the
boiling temperature of the mixture, major portion of the feed is
vaporized and the vapor will rise quickly in the "enriching' section,
Consequently this section will be overloaded. Also, ‘this will
contaminate the overhead produét with heavy component, Conversely,
if the temperature is low, the "stripping" section will be overloaded
and to avoid flooding, more heating will be required. To avoid the
above situation, general practice is to keep the temperature of the
feed equal to the temperaturé of the feed plate, obtained from the
temperature gradient in the column. This also helps in eliminating
the disturbance due to temperature difference of the liquid already
on the feed plate and the entering liquid.

Top Plate Temperature:

The temperature at the top plate is the indication

.of the effectiveness of the separation. The separation is kept constant

by maintaining a constant temperature. The temperature at the f:op
should be high enough to just vaporize the top product, If the tempe-
rature is too high, the proportion of the bottom perduct will increase
and the quality of the top product will be deteriorated. If the tempe-~
rature is too low, some vapor will be condensed before going out of

the top, which would decrease.the output efficiency of the column.

Bottom Temperature;

The temperature at the bottom should be just
sufficient to.va.porize the given mixture, Higher temperature
increases the speed of the vapor, which decreases the vapor~liquid
contact time., Since the temperature drop of the vapor depends upon
the vapor~liquid contact time, heavy key componant is not condensed

appreciably. In order to bring the top product to the desired level,
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the quantity of the reflux should be increased. The argument given
above shows that higher temperature of the reboiler increases both
the cost of heating and operation. If the temferature of the reboiler
is too low, thevspeed of the vapor is very small. In this case,
although fhe top product is rich, yet desired output efficiency is not
attained.

Th_e importance of the proper temperature is apparent

from the fact that in adjusting conditions for better operations, a

- majority of the relevant factors involves temperature,

1) Temperatﬁré of th‘e‘ feed.
2) Temperature of the reflux.
3-) Reflux flow.

4) Column pressure.

5) Temperature of reboiler.
Pressure:

In fractionafion, since temperature réquired to
boil a mixture is directly proportional to the pressure, low pressure
requires low temperature for separation so that the cost of operation
is apprec.:iably reduced. Columns, which are used for a mixture that
has light key component, usualiy work on their own vapor pressure.
Similar to temperature, pressure also has a gradieni:, but this
gradient is not very prominénf in columns which operate on their own
vapor pressure, The vapor pressure in such columns mainly depends
upon the tempera.fure and quantity of the cooling medium, If the
reflux accummulator is open to atmosphere, the column will be

virtually operating at atmospheric pressure.
Reflux:

In preceding sections, the importance of the reflux
has been occasionally mentioned. Reflux effects the process of

a
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distillation in two ways. First, relatively cold downcoming liquid
(reflux) extracts the latent heat of the heavier component, which
condenses and joins descending liquid. Second, the rising vapor

helps in the vaporization of the lighter component frbm the reflux
stream which joins ascending vapor. In brief, reflux helps fractionation

in the following ways:

1) ' Makes fractionation possible and improves
fractionation.
2) Serves to reduce the amount of heavy

component in the upcoming vapor, and
3) Removes excessive heat from the distillation
column and thus controls its temperature

distribution,

To minimize the disturbance, the reflux is commonly

introduced at the top plate,
Contactors:

The main function of the contactors is to provide
non-effective contact between ascending vapor and deécending liquid.
The efficiency of the contacting process depends upon: 1) type of
contactors, 2) dynamics of the fluids, 3) properties of the fluid. The
effectiveness of a contactor is determined by its ability to exchange
the components between vapor and liquid. Among various contactors,
which are in use, grid trays, bubble cap trays and float valve

bubble trays are most popular.

Feed Plate Location:

The choice of the feed plate is not governed strictly
by any rule. The choice of the location of the feed platé approximately
depends upon the desired quality of the top product and the original

composition of the feed. Improper selection of the feed plate makes
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distillati;)n fnoi'e difficult in oné of the sections, If the feed plate
location is too high in the coiﬁmﬁ, the "enriching'' section of the
column will be tooshortto achieve effective rectification. Similarly,
if the feed plate location is too low, stripping will not be very
efféctive. .

Before concluding this section consideration of
the structure a.r;a design of a column, in general, seems to be
appropriate. The plates should be level, supported by support
rings and must be properly spaced. The space between trays
determines the capacity of the column. It is this spacing that creates
the gravity head of the liquid. It depens on (1) velocitir' of ascending
vapor, (2) characteristic of the vapor and, (3) the &epth of the liquid
on the plate. The number of plates, the spacing between them, the
liquid accummulator depth at the bottom of the column, and the
height of the liquid disengaging space above the top tray determine

the height of the column,

iv) Control of Distillation Columns,

The automatic controllof distillation columns, due to
its importance in industry, has been given considerable attention by
many research workers. Efforts have been made to find a solution
using alrxios;t ew}ery available method. This automatic control has
been considered from two main points of view. First, authors have
reported the experiehce of ;hany years in practical applications of

19, 20. The rules provicied by these authors are in general

control
quite satisfactory. Neverthel.ess, these rules cannot be taken as the
absolute basis for automatic control, because there remains such

situation where control is known to be difficult and these rules

become inappiicable. There is disagreement about the relative merits

of different approaches of achieving control. This aspect will not be

considered in this thesis, Secohd, attempts have been made to
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establish a theoretical basis for the design of the control systems.
. . 21
A great deal of this work is analytic ! 24, the remainder is based
24-
on the use of analog and digital computers 4 41. Experimental and

theoretical work has been compared33’ 34,39-41

to establish the
validity of the approach. It may be concluded that prediction of

the dynamic response of the column is laborious and time consuming.
This difficultyjis due to the fact that control of the column depends
mainly on the secondary effects (hydrodynamic delays, level control,
time delays in condenser and reboiler, vapor hold up, etc.) about
which little is known. Though, the equations of the mass transfer

in a distillation column are eaéy to formulate, in their general

form, they cannot be solved analytically. Also, the theoretical

treatment of this problem is limited by the drastic assumptions such

as the following:

1) column is at equilibrium when the change
in the reflux rate is made at t = 0,

2) the plate éfficiency is the same for all
plates and reboiler and is independent of
reboil or reflux (the plate efficiency
varies directly as reflux and inversely as
reboil).

3) the plate efficiency under non equilibrium
during a transient experiment has the
same value as under steady state
conditions,

4) the liquid hold-up on the plates is
perfectly mixed and independent of
liquid flow rate.

5) the column operates adiabatically,

6) . the molar volumes and latent heat are

independent of composition.
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7)

8)

9)
10)

11)
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the pressure is constant throughout

the column, »

the vapor hold-up is negligible.

the time to attain fluid dynamic equili-
brium is small compared with the time
of mass transfer.

the feed enters the column as saturated
liquid.

murphree vapor efficiency is independent

of time.

Murphree efficiency is defined as:

where:

Em is the Murphree vapor efficiency.

Y., Y_are average composition of vapor entering
i’ ‘o

and leaving a plate.

'y:fg is composition of vapor in equilibrium with

liquid flowing to plate below.

The equations formed for the material balance for any

plate 'k' can in general be written as:

. d ,
ar (At

where:

)

e 151 M F %

it

Vk- 1 Yk~ 1 -VkYk_ 1 -VkYk+L

= Liquid hold-up (mols).

=  Vapor hold-up (mols).

= Defined so that Hx"is the amount in mols.
of the more volatile component in the

hold-up H.
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Vi =  Defined so that Hy is the amount in
mols. of the more volatile component
in the hold-up h.

= Vapor flow-rate (mols per sec.).

Liquid flow-rate (mols per sec. ).

= Feee rate (mols per sec.).

= Mol. fraction of the more volatile

N MW
]

component in the feed.

The equations for all the plates in the column,
reboiler and condenser can be written similarly., After a suitable
description of the column is obtained, the simplifying assumptions

are made and the solution obtained by any of the following methods.

v) Various Approaches for Modelling the Binary Distillation Column,

a) Laplace Transform Method:

This ﬁethod is restrictive in the sense that it
requires21 linearization of the v_apbr-liquid equilibrium curve i. e.
y = ax + b. Approximations involved in this method do not permit
its use in specific cases, therefore, it is used for general study of

distillation column.

b) Graphical Method:

This method gives some insight into the physical
behaviour of the column, but the labor involved and limited accuracy

prohibit its use in practice.

c) Analog Computers:

Provided the column is small (which is not trué
in general), analog computer is ideal for reasonable solution of these
equations-'.

Since analog computers usually have limited number

of components, larger columns cannot be handled by this method.
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d) Di gital Computers:

When an average column is considered as a wholé,
the number of equations needed for its full description is usually more
than a hundred. Such a set of equations is almost impossible to solve
analytically or graphically. In a situation like this, solution can always
be obtained on a digital computer,This method is neither very accurate
nor economic, still it-is quite popular due to the fact that it is capable of
handling a full description of the column and in this way gives an insight
into the physical behaviour of each piate in the column. The information
obtained in this way is ideally suifed for design purpose of a column,
Nevertheless, the cost and time involved do not justify its use in the

design of automatic control loop for a column,

e) Perturbation Method, its Justification and Application.

In the process design, the usual approach has been in
terms of steady stateA characteristics for which a great deal of data is
available. From the view point of automatic control of a system, the
information regarding the behavior of the system under changing conditions
is necessary, which determines the controllability of the system. In
most of the cases, qualitative information regarding the dynamic response
of the process is available, which is useful in the determination of the
steady state response of the process. In the determination of controlla-
bility of the plant, dynamic responses of the measuring devices, the control
valves, the.controller and the process are necessary. From these
individual responses, the dynamic response of the corhplete control loop
is obtained and the linfxits of the stability of system specified. Since
the dynamic characteristics of the control devices are quite well known,
the established theory of servomechanism can satisfactorily be applied
for the synthesis of optimal controller parameters, if quantitative informa-
tion regarding the dynamic performance of the system is available. This

information can be obtained either from the design data or by experiment.
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Essentially, one seeks the relation between the disturbance and the
controlled variable and the relation between control action and the
controlled variable. The disturbance could be in the form of impulse,
step, ramp or sine wave. Out of these, ~step and sine wave are most
commonly used. Since it is essentially a linearization of a complex
system around its operating point, the amplitude and frequency of the
disturbance are to b‘.ev chosen with great care. If the amplitude of the
disturbance is too small, it may not be able to change the output of the
system appreciably, which will make the change in the output difficult to
detect. On the other hand, if the amplitude of disturbing signal is too
large, the respoﬁse of the system to this change may not be linear. In
that case linear relations between control action and controlled variable
cannot be maintained and perturba.tibn technique becomes useless.
As mentioned earlier, in process control, all the variables which affect
the process and which can be controlled are kept constant, except one or
two. These variables are then regulated by the main controllers to
maintain the most important variable of the process at the desired value
under all kinds of disturbances.

In a distillation column, the process variables to be controlled

may be any of the following41:

i) concentration on some specific plates of
the column,
ii) temperature on some specific plates of

the column,

1ii) column pressure,
iv) rate of flow of products,
V) liquid level in reboiler or condenser,

If a column is operating under atmospheric pressure then
column pressure is not important. The flow rates and liquid levels are

not as sensitive to disturbances as composition or temperature. Since
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composition is inversely related to temperature, either of them has almost
the same sensitivity. The corrective media (manipulated variables) could

be:

i) reflux,

ii) reboil,
iii) supply of coolant to the system,
iv) feed rate, and

v) rate of removal of products.

(iii-v) are not as effective as reflux or reboil. When one
manipulated variable is used, reflux is preferred due to its fast corrective
action. When bot‘l'} reflux and reboil are used as manipulated variables,
there arises the pi-oblem of interaction,

Assuming that heating and c'ooling media are maintained

cdnstant, the possible disturbances most likely to affect the system are:

i) feed composition,
ii) feed enthalpy,

1ii) feed rate.

The feed enthalpy and feed rate can be maintained at constant
value by electric freheater and a good valve. The disturbance due to the
feed composition is most likely to occur in a large sample of feed.

From the above considerations, if the change inlcomposition
on some specific plétes (the choice of the most suitable plates will be
discussed later) of column be obtained for a change in feed cornpos1.t10n
reflux and reb011 then an appropriate control loop can be built around
the specific plates to maintain their respective composition at the desired
value. A typical control loop for the column is shown in Fig., 2.3. |

This method is quick, less expensive and provides the infor-
mation regarding the dynamic characteristics of the column under the

true operating conditions, which is the basis for the automatic control.
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CHAPTER III

1) General Description of the Column.,

The column on which the experimentation for the realization
of the automatic control was undertaken is shown in 'Fig. 3.1. In
addition to reboilﬁe‘r 'ai;d condenser, this column has ten plates. Each
plate is 15° 24 cm. in diameter, spaced.15-24 cm. apart and has 5
bubble caps and one downcomer. Each bubble cap is 3.5 cm. in diameter,
2.5 cm. in height and has 26 rectangular slots of 5 cm2 area for perfect
mixing. The downcomer pipe has a diamefer of 1.905.cm, The column
has 2,54 cm, thick insulation of cellular asbestos to reduce the loss of

heat, Facility fof reading liquid temperature of each plate with thermo-
| cqup}es is provideci by insertion of copper tubes in the bottom of each
platé. Each plate is also provided with a monitor valve to permit an
occasional cheék for the liquid level in the plate. The column could be
fed at three distinct plates, namely, the bottom plate,: thebfifth, “or the
top plate. the steam supply to the bo.iler of the column is taken from the |
main supply line and is regulated through a valve and mercury manometer.
Steam is also provided for preheating the feed and is controlled by a
separate steam valve and pressure gaﬁge. In order to heat the reflux to
the desired temperature and have a quick and accurate control of the
temperature, both steam and electric heating are uéed. The temperature
at each point mentioned above can be read (though not very accﬁra.tely)
with the help of thermometers connected in each line. The water is used
as the cooling medium and enters the condenser at approximately 15
degree Centigrades., There are two feed tanks, two product tanks, and
one reflux accummulator. The feed tanks and the reflux accummulator
are open to atmospﬁere, so as to make t1;1e column operate at the atmos-
pheric pressure. The feed and reflux are pumped into the column with
pumps of 1/2 and 1/8 h.p. respectively and the flow is measured and

regulated with the help of valves and rotameters, connected between pumps




Fig. 3.1, The 10-plate Binary Distillation Column.
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and preheaters. Feed pipes (1.905 cm. diameter) are connected in such
a way that one tank could be switched off and the other switched on almost

instantaneously without disturbing.the system.

ii) The Measurement of Composition.

The composition of the mixture at a particular plate could

be measured by any of the following methods:

a) Hydrometer method,
b) - refractive index method,

c) temperature measurement method.

The meé.surement of the 'composition by hydrometer method is
unsatl.sfa.ctory because of the fact that it is an 1nd1rect method and has
11m1ted -accuracy. . Moreover, this method does not perm1t quick measure-~
ment of the compos1t1on, because the sample should be cooled down to
20 degree centigrade before any measurement. (The information regarding
the composition relationship above 20 degree C is not available in literature),
The refractive index method is fairly sﬁtisfactory from the point of view of
accuracy. Howevef, the methanol and water have comparable refractive
indices. It makes this method inapplicable in the present case. Thus
one is left with the indirect method of measutring the compos1t1on by its
temperature mea.Surement. For a certainﬂ.pressure, there exists a tempe-
rature at which the liquid and the vapor of a particular mixture, when in
complete equ111br1um, represent a certain composition, The accuracy
in the determination of the compos1t10n mainly depends upon the condition
of the column and the temperature measuring device (thermocouples
and potentiometer). Since low temperatures were involved, iron-~
constantan thermocouples were used for this measurement. The potent-
jometer, Fig. 3.2 used, had three input.termina.ls and could read down to
10-7- volts. The emf indicated by the potentiometer represents a certain

temperature, which in turn is related to the composition.




Fig. 3.2. 3-Terminal Potentiometer
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iii) Calibration of Rotameters.

Since there was no information available regarding the
calibration of rotameters, they were calibrated using water as fhe standard
for each rotameter reading, time taken tb fill a 100 c.c, jar was recorded
and average of three' readings was taken. Later, the flow was corrected
for desired composition for respective rotameters. Corrected calibration

tables and curves for fee , reflux and product are given in Appendix I.

iv) Specification of the Conditions for the Operation of the Column,

a) Feed Composition:
Methanol~Water 50:50 (by weight)
(CH,0H -H,0) .

b) Feed flow rate 400 gms/min.

c) Top product separation 93.00%

Steam pressure of 9 p., s.i. for the boiler and a flow of
60 lbs/min. of water at about 15°C for the condenser was found to be

most suitable for the above specifications.

v) Determination of the Reflux Ratio for the Specified Separation,

In order to determine the optimum reflux ra.ti.o, feed compo-
sition, feed flow, rate of the boil ﬁp and rate of cooling medium were kept
constant and the quantity of the reflux entering the column through the top
plate was varied.‘ For each value of the reflux, the composition of the
top product waé determined by terﬁperature measurement. The readings
are tabulated in Table III, a.and Fig. 3.3 shows the curve of the variation
of the composition of the top product as a function of reflux. It was

found that a reflux ratio of 50:50 is required for 93. 00 percent separation.




-39~

TABLE III, a

No: ' Percentage % Top plate

' Reflux Separation
(Methanol)

1 12.5 ' 80.2

2 18.18 81.. 3

3 22. 40 84.0

4 28.00 86. 00

5 ° 49.00 ' 92.00

6

100. 00 ‘ 96.00

vi) Distribution of the Composition in the Column.

When the column was operating under specified conditions,
the composition distribution of the column was determined. It was found
that the behaviour of the column is quite normal in the sense that in the
bottom and top sections, there is slow change in the composition due to
the presence of high proportion of heavy and light key compbrients in
respective sections and in the mid.dlerf the column, the composition
gradient is comparatively steep. It also shows that top and bottom sections
are not very sensiti.ve to disturbances in the column. Readings are
tabulated in Table III.b, Fig. 3.4 shows composition distribution in the

column,
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Table III. b

Composition Distribution in the Column

Plate ‘Voltage Temperature Composition of

. {mv) op CH3OH (Liquid)
] 4.464 188. 00 ' 12. 00
2 4.390 182. 00 . 17. 00
3 - - -
4 . 4.047 170. 00 32. 50
5 © 3,930 | 167.60 38.00
6 13,857 165. 00 . 44,00
"7 3.780 ' 162. 40 50. 00
8 3. 600 156. 00 . 70.00
9 3. 520 154. 00 82. 00
10 3.480 152.00 90.00

vii) Theoretical Plate Efficiency of the Column.

Theoretical plate efficiency is defined as the ratio of the
number of plates, required theoretically for a certain top plate composi-.
tion, to the actual number of plates iﬁ the column. It is a function of
vapor-liquid contact, feed composition, location of feed platé, reflux ratio
and reboil. The number of theoref:ica.l i)lates is determined from the
vapor liquid equilibrium diagram, Fig, 3,5 shows the construction for
the determination of theoretical plates. The theoretical plate efficiency
of the column from the diagram comes out to be 80%, which is quite’

reasonable.
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. more sensitive. Moreover, the choice of the intermediate plate has
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viii) Determination of the Plates for the Most Effective Control.

In the control of the distillation columns, ‘the choice of the

representative plates determines the effectiveness and reliability of the

factors: 1) time taken in the propagation of the disturbance to the
reference platé, 2) “sensi’civity of the i)late, and 3) the deterioration of
the output composition in the presence of disturbances.

In the control of the distillation columns either top or bottom
or some intermediate plate is used for sampling the output. Since inter-
mediate plates are nearer to the feed plate, they have relatively small
dead zone, which:determines the linearity of the system.

In the intermediate plates the perportions of the coi‘ziponents

are low as conﬁpared"to the top or bottom plate, which makes the plates

definite advantage over the top or the bottom plate in the sense that the
disturbance is dissipated within th.e column and the output composition
remains constant in presence of dis‘turbances.

Representative plates for one (ref-lux) and two (reflux and

reboil) manipulated variables control are determined by the folloWing

. (42)
expressions :
- 1
*a - 2(xo )
1 B
b, = Xt g T %)
= x L (x -x )
xbz - f 4 “Tntl o’
where:
x = liquid composition of the light key
component at the required plate.
x = liquid composition of the light key

component at the bottom.
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X = liquid composition of the light key
component at the top.
X = liqtiid composition of the light key
. component at the feed plate,
xbl, xb2= liquid composition of the light key

component at the required plates.

The plate with “xa" is most suitable for one manipulated

control. Similarly, the plates with X, and X, ~are most suitable for

two manipulated control., The values of x_, X and x are obtained

f n+l
from Fig. 3.4, and substituted in the above expressions to obtain XX

and . Itis ':f'ound that plate "7'" and plates "7" and ''2" are most
*b P p:a .

suitablze for one manipulated and two manipulated control respectively.

1
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CHAPTER IV

i) Technique of Imposing Composition Test,

In order to simplify the diagram, those compeonents of the
plant which remain unchanged during the experiment, are not shown in
Fig. 4.1. As mentioned in Chapter II, the technique involves linearization
of the system around its operating point. During the test, reflux and
reboil were kept constant and it was assumed that the superpbsition would
be valid due to the linear characteristics of the system below a certain
amplitude of the disturbance, after which. the behaviour of the system
would be quite un’g:erfa.in. From the praétical point of view, the compo-
sition in a large sample is quite unlikely to deviate beyond six percent
from the average det‘erminedvcompositio;.q. In view of the above, a step
change of 5,5 ﬁercent was considered to be quite reasonable. To
ascertain that the behaviour of the column was actually linear, both
positive and negative disturbances were given in the feed composition,

It was found that the amplitude and the shape of the change in the output

of plates ""7" and "2'' was nearly the same in either case, which confirmed
linearity in the system. Another important consideration was to maintain
the enthalpy of the feed constant before and after the test. Transmission
delay through pipé was determined from the flow and x-sectional area of
the feed pipe, and was found to be 2. 6 minutes. The transport delay

from plate to plate was approximated to be 10 sec.

The column was operated under specified conditions, The
feed to the column was given through tank "B", When the system was
in equilibrium, valve "C" \x‘ra.s closed a.n& valve "D" opened simulta-
neously. The stop watch was startéd at the same instant of time,. In
this way the feed was given from tank "A", which had methanol-water
composition of 47.25:52.75., The steam through the preheater was adjusted
to keep the enthalpy of the feed constant, After the calrulated time of
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Fig, 4.1, Scheme for Imposing Composition Test.
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transmission delay, the change in temperature of plates "7'' and "'2"

was noted on the potentiometer. Similarly, for positive change, tank "A"
was switched off and tank "B" switched on and chahgés in the Sﬁtput
temperatures of plates "7'" and "2" recorded. The data is given in

Table IV a,b,c,d and Fig. 4-2, a.b. shows the résultant curves. - It can be
shown from the equilibrium diagram that the plate efficiency is directly

affected by the change in feed composition,
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" Table'IVea

Composition Test

7th Plate

+ 5. 5% Change
Transmission delay in pipe = 2.6 min.
Transport delay in plate = .3 min.
Time Potentiometer Temperature  Absolute Composition Absolute
(min.) Reading’ op . Change in % methanol . Change in
Tempera- Composi-.
ture tion

0 3.8390 164, 3800 0. 0000 78,1200 0. 0000

2 3.8381 164.3430 0.0370 78.1620 0. 0420

5 3.8357 164. 2700 0.1100 78.2700 0.1500

7 3.8277 164, 0440 | 0. 3360 78.4720 0.3520
10 3.8258 163.9660 0.4140 78.6650 0. 5450
12 3.8249 163.9450 0. 4350 78.6900 0.5700
15 3.8125 163.8550 0. 5250 78.8200 0.7000
18 3.8202 163. 8150 0. 5650 78. 8690 0.7490
20 3.8200 163. 8140 0. 5660 78.8700 0.7500
25 3.8200 v163.'8140 0. 5660 78.8700 0.7500
30 3.8200 163.8140 0. 5660 78.8700 0.7500
40 3.8197 163.8090 0.5710 78.8720 0.7520
50 3.8197 163.8090 0. 5710 78.8720 0.7520
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Table IV-b
Composition Test
7th Plate ' -5. 5% Change
Transmission delay in pipe = 2.6 min.
Transport delay in plate = .3 min.
Time Potentiomete¥ Temperature  Absolute Composition Absolute
(min.) Reading op Change in % methanol - Change in
Tempera- Composi-
ture __tion
0 3.8415 164, 4000 0. 0000 78.1000 0.0000
2 3.8442 - 164.4800  0.800 78. 0000 0.1000
5 3. 8481 164. 6000 0.2000 77.8250 0.2750
7 3.8512 164. 6900 0.2900 77.7160 0. 3840
10 3.8572 164. 8650 0.4650 77.4800 . 0.6200
12 ~ 3.8589 164.9250 0. 5250 77.4000 . 0.7000
15 3.8599 164.9550 0. 5550 77.3600 0.7400
18 3. 8619 165. 0050 0.6050 77.2900 0.8100
20 3.8619 165.0050  0.6050 77.2900 0. 8100
25 3.8622 165.0070 - 0.6070 77.2880 0.8120
30 3.8630 165.0110 0. 6‘110 77.2840 0.8160
40 . 3.8642 165, 0250 0.6250 77.2830 0. 8250
Y 3. 8642 165,0250  0.6250 77.2830 0. 8250
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Table IV-c

Composition Test

2nd Plate ‘ + 5% Change -
Transmission delay in pipe = 2.6 min.
Transport delay in plate = .3 min.
Time Potentiometer Temperature  Absolute AComposition Absolute
(min.) Reading op Change in % methanol  Change in
Tempera-~ Composi-
ture tion
0 4.3705 . 182.0370  0.0000 52.9500 0.0000
2 4.3695 ' 182.0050 0. 3200 53.0120  0.0620
5 4, 3650  181.8500 0.1870 53,2340 0.2840
7 4.3607 181.7220  0.3150 53. 4120 0. 4620
10 4, 3560 181.5500 0. 4870 53.6500 0.7000
12 4, 3530 181. 4600 0. 5770 53.8120 0. 8620
15 4,3510 181. 3870 0. 6500 53.9250 - 0.9750
18 4, 3493 181.3320 0.7050 54.0120 1. 0620
20 4. 3481 181.3000 0. 7370 54,0500 1,1000
25 4.3473 181.2670 0.7700 54.1120 1.1620
30 4, 3468 .~ 181.2500 0.7870 54,1270 1.1770
40 4. 3460 181.2180 0. 8190 54,1870 1,2370
50 4, 3455 181.-2050 0.8320 54,2120 1.2620
60 . 4, 3454 181, 2000 0. 8370 54,2170 1.2670




-52~

Table IV~d

' Composition Test

2nd Plate - -5% Change
Transmission delay in pipe = 2.6 min.
Transport delay in plate: = .3 min,
Time Potentiometer Temperature  Absolute Composition. Absolute
(min. ) Reading * op Change in % methanol Change in
Tempera- Composi-
ture tion
0 4.3702 182.0260  0.0000 52.9700 0. 0000
2 4,3712 182, 0620 0. 0360 52.9120 0. 0570
5 4,3762 182. 2300 . 0.2040 52. 6620 0. 3070
7 .4. 3800 . 182. 3500 0. 3240 52.4870 0. 4830
10 4.3853 ~ 182.5260  0.5000 52,2120  0.7570
12 4, 3880 182.6120 0. 5860 52,0870 0. 8820
15 4.3902 182. 6950 0. 6690 51.9620 1. 0070
18 4.3917 182.7450  0.7190 51. 8800 1. 0900
20 4.3930 182.7870 0.7610 51,8250 1.1450
25 4.3937 182.8170 0.7910 51.7870 1,1820
30 4.3943 182.8260  0.8000 51,7620 1.2070
40 4. 3952 182.8620 0. 8360 51,7120 1.2570
50 © 4.3960  182.8780  0.8520 51. 6820 1.2870
60 4.3962 182, 8830 | 6.8570 51,6750 1.2950
70 4,3963 182, 8830 0. 8590 51,6760 1.2980
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ii) Technique of Imposing Reflux Test,

The technique of imposing the reflux test was similar to the

one employed in combosition test., The linearity of the system was confirmed

from the fact that changes in the temperatures of plate "7" and '2" were the

same for positive and negative changes in the reflux ratio. The transmis-
sion delayin pipe was 3.4 minutes and plate to plate delay approximated
to 10 sec. The condenser delay was neglected being comparatively smaller.
The enthalpy of the reflux was maintained constant befpre and after the
test with the help of preheater. ‘

A step change of t 10 percent in the reflux ratio was affected
by operating valygs "G" and "H" simultaneously as shown in Fig. 4. 3,
The stop watch was also started at the same time. After the prédetermined .
time of propagation ‘delay, changes in the temperature of plates "7'" and
121" were noted with the help of the potentiometer. (

The data obtained for plates "7'' and 2" is tabulated in
Tables IV e,f, g, h. Figs. 4.4 a,b, show the behaviour of the plates for
an absolute change of 10 percent in the reflux ratio. It can be shown
theoretically with the help of equilibrium diagram that plate efficiency

increases with the increase of the reflux ratio and vice versa.

iii) Technique of Imposirﬁ_Réboil Test. .

The syétem was first operatéd under specified conditions.
A change of T 10 percent in the steam pressure was affected by changing
the position of steam valve "K" as shown in Fig. 4.5, The linearity of -
the system was confirmed from the changes in the temperatures of plates
nan a..nd u2n for positive‘ and negative changes. The boiler delay, being
very small, was neglected and the transport delay from plate to plate
was approximated as 10 seconds.

The change in the temperature of plates ""7" and ''2" resulting

from a change of pA 10 percent in the steam pressure was tabulated in
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TABLE IV-e

‘Reflux' Test

7th Plate +10% Charge
Transmission delay in pipe = 3.4 min.
Transport delay in pllate' = b min,
Time Potentiometer Temperature  Absolute Composition Absolute
(min.,) Reading (mv)- OF Change in % methanol . Change in
Tempera- Composi-
.............. ture tion
0 3.8426 164, 500 0.000 78.000 0.000.
2 3.8374 164, 325 0.175 78.250. 0.250
5 3.8276 163,960 0. 540 78.730 0.730
7 3.8214 163,770 0.730 78.980 0.980
10 3.8170 163, 580 0.920 79.200 + 1.200
12 3.8160 163, 540 0.960 79.270 1.270
15 3.8132 163, 450 1.050 79.398 1.398
18 3.8114 163, 400 1.100 79. 450 1.450
20 3.8110 163,375 1.125 79. 500 1,500
25 3.8080. 163. 250 1.250 79. 650 1.650
30 3,8078 163, 249 1.251 79. 652 1.652
40 " 3,8075 163, 245 1.255 79.670 1.670
50 3.8026 163,075 1,425 79.900 1.900
60 3.8021 163,061 1.439 79.930 1.930
80 3.8020 163,060 1,440 79.932 1.932
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TABLE IV-f

Reflux Test

7th Plate . -10% Change
Transmission delay in pipe = 3,4 min.
Transport delay in plate = .6 min.
Time Potentiometer Temperature Absolute Cémposition Absolute
(min.) Reading (mv);,‘. oOp Change in % methanol Change in
' Tempera- - Composi-~
ture tion
0 3. 8376 164. 300 0. 000 78. 270 0. 000
2 3.8418 164. 470 0.170 78.050 ‘ 0.220
5 3. 8468 164,652 0,352 77.800 0.470 '
1 3.8525 164, 832 0.532 77.550 0.720
10 3. 8621 165.175 0.875 77.100 1.170
12 3.8658 165. 300 1.000 76.930 ©1.340
15 3. 8697 165,435 1.135 76.725 - 1,445
18 3. 8725 165. 570 1.270 76. 570 1.700
20 3.8750 165, 625 1,325 76.500 1,770
25 3.8772 165,700 1.400 76.400 1.870
- 30 3.8784 165,750 1.450 76. 340 1.930
40 3.8790 165.760 1.460 76.330 1.940
50 3.8792 165.764  1.464 76.326 1.944
60 3.8793 165,766 1. 466 76.324 1.946
80 3.8793 165.766 1. 466 76.324 1. 946
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TABLE IV-g

Refluk Test

2nd Plate +10% Change
Transmission delay in pipe = 3.4 min,
Transport delay in plate = 1,2 min,
Time Potentiomefer Temperature  Absolute Composition Absolute
(min.) Reading (mv) Op Change in % methanol Change in
Tempera~ Composi-
ture tion

0 4.3700 182.0170  0.0000 52.9880 0. 0000
2 4,3698 182, 0090 0.0070 52.9900 0. 0020

5 4,3694 181.9920 0.0240 53.0200 0.0320

7 4, 3689 181.9870 0.0.290 53.0250 0.0370
10 4.3687 181.9800 0.0370 53,0370 0. 0500
12 4.3686 181.9770 0. 0400 53,0420 0. 5500
15 4,3685 181,9730 0.0440 53.0500 0. 0620
18 4, 3684 181.9690 0.0480 53.0600 0.0700
20 4, 3683 181.9650 0.0520 53.0620 0.0750
25 4.3682 181,9620 0.0450 53.0700 0. 0820
30 4, 3682 . ‘ 181.9520 0. 0450 53.0700 0.0820
40 4.3681 181.9580  0.0490 53, 0750 0. 0870
50 4, 3680 181, 9550 0.0520 53.0800 0 0920
60 4, 3679 181.9510 0.0560 53,0830 0.0950
70 4.3679 181.9510 0.0500 53.0830 0.0950
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TABLE IV-h
Reflux Test
2nd Plate : ~ -10% Change
Transmission delay in pipe = 3.4 min,
Transport delay in plate = 1,2 min,
Time Potentiometer Temperature  Absolute Composition Absolute
(min.) Reading (mv) or Change in % methanol Change in
‘ Tempera- . Composi-
ture tion
0 4.3705 - 182. 0370 0. 0000 52. 9500 0.0000
2 4.3706 182. 0410 0.0035 52,9450 0.0050
5 4.3711 182. 0570 0.0200 52.9250 0.0250
7 4.3715 182. 0660 0.0290 52.9130 0.0370
10 4,3717 182.0730 0.0360 52. 8920 0.0580
12 4.3718 182.0770 0. 0400 52. 8870 0.0620
15 4,3720 182. 0850 0.0480 52. 8750 0.0750
18 4,3722 182.09304 0.0550 52,8620 0.0870
20 4.3723 182.0970 0.0600 52. 8550 0.0950
25 4,3723 182.0970 0.0600 52, 8550 0.0950
© 30 4.3724 182.1010 0.0630 52, 8500 0.1000
40 4.3725 182.1050 0.0670 52, 8450 0.1050
50 " 4,3725 182.1050 0.0670 52, 8450 0.1050
60 4,3726 182.1090 0.0710 52, 8410 0.1090
70 4.3726 182.1090  0.0710 52. 8410 0.1090
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Tables IV i, j,k,1. The behaviour of the plates is shown in Figs. 4.6 a.b.
It can be shown theoretically that plate efficiency of the column increases

with the decrease in steam pressure and vice versa.

iv) Determination of the Open-Loop Transfer Functions of the Plates

' by Digital Computer.

It was found from the shape of the curves that open-loop

transfer function of either plate can be approximated by y(p)___e-pt for

all the three tests. Where e P' is a pure delay and ! 1+pt

is a first order lag, Program for the digital computtlé-;p\%las prepared

and the time constants of plates for all the three tests determined by
the least square error criterion. The details of the program are given

in Appendix II. The time constants of the plates are given below:

COMPOSITION TEST:

7th Plate: = t, = 0,7 min.,, T ,,= 8.5 min.
C7 C7
2nd Plate: t. = 0.85 min., T . = 11.1 min,
€2 €2
REFLUX TEST:
7th Plate: t, = 0.5 min., T, = 10.6 min.
7 7
2nd Plate: t. = 0.6 min,, T , = 13.5 min.
’ rz rz
REBOIL TEST:
7th Plate: t, = 0.2 min,, T, = 5.9 min.
’ S7 57
2nd Plate: t = 0.2 min., T . = 6,0 min.

sé Sp
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Reboil Test

7th Plate o +10% Change

Transmission delay néglected. -

Time Potentiometer Temperature  Absolute Composition Absolute

(min.) Reading (mv) op Change in % methanol Change in
Tempera- - Composi-
ture tion

0 3. 8415 164,400  0.000 78.100 0.000

2 3. 8515 164,775 0.375 77. 600 0.560

5 3.8740 165. 550 1.150 76.575 1.525

7 3. 8808 165.900 1. 500 76.100 2.000

10 3.8875 166,025 1.625 75.930 2.170

12 3.8897 166,075 1,675 75. 840 2.250

15 3.8903 166,125 1.725 75.780 2.320

18 3.8923 166,175 1.775 75.720 2.380

20 3.8940 166,250 1.850 75. 625 2.475

25 3. 8949 166,277 1,877 75. 592 2.508

30 3.8955 166,300 1.900 75. 550 2.550

40 ) 3. 8960 166,325 1.925 75.530 2. 570

50 3.8965 166. 350 1.950 75. 500 2. 600

60 ‘ 3.8965 166. 350 1.950 75. 500 2.600
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TABLE IV-j

Reboil Test

7th Plate -10% Change
‘Transmission delay neglected.
Time Potentiometer Temperature  Absolute éomposition AbSolute
(min.) Reading (mwv) op Change in % methanol Change in
Tempera- Composi-
ture tion
0. 3.8415 164, 400 0. 000 78.100 0.000
2 3.8325 164,100 0. 300 78.500 0. 400
5 3.8105 163, 320 1. 080 79. 550 1.450
7 3.8035 163,100 1.300 79.870 1.770
10 3.7960 162, 825 1.575 80.225 2.125
12 3,7947 162,755 1,645 80. 300 2,200
15 3.7926 162,710 1. 690 80. 370 2,270
18 3.7900 162, 625 1.775 80. 500 2. 400
20 3,7865 162,525 1.875 80. 600 2.500
25 3.7860 162. 500 1.900 80. 630 2.530
30 3,7858 162,491 1.909 80. 634 2,534
40 3.7855 162, 480 1.920 80. 650 2.550
50 3.7855 162, 480 1.920 80. 650 2,550
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TABLE IV-k

Reboil Test

2nd Plate +10% Change
Transmission delay neglected.
Time Potentiometer Temperature  Absolute Composition Absolute
(min.) Reading (mv) on Change in % methanol  Change in
Tempera- Composi-
ture tion

0 4,.3702 182, 0260 0.0000 52,9700 0. 0000

2 4,3752 182.2000 0.1740 52,7120 0.2570

5 4,3872 182.5920 0.5660 52.1250 0. 8450

7 4, 3887 182, 6430 0.6170 52.0500 0.9200
10 4.3912 182,7280  0.7020 51.9120 1.0570
12 4.3924 182.7620 0. 7360 51. 8620 1.0570
15 4,3935 182.8000 0.7740 51.8050 1.1650
18 4.3947 182.8430  0.8190 51.7370 1.2320
20 4.3958 182, 8800 0. 8540 51,6870 1,2820
25 4.3961 182; 8870 0.8610 51. 6750 1.2950
30 4.3964 182.9010 0.8750 51,6500 1.3200
40 4, 3967 182.9120 0. 8860 51. 6480 1.3220
50 4, 3968 182..9150 0. 8890 51,6370 1.3320
60 4.3969 182.9190 0.8930 51.6250 1. 3450
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TABLE IV-1

Reboil Test

2nd Plate -10% Change
Transmission-delay neglected.
Time Potentiometer Temperature  Absolute . Composition Absolute
(min.) Reading (mv) on Change in % methanol  Change in
Tempera~ Composi-
ture tion

0 4.3704 182.0370 0. 0000 52.9500 0.0000

2 4.3664 181.9000 0. 1370 53.1620 0.2120

5 4.3554 181. 5370 0. 5000 53.7000 0. 7500

7 4,3529 181.4500 0. 5870 53.8570 0 8870
10 4.3504 181.3670  0.6700 53,9620 1.0120
12 4, 3489 181.3190 0.7180 54,0370 1. 0870
15 4. 3479 181.3000 0.7370 54, 0500 1.1000
18 4, 3463 181.2340 0. 8030 54,1620 1.2120
20 4,3452 181,2000  0.8370 54,2000 1.2500
25 4,3448 181.1840 0.8530 54,2230 1,2730
30 4, 3447 181.1810  0.8560 54,2250 1.2750
40 4, 3446 181.1720 0.8650 54,2370 1.2870
50 4, 3444 181. 1690 0. 8680 54,2410 1.2910
60 4,3443 181.6700 0.8700 54, 2430 1.2930
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CHAPTER V

i} Analog Simulations.

a) Open-Loop Transfer Functions of the Plates:

The shape of the dynamic responses of the plates and
their respective time constants, determined in Chapter IV, can now be
used for analog simtll.la.tion purpose. Since the transmission delay in the
pipe and the transport delay in the plates are non-interacting, they can be
treated as simple exponential lags. The detailed treatment of simulation

is given in Appendix III, -

Due to change in composition:

7th Plate: 1 x .78
(1+3. 68)(1+8. 58) 5.5

2nd Plate: 1 x 1.27
(1+3.95s)(1+11. 15s) 5

Due to change in reflux:

7th Plate: 1 x 1.95
(1+4.5 s)(1+10. 65s) 9.5

2nd Plate: 1 x .102
(1+5, 2s)(1+13. 5s) 9.5

Due to change in reboil:

Tth Plate: 1 x 2.575
(1+.28)(1+5.9s) 1
2nd Plate: 1 x 1.325

(14, Zs)(1+6..Os) 1
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b) Temperature Transmitters:

The time constants of the temperature transmitters are

of the order of one second and have negligible effect on the performance of

the present systerﬂ,. which has its time constant in minutes. With this
simplification, the temperature transmitters are treated as simple gain

devices. The details are given in Appendix IIL,

c) "Control Valves:

The control valves for reflux and steam both have linear
characteristics and their time constants are of the order of the second,
which are negligible as compared to the time constants of the plates. Hence,
the control valves are simulated as simple gain devices. The details are

given in Appendix III.
d) Controller:

The penmatic controller used in the control loop, has
proportional plus integral modes. The transfer function of the controller

can be written as

T (Y = K[1+-%[dt]

The details are given in Appendix III.

ii) Scheme for the Automatic Control of the Composition of the Column

Employing one Manipulated Variable i. e, Reflux,

The block diagram for one manipulated variable control

is given below:
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Fig. 5. l=:i Block Diagram of the Scheme for the Control of the
Distillation Column Employing Reflux as Manipulated
Variable.
The analog simulation of the above system including the
scheme to obtain integral of the squared error is given in Appé_ndix III.
In the simulation, the actual amplitude is scaled down ten times and one
minute of real time of the system is represented by one second of computer
time. The scheme for potentiometer settings is given in Appendix III.
The responses of the output compositions and the reflux valve for
different values of gain and integration time constants of the controller

resulting from 6 percent change in the feed composition are given in

Figs. 5.2 a,b,c, d, e,f.

iii) Determination of the Optimum Parameters of the Controller.

The relative decrease in the magnitude of [ezdt for
different sets of the gain and the time constants of integration of the
controller is shown in Tables V, a,b. Fig. 5.3-5,5 show the relative

% The blocks of the above diagram are defined on page 124.
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TABLE V-a

Time Constant of Integration of the Controller = 5 minutes

No. of Gain ? 2
observations K Ioe dt
1 . 50 3.70
2 1. 00 1.78
3 1. 50 1.23
4 2.00 0.84
5 2.50 0. 64
6 3. 50 0. 41
7 5.00 ‘ 0.23
8 6.00 0.16
9 7.00 0.13
10 8. 00 0.08
11 9. 00 0.07
12 10. 00 0.05
13 12,00 0.05
14 15,00 0.03
15 20. 00 A 0.02

16 : 30.00 0.03
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TABLE V-b
00 00 2
No. of Integration time Se dt Ie dt
observations constant T, (min.) o for o for
' K=10 K=20
1 3 .22 unstable
2 5 .056 .019
3 10 .073 .019
4 20 . 094 . 020
5 50 .160 . 027
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change in the iritegral of the square of the error for different combina-
tions of the controller parameters. Fig, 5.6 shows the allowable région
for the operation and the optimum parameters of thé controller., At

the optimum setting of the controller parameters (k = 20, Ti = 20 min.),

the variations in the composition of plafe-? for t 6 percent cl'ia.nge in

the feed composition was : 0.1 percent and system assumed its steady
state in 25 minutes. ‘The quality of the top product was hardly affected
with such small chahge, because due to the control action,' this change

is dissipated within the column before it reaches the top plate.

iv) Scheme for the Automatic Control of the Composition of the Column

Employing two Manipulated Variables (Reflux and Reboil).

The block diagram for two manipulated variable control

is given below:

Y
d e K &k K ¥ v
2Ty - C, v =’ 7.(p) T?Lr_»
72 (p) J_ Y7c(p)
I Sx
Yy | y
, F 7 (p) 2 {p)
d e ' 1
2 2 k k k Ay
> ‘ T2 > C‘2 > Vs; - Zs(p) .

Fig. 5. 7. Block Diagram of the Scheme for the Control of the
Distillation Column Employing Reflux and Reboil as M, V.,

* The blocks of the above diagram are defined on page 124.

1 '
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The analog simulation of the above system including the
scheme to obtain the integral of the square of the error is given in
Appendix III. The variables are scaled down ten times in amplitude
and one second of the computer time represents one minutes of the real
time. The potentiometer settings are given in Appendix III, The
responses of the output compositidns of plates "'7'"" and "2" for different
combination of the gain and integration time constants of the controller
resulting from 6 percentage change in the feed composition are given in

Figs. 5.8 a,b,c, d, e, f,

v) Determination of the Optimum Parameters of the Controller.

The relative decrease in the magnitude of integral of the
error squared for different sets of the gains and time constants of
integration of the controller is shown in Table V-d,e,f. The optimum

parameters resulting from these observations are:

k . =25 K _ =20, T, =6min, T. =5 min.
. i i
7 2 7 2
At the optimum values of parameters of the controllers, the maximum
variation in the output composition of the plates "7" and "2" were 0. 35
percent and .85 percent for a 6 percent change in feed composition.
The steady state condition after this disturbance was reached in 25 and

65 minutes by plates "7" and "2" respectively,

vi) The Effect of Interaction on Control.

The negligible effect of the reflux on 2nd Plate reduced
the interaction problem appreciably. The effect of a change in controller

parameters of reboil loop on the response of 7th Plate was quite prominent
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TABLE V-c
2 2
No. of K. K . T,, T.. e. + e )dt
K C7 sz ’ 17 12 ) 1 2
observations it r,hin‘-
1 5 5 5 5 262
2 7 7 7 7 171
3 10 10 10 10 96
4 12 12 12 12 68
5 15 15 15 15 56
6 20 20 20 20 40
7 25 25 25 25 30
8 30 30 30 30 31
TABLE V-d_
[.%}
2 2
No. of K K . T,., T.. (e, + e_)dt
c c il i 1 2
b H 7 2 LT 2 o
observations i min:
1 25 5 5 5 30
2 25 7 7 7 25
3 25 10 10 10 20
4 25 12 12 12 20
5 25 18 18 18 20
6 25 25 25 25 20
7 25 30 30 30 21
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TABLE V-e
‘o0
2 2
No. of K . K . T, T,.. {(e + e )dt
c c i i 1 2
observations 2 7 : Z : °
min, min,
1 25 20 3 5 unstable
2 25 20 4 5 24
3 25 20 5 5 20
4 25 20 6 . 5 19
5 25 20 8 5 23
6 25 20 10 5 24
TABLE V-f
o0 2 2
No. of K . K . T.. T, (e, + e )dt
c CZ 17 12 1 2
observations U °
min, min.
1 25 20 6 1 unstable
2 25 20 6 2 140
3 25 20 6 5 112
4 25 . 20 6 1 51
5 25 20 6 2 25
6 25 20 6 3 21
7 25 20 6 4 20
8 25 20 6 5 19
9 25 20 6 6 - 20
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as appears in Fig, 5.8, At the optimum settings of the controllers,
the maximum variation in the output of plates "7" and "2" was 0.35%
and 0.85% respectively for a 6 percent change in the feed composition.

Whereas in the first method, the maximum variation in the output was

-found to be 0.1 percent for the same disturbance. These comparatively

large variations in the output compositions were the consequence of
interaction between the two loops. However, at the optimum settings of

the controller parameters, the interaction effect was minimum.
vii) Conclusions,

The one manipulated variable (reflux) control appears to
be more attractive, since it has relatively better performance and is half
as costly as two manipulated variables (reflux and reboil) control. In
spite of its better performance and small cost, this method does not
guarantee the desired composition distribution in the stripping section of
the column. Especially in columns where reflux has comparatively small
effect on stripping section, in the presence of disturbances, the variation
in the composition distribution of the stripping section may be so great
that column may lose its steady state condition.

Although, the initial cost of the two manipulated variable
control is large, the reliability with which it controls the product
compositions of the column is far more important to justify its use in
practice. Moreover, since intermediate plates are employed for the
control, the product compositions are very unlikely to be effected by
slightly larger variations in the output compositions of the reference

plates,
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APPENDIX I

TABLE A,I-a

Feed Rotameter Calibration.

Reading of Time taken to Flow of H. O Flow of 50:50
No. Rotameter fill 100 cc. jar gm. /min, H_O-CH_OH
R min, -sec. . (.%97)sp?gravity
1 40 1-30.0 77.00 69. 00
2 60 0-50.00 120. 00 107, 00
3 80 0-32.50 185,00 .165.50 "
100 0-22.0 - 272.00 244,00
120 0-18.0 333.00 . ' 298.00
140 0-15.0 400. 00 368.00
160 0-12.5 600. 00 536. 00
180 ~ 0-10.0 666. 00 596. 00

200 0- 9.0 750.00 672. 00
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TABLE A.I-b

Reflux Rotameter Calibration.

Reading Time taken to Flow of H o] Flow of 93:7
No. of Rotameter {£ill 100 c.c. jar gm./min. CH_OH:H_O
’ min. -sec, ) sp. gravity . 81
1 10 4-30.0 22. 00 17. 80
2 20 2-30.0 40. 00 32,40
3 30 1-18.0 77.00 62. 50
4 40 0-51.0 ~ 118.00 95, 50
5 60 0-26.0 230. 00 7 186,50
6 80 0-19.0 314.00 254. 20
7 100 0-14.0 430. 00 348, 00
8 120 | 0-11.0 545. 00 440. 00
9 140 0- 8.5 705, 00 570. 00

10 ‘ 160 ‘ 0~ 7.0 856. 00 695. 00




TABLE A.I-c
Product Rotameter Calibration.
Reading of Time taken Flow of H O Flow of 93:70
No. Rotameter fill 100 c.c. jar gm./min.” CH30H:H 0
min, ~sec. sp. gravig'y .81

gm. /min.
1 20 2-10.0 47.50 38. 60

2 40 0-56. 0 107. 00 " 86.500
3 60 0-32.5 185, 00 150, 00
"4 80 0-23.0 260,00 212.00
5 100 0-17.0 352. 00 286. 00
6 120 0~13.0 461. 00 374.00
7 140 0-11.0 545, 00 442. 00
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Fig. A.I.1 GRAPH

Rotameter Calibration
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Fig- A'. I. 2'
EMF vs Tempefature Curve for Iron-
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Fig. A.L.3

Temperature vs EMF Curve for Iron-
Constantan. ' '
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Fig. A.L.4

emf vs Temperature Curve
for Iron- Constantan
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Fig. A.L 5.
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Fig. A.L.6

Temp. vs Composition Curve for
Methanol-Water Mixture.
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Fig. A.L7

Temp. Vs Composition Curve for
Methanol-Water Mixture.
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Fig. A.1.8

vs Composition Curve for

Methanol-Water Mixture.
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APPENDIX II

Data for the Digital Computer Program

COMPOSITION TEST

" 7th Plate

-

. Approximate shape of the curve:

t .
-
f(t) = A [l-e =T

where:
1A' is the magnitude of the change of composition
due to 5. 5. percent step change in feed composition.
t =t-t
a 1
and tl’ T are time constants in minutes to be determined by least

square error criterion.

Also tl = TE tl- 0 - 2 minutes
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DATA

Time (minutes)

Average absolute change in
composition after 5,5 percent
step change in feed composition.

.10
12
15
18
20
25
30
40

50

0.000 .
0.070
0.235
0.375
0. 550
0. 625
0.725
0.775
0.778
0.779
0.780
0.780

0.780
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APPENDIX II

Data for the Digital Computer Program

COMPOSITION TEST

2nd Plate

Approximate shape of the curve:

f(t)= A | 1-e T,

where:

A1 is the magnitude of the change of composition

due to 5 percent step change in feed composition,

t = t-t

2

%1
and tz, T1 are time constants in minutes to be determined by least
square error criterion,

T1

Also t2 <90 ¢ ' t2= 0 - 2 minutes




-100-

DATA

Time (minutes)

Average absolute change in
composition after 5 percent
step change in feed composition

10

12

15

18

20

25

30

40

50

60

0. 000
0.032
0.275
0, 455
0.700
0.850
1.000
1.075
1.125
1.165
1.200
1,225
1.250

1.270
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APPENDIX II

Data for the Digital Computer Program

REFLUX TEST

Tth Plate

Approximate shape of the curve:

f(t) = A, |1-e” T,

where:

'Az' is the magnitude of the change of composition

due to 10 percent step change in reflux.

t =t -+t
az 3

amd t3, T2 are time constants in minutes to be determined by least

square error criterion,

T

Also t, = -2

3% Jo ¢’ t3‘-‘-'0 ~ 2 minutes
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DATA

Time (minutes)

Average absolute change in
composition after 10 percent
step change in reflux

10
12
15
18
20
25
30
40
50
60

70

0. 000
0.250
0. 625
0.950
1.175
1.310
1.482
1.575
1.625
1.700
1.790
1.875
1.900
1.950

1.950
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APPENDIX II

Data for the Digital Computer Program

REFLUX TEST

2nd Plate

| Approximate shape of the curve:

) = Ay |1-e" T,

where:

'A3' is the magnitude of the change of composition

due to 10 percent change in reflux.

and t4, T3 are time constants in minutes to be determined by least
square error criterion,
T
Also t = 32
0

4= , t4= 0 - 2 minutes
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DAT

Time (minutes)

Average absolute change in
composition after 10 percent
step change in reflux

10
12
15
18
20
25
30
40
50
6o

70

0. 000
0. 002
0.033
0.039
0. 052
0.058
0. 064
0.071
0.078
0.083
0.083"
0.088
0.096
0.098

0.102
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APPENDIX II

Data for the Digital Computer Program

REBOIL TEST

7th Plate

o

Approximate sha.pe of the curve:

f(t):A4 l-e T4

where:
'A4' is the magnitude of the change of composition

due to 10 percent step change in reboil.

ta = t-t
4
ts, T  are time constants in minutes to be determined

4
by the least square error criterion.

T

-4 =0 - ;
Also t5 =30 t5- 0 - 2 minutes

5
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DATA.

. Average absolute change in
Time (minutes) composition after 10 percent
; change in reboil

0 0. 000
2 0. 450
5 g | 1. 500
7 _ 1.825

10 2.125

12 2.275

15 2.350

18  2.430

20 2. 475

25 | 2. 500

30 | , 2.510

40 | 2.515

50 | . 2.550

60 . | 2.575
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APPENDIX II

Data for the Digital Computer Program

REBOIL TEST

2nd Plate

Approximate shape of the curve:

i(t) = A5 l-e T5

where:

'AS' is the magnitude of the change of the composition

due to 10 percent change in reboil.

t = t-t
ag . 6

t6’ T5 are time constants in minutes to be determined by least
square error criterion,

| T,
Also t6 = 10 t, = 0 - 2 minutes

6
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DATA

o ‘ Average absolute change in
Time (minutes) composition after 10 percent
' change in reboil

0 0.000
2 0.250
5 0.750
7 ) : 0.925
10 ‘ 1.075
12 1.125
15 1.200
18 ~ 1.250
20 1.275
25 1.277
30 1.278
40 , 1.300
50 : _ 1.320
60 , 1.325

70 1.325
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APPENDIX III

Transfer Function of 7th Plate for the Change in Composition

Transmission delay:

Liength of feed pipe

Discharge through the pipe

X-~-gection of the pipe =

- Velocity of flow

Time taken in transmission

from feed tank to the feed plate

1}

12 feet

400 gms/min.

an sq.in. -

64

400 x 64 =4,6 f't/min,

(2. 54)°

2. 6 minutes

This delay can be simulated as a simple first order lag.

Therefore, transfer function of

transmission delay

Propagation delay:

The propagation delay is

plate to plate.

Total propagation delay

Transfer function of the

propagation delay

1
1+2. 6p

. 3 minutes

1+. 3p

9nN

approximated as 10 seconds from
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0.78 1
- F i . = .
The opercl) 17080p Transfer Function o:“.' the. plate 5.5 (1+0.7p)(1+1. 85p)
where 5' is the ratio of the change affected in the composition of

7th Plate to 5.5 percent step change in feed composition. Since the
delays are non interacting, overall open-loop transfer function of 7th
Plate '

1 . 0.78
(1+2. 6p)(1+. 3p)(1+0. 7Tp)(1+8. 5p) 5.5

u

L x 0.78
(1+3. 6p)(1+8. 5p) 5.5

R .

Transfer Function of 2nd Plate for the Change in Composition Test

Transmission delay in feed pipe 2.6 minutes

Transfer function of transmission

1

delay T T2

Propagation delay approximated

as 10 seconds from plate to plate 0. 5 minutes

The open-loop transfer function

.27 1
5 (1+0. 85p)(1+11. 1p)

of 2nd plate . =

‘where has usual meaning.

1.2
5

Since the delays are non intéracting, overall transfer function for

2nd plate
_ 1 x 1,27
- (1+2. 6p}(1+. 5p)(1+0. 85p)(1+11. 1p) 5
1 x 1.27

R

(1+3. 95p)(1+11. 1p) 5
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Transfer Function of 7th Plate for the Change in Reflux

Transmission delay:

4 feet

Length of reflux pipe =
e 4 e 9% .
Cross sectional area of the pipe = %z s%-in.
Discharge through the pipe = 100 gms/min.
Velocity of flow = 100 x 64
3 :
(2. 54) o

= 1.15 ft/min.

Transmission delay in reflux pipe = 3.40 minutes

Transfer function of transmission

. delay = m '

Propagation delay:

Propagation delay approximated from plate to plate is

10 seconds.

{]

Total propagation delay . 6 minutes

Transfer function of propagation

1
delay 1+0. 6p
The open-loop transfer function of
_ 1.95 4 1
7th Plate = 9.5 (1+0. 5p)(1+10. 6p)
where 19'.955 has usual meaning,
Since the delays are non interacting, overall transfer function for 7th Plate
1 x 1.95
(143, 4p)(1+0. 6p)(1+0. 5p)(1+10. 6p) 9.5
1 1.95
x =72

(1+4. 5p)(1+10. 6p) 9.5
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Transfer function of 2nd platé for the change in Reflux

Transmission delay 3.4 minutes

Transfer function of transmission

1
del . = —_—
siay 1+3. 4p
Propagation. ciéla.y‘ = 1.2 minutes
Transfer function of the propagation
dela = S —
4 - 1+1. 2p

The open-loop transfer function of

1 x .102

the 2nd plate 3 = (1+0. 6p)(1+13. 5p)

where has usual meaning

.102
9.5

The overall transfer function of the 2nd plate is:

1 x .102
(1+3, 4p)(1+1. 2p)(1+0. 6p)(1+13. 5p) 9.5

1 ' x .102
(1+5. 2p)(1+13. 5) 9.5

R

Transfer function of the 7th plate for a change in Reboil

In this case, the tra.nlsmission and propagations delays are
negligible as compared to other delays.

The open-loop transfer function of 7th plate is:

2,575 1

= 1 *  T1+. 2p)(1+5. 9p)
2.575

where has usual meaning.

9.5
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Transfer function of the 2nd plate for a change in Reboil

In this case the transmission and propagation delays
are negligible as compared to other delays.

The open-loop transfer function of the 2nd plate

1 x 1.325
(1+. 2p)(1+6. Op) 1
.325 . ‘ps
where 1 is the ratio of the change of composition

at 2nd plate to a change of 1 p.s.i, of steam in the reboiler.

Transfer function of Temperature Transmitter:

Since there is some delay involved in the detection througﬁ
temperature transmitter, the transfer function can be written as 13S
where 'kT‘ is the gain of temperature tra.nsmitter.‘ The delay 'TT' is T
of the order of fractions of a second and can be neglected as compared
to other time constants. In that case a temperature transmiitter can be
represented by a simple gain device. The analog ‘of the ‘fe'mperature

transmitter is given.in Fig. A,IIl. 1.

Temperatu- K.
re R

IS
~ L7

Air pressure

Fig, A.IIIl. 1. Analog of the Temperature Transmitter with Small Time Constant.
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Transfer Function of the Controller:

The proportional plus integral controller used was pneumatic
type and is sketched in Fig.A,IIl, 2.The functional representation of
the above scheme is in Fig.A_III, 3.0n solving the block diagram one

gets the transfer function of the controller as:

Te(t) = k € [H-.'Tigdt ]

where:

Tc(t) is the transfer function of the cén’croller.
1;0 is the gain of the controller.

€ is the error in the forward loop.

The analog representation of the controller is given in
Fig. A, III, 4,

k&
ac l:kcﬁ

zfi
Ju

[ K(_E["‘La(“]‘
O— >

Fig. A.IIl. 4. Analog Representation of Integral plus Proportional Controller.

Transfer Functions of the Valves:

. The characteristics of the valves are linear and since
their time constants are negligible in comparision to the time constants
of other components, they are represented as simple gain devices, The

analog representation is shown in Fig, A,III, 5,
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R
-
bellow
A 4 g
. Y 7
B - ; Pc 3 r }
. 5\/\/\_ "\/\/'\/-5
: k P
s
r~_—_—l><ﬂ: ¥ flapper plate
D 4
w ' i
flow —J
—-—)& 1 \/ a N
Suppfjr . .
air pressure T Linkage operated by
nozzle €. (error)

Fig. A.IIlI.2. Schematic Diagram for a Pnenmatic Controller with
Proportional and Integral Mode.

Ec b + 8N : IPC
T ath > M
1
1+Ts
2 k
a+tb s

Fig. A.IIl.3. Block Diagram of the Pnenmatic Controller,
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Air pressure Ky l: Flow .

Fig. A.III. 5. Analog Representation of a Linear Valve with Small
Time Constant,

Analog Simulation of One ‘Manipulatefl Variable Control Method:

The simulation of Fig. 5.1 and the table for potentiometer

settings is given in Fig. A.IIl.6 and Table A, IIl. a.

Analog Simulation of Two Manipulated Variables Control Method:

The simulation of Fig, 5.4 and the table for potentiometer

settings is given in Fig, A.III.7 and Table A. IIL. b,
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TABLE A,Ill, a

Potentiometer Setting_g

Pot, Coefficient Coefficient Scale P.S.
-1
1 12 .. 10
00 ki, T35 X ¢ x (3= - 0.725
10
01 k_ 0 . 100 0.100-1.000
02 T, . 0. 100 various
7 ‘ . _ settings
. -1
‘ 120 10
03 o _k"h_ <z x m—b—) ‘ 0.200
ro 1 1.95 107!
06 Tr_ Z.-T X T-S—- x F , 0.050
7-1
07 1 2 x 107} 0.244
Tr . 1 -'—_1—
7-1 10
K, 1
08 = -2 . 094 x -lQ—T' . 094
T 107
7-2
1 : 1 1071
10 -,—I,—r— m x —IF . 094
7-2
c -1
7-1 1 .76 10
15 E,—“—‘— 3% x 5.5 X 1 . 038
c7_1 10
1 1 1071
13 —_— - x — .278
. ' -1
T 3.6 lo ,
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TABLE A,IIL 4.(cont'd)

Pot, Coefficient Coefficient © Scale . P.S.
Kc -1
c 8.5 10-1
7-2 '
-1
1 1 10
11 T ——8-5 X ——-——10_1 .118
€7-2
T
17 S.F. . 4.03 x .403
' .10 7(10)
1071
21 S.F. . 4,03 X T .403
' ‘ 10 (10)
: -1
: 6 10
16 Sxf : To x T .06
: ' 78. 1 107}
30 S.P. C— x -

e - .781
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TABLE A, IIl. b.

Potentiometer Settings

Pot, Coefficient Coefficient Scale P.S.
-1
10
12 1 1
00 Ky 6 * T1.38 2T 0.725
7 10
01l K 0 100 0.100-1, 000
c
7
02 T, o 100 .
1
7
03 ko —1-%9- 107} 0. 200
Y 1(10)
Kr S.F. 10-1
06 7-1 1 1.95(3.4) = 0.170
Tr 4,1 9.5 10
7-1
1 1 107}
07 Tr Z._T 10—_1 0. 244
7-1
Kr -1
T-2 1 10
08 Tr 10.6 10__1 . 094
7-2
-1
1 1 10
09 Tr m F . 094
7-2 ’
Ks -1
11 T 7-1 —-1-2—— 1—0_—1— . 500
So_1 10 (10)
1 1 107}
12 T ——2-—~ —T . 500
s : 10 (10)
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TABLE A, IIl.b, (cont'd)

Pot. Coefficient Coefficient Scale P.S
KS -1
19 T 5.9 x 1 ;:-f . 169
$7-2
- 1 1 107}
34 T ) e . 169
7-2
1071
33 S.F, 3.4 ~ .34
10 (10)
] -1
17 K, éz x 1138 10 - . 725
2 ' : ZX].O
18 -k 0 100 .0100=1, 00
(o4
2
20 T. 0 100 Do
1
2
12 1
21 ka . m . 200
k
s -1
2-1 1 10
22 T ——2—- —1 . 500
82-1
1 1 107
23 T ) —T—- . 500
S2-1
k 1
s -
5 2-2 1 % 1320 10 022
T 6 1 10-1
82.2
1 1 107}
8 — —— . 167
T 6 10-1
82-2
107}
36 S.F. 6.7 .67
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TABLE A.IILb. (cont'd)

Coefficient

P.S.

25

27

13

15

28

32

39

24

30

16

25

Coefficient
ko
7-1" 1
T ' 3
€741
1 1
T_ 3
7-1
k
€7-2 1
T, 8
7-2
=
T 8.5
€7-2
kC
2-1
T 3
€2-1
1
T, 3
2-1
k
€2-2
T 11
€2-2
1
T 11
€2-2
S.P. —
S.P. 2L 2

&x! —

i L. 27(67)

.13

.278

.118

118

. 267

. 267

. 091
. 091

.781

. 529

.06
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The blocks in Figs. 5.1, 5.7 are defined as below:

Gain of the temperature transmitter in the control
loop for 7th Plate.. | | '
Gain of the temperature transmitter in the control
loop.for 2nd Plate.

Gain of the reflux valve.
Gain of the steam valve.

Gain of the controller in the control loop for

7th Plate,

Time constant of integration of the controller in
thg 7th plate loop.

Gain o_f the controller in the control loop for

2nd Plate,

Time constant of integration of the controller in .
the 2nd plate loop.

Output composition of 7th Plate.

Desired output composition of 7th Plate.

Response of the 7th Plate to a step change in .
feed composition, '

Responseof 7th Plate to a. step change in reflux,
Response of 7th Plate to a step change in reboil,

Response of 2nd Plate to a step change in feed
composition.

Response of 2nd Plate to a step change in reboil,

Output composition of 2nd Plate.

Desired output composition of 2nd Plate.

Small change in the feed composition.
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