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I. INTRODUCTION

For several decades automatic control has been used in chemical
plants to reduce cost, to increase product yield and quality, and to
maintain a high level of‘safety. Traditionally, plants were designed
on a steady state basis, without consideration for.the dynamic
behavior which is so vitally important in determining their perfor-
mance under automatic control.

‘In the past, the traditional method to control process systems
has been with feedback control. Feedback control has the advantage
of often providing acceptable control despite little knowledge of
the process transfer functions due to the flexibility of most con-
trollers, the over design of equipment, and self-regulation usually
present in most chemical process equipment. Today this is not
satisfactory wiih indust;y requiring higher product purities, lower
equipment investments, and operation of some processes inside the
region of instability.

Perfect feedback control has the disadvantages of not providing
perfect control due to the fact that input disturbances are only
detected after their effects are felt on outputs. Large output
disturbances or instability may occur in distributed parameter

systems or systems with slow response speeds. Undesirable feedback



controller interactions may also occur in multiv#riable systems with
feedback control.

One approach to overcome these problems which has received much
attention over the past few years has been feedforward control combined
with feedback control. In feedforward control, the process manipulated
variables are controlled in such a manner as to minimize or eliminate
the effect of disturbances in the uncontrolled inpﬁt variables on the
process outputs. Feedforward control is limited to measured input
disturbances to the system since it has no knowledge of the actuai
process output.

Feedforward control also requires knowledge of the dynamic
character of the process. Empirical transient response data or
mathematical models must be available to design a feedforward con-
troller for the process. Most systems where economic incentives
would justify feedforward control are in general nonlinear, multi-
variable, distributed parameter systems. Much work over the past |
few years has been devoted to the development of simpler models of
these complex systems due to the difficulty involved in solving the
actual nonlinear equations even on the best computing equipment
available today. One very popular technique which has received much
attention in the literature since it considerably reduces the
computational difficulties involved has been the linearization of

these nonlinear equations.
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In this study the experimental open loop transfer functions
for a binary distillation column were determined and these transfer
functions were compared with the transfer functions resulting from
assuming a linear model of the system. The feedforward control
transfer functions were also calculated based upon both the experi-

mental data and the linear model data and compared.



II. LITERATURE REVIEW

The following is a general summary of the present methods used
by control engineers for design. This should not be considered a
reference on such work but only as a guide to the general knowledge
required of a control engineer. Many'books have beeh published
covering this material in detail (3, 7, 11, 15, 16, 50). Johnson (30)
has published a review article on the essential concepts of process
control with regard to the chemical engineer working in the process
industry. A reivew of the current literature on distillation column

dynamics and feedforward control is also included.

Basic Principles of Process Control

Since World War II electrical engineers have developed methods
of servomechaniém analysis which are of interest to the chemical
engineer involved in process control.

These methods can be used to predict the open loop response of a
system to a given input or they can be used to predict the performance
and stability of a system with control. Transient response and

frequency response are generally used to answer these questions about

process performance.

Transient Response. Curves of the transient response can be

obtained for any postulated system by solving the differential



equations of the system using the step function as the forecing function
or input to the system in order to obtain the variation of the output
variable as a function of time.

When considering.an operation which is a simple lumped-parameter
system, the resulting set of equations can be solved by the Laplace
transform or other operations methods to obtain an analytical solution
for the output. When th; number of equations becomes large or the
operation becomes a distributed-parameter systeﬁ, this method gener-
ally does not allow one to determine the system transfer functioné
and requires trial and error to determine the optimum control scheme.
Its advantage lies in the fact that the solution to the problém can
be seen as a function of time and thus the system stability can be

determined directly.

Frequency Response. .Frequency response methods are based on

the response of a system when a sine function disturbance is applied
as the input rather than a step function. The frequency response of

a system is readily detérmined by making the input oscillate as a

sine wave with a fixed amplitude. If the system is linear, the output
will be a sine wave of the same frequency but changed in amplitude and
phase. The results are reported as a gain or magnitude ratio and as a
phase shift for each frequency tested; such information completely
characterizes the system. Two methods are generally used to evaluate
such open-loop frequency response data. These two metho&s are

graphical in nature and are called the Nyquist and Bode methods.
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Nyquist Method. The Nyquist method involves plotting the
magnitude raﬁio as the radius vector and phase shift in degrees on
a polar diagram. The phase shift is plotted clockwise from the
positive X-axis (zero-deg}ees). The Nyquist method is generally
used for control system design when the process transfer functions
are known.

Bode Methode The Bode method consists of two graphs. One graph
contains a plot of magnitude ratio in decibels on the ordinate versus
the log of the frequency. The other graph consists of a plot of tﬁe
phase angle in degrees, between the output and input signals, versus
the log of the frequency.

The real advantage of the frequency response procedures and the
Bode method of plotting the data are the ease with which series-
connected components may be combined, and the ability to determine
an estimate of the predominant process transfer functions for very
complex systems.

When the Bode plot of the system is used, an estimate of the
feedback control system required may be obtained by adding various
amounts of proportional, derivative and integral control to the open
loop response of the systeme¢ Normally the best control system is one
which allows the highest éioportional gain and which at the same time
provides both the derivative action needed to speed up the process
and the integral action needed to eliminate steady-state offset,

Other methods of different complexity are available for control system
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synthesis; one example is the Black-Nichols chart (3, 7, 11) which

is also based upon frequency response techniques.

ggyerimental Analysis

Both sinusoidal and transient testing, which have already been
considered, have certain disadvantages from an experimental standpoint.
Generally today some form of nonperiodic forcing_fﬁnctions are used
in that they minimize the total process disturbance while providing
the needed frequency information.

The sinusoidal testing method, which is the basis of the fre-
quency response theory, has been used in the past for testing mainly
in the electronics industry. Its main disadvantage for the chemical
engineer is in order to cover the frequehcy range of interest, it is
necessary to test at a series of discrete frequencies which requires
a large amount of process time. It does have the advantage of gooq
noise rejection‘and allows direct conversion to frequency response.
Caldwell, Coon and Zoss (7) discuss sinusoidal testing in detail.

Nonperiodic Testinge In the chemical industry some form of

nonperiodic forcing function is generally employed to determine the
process frequency response (26). Clements and Schnelle (9) discuss
the amount of frequency information in various pulse forms énd the
problems'involved in the conversion of pulse response data to

frequency response.



The main advantage of nonperiodic testing is that generally only
one test signal or transient need be imposed on the system compared
to the series of tests needed with the sinusoidal testing procedure
since a continuous fréquency spectrum is present in thelnohperiodicl
test signal as determined by a Fourier analysis._ Therefbre the non-
periodic test procedure is a very convenient experimental technique.

The main disadvantage of nonperiodic testing involves data
reduction. The frequency response of the systeﬁ must be obtained
by a Fourier series transform from the experiment§1 input-out put
pulse response data. Several authors have discussed this technique
and the numerical reduction on a digital computer (13, 18, 26, 42).
Another problem faced with nonperiodic testing is noise rejection.
Hennig (23, 24, 25) has discussed the problem of testing in the

presence of noise and nonlinearity.

Distillation Column Dynamics and Control

Two review articles, one titled !'Process Control in Distillation'!
by Gould (19) and the other by Rosenbrock (46) titled ''Transient
Behavior of Distillation Columns and Heat Exchangers,'! review some of
the current work in this fielde I and EC review articles on Mathe-
matics (51, 52) and Process Control (58, 59, 60) also critique the
current publications of interest to the chemical engineer in these
fields.



Distillation Dynamics. Gilliland and Mohr (17) have developed a

general correlation for predicting the dynamic characteristics of a
distillation column for changes in feed composition. Mohr (41) has
also studied the effect of the equilibrium relationship on the dynamics
of distillation columns. These types of correlations have promise

for reducing the amount of work required to design an adequate control
system.

Experimental transient response studies on a two-foot diameter,
ten tray distillation column for step changes in the reflux, feed‘
rate, feed composition and vapor rate have been studied by various
investigators at the University of Delaware (2, 32, 37, 49, 54). They
have shown that a linear model is adequate to describe the initial
transient response of the column. Fogle (13) has studied the dynamics
of a two=inch diameter Oldershaw sieve tray column for feed composition
changes.

Huckaba and co-workers have propoéed a nonlinear model for a
distillation column and have reported very good experimental con-
firmation of their predictive model (27, 28). Johnson and Lupfer have
also proposed a distillation column model which they have used for
predictive control and optimization studies. Their expressions are
based upon empirical methods and do reduce the amount of hardware
required for analog simulation (38).

Deland and Wolf (10) have developed a method for multicomponent

distillation simulation which is very general and includes a nonlinear

)
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free energy function which is used to describe the chemical equi-
librium. Their model can include external sources or sinks of mass
and energy. '

Renfroe has investigated experimentally multicomponent dis-
tillation dynamics for feed composition changes in a two-foot diameter,
ten tray distillation column (42). He has predicted the column
dynamics with a nonlinear model with good agreement.

Distillation Column Control. Most of the éast work on distil-

lation column control has involved relatively simple models. Wiliiams,
Rose, and Harnett (56,57) have reported studies they have conducted
on distillation column control. In their studies, an ideal, five tray
column was simulated on an analog computer and varying amounts and
types of feedback control were addede They reported their results
as charts of controller settings versus stability of the column.
More recent results for a larger column were reported by Moczek (40),
and associates using a digital computer to study the system dynamics
and control. This study points out some of the nonlinear problems
one is faced with when trying to control a column producing very pure
products. Haden (21) and this author (29) have considered a similar
problem for a stripping column and have proposed a simple feedback-
feedforward control scheme which has been tested by Haden on the
A.I.Ch.E. colum at the University of Delaware.

Grover and Peiser (20) have reported a study of thé control of

reboiler composition with large delay times in the corrective action.
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They have been mainly concerned with reboiler stability and have
developed a very detailed model of the reboiler system.

The case of feedbaék control of a distillation column with
sidestream drawoff has been reviewed and ten schemes of control have
been proposed (34).

Feedforward Control. Feedforward control in general has been

discussed by Calvert and Coulman (8) ;hd by Dobson (12) and appli-
cations of feedforward control to several proceéé systems have been
published.

Bollinger and Lamb (4) discuss multivariable linear systems in
general and describe by the use of matrix methods the synthesis of
feedback~-feedforward controllers. In a later article the case of
imperfect knowledge of the process dynamics is considered and a
feedforward-feedback controller is designed which minimizes a penalty
function (5). This same problem was extended by Verneuil (54) for
the case of sampléd—data‘feedforward control.

Rippin and Lamb (43) were the first to apply a frequency-domain
solution for feedforward controller synfhesis to a linear model of
a distillation column.' They determined the transfer functions of
the column and used métrix methods to solve for the feedforward con-
troller transfer functions. The feedforward controller model was

tested by simulating the linear model of the column with controller

on an analog computer.
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Luyben (33) has experimentally applied feedforward control to
the A.I.ChesE. distillation column at the University of Delaware and
has found satisfactory column performance without including the
dynamic terms of the controller model. The effectiveness of a
feedforward controller on a 4O-tray column was also investigated by
analog simulation during this same investigation. Anderson (1) has
also used a linear model to characterize the dynamics of a distil-
lation column and has designed and tested a feedforward controller
by analog simulation. The dependence of feedforward steady-state'
gains on feed composition in binary distillation has also been
investigated by Luyben (35).

Bollinger and Lamb's work has been extended by Cadman and Carr (6)
to the multicompohent distillation case. They have used the linear
model.as a basis for calculating the feedforward controller model.

Two articles discussing the industrial use of analog computers
on commerical columns for feedforward.controllers have appeared (38,39).
Both papers report improvement in column operability and corresponding
reduced operating costs.

Several other articles which apply feedforward control to chemical
reactors have appeared in the literature and which may be of interest

to the reader (22, 36, 53).



III. MATHEMATICAL DEVELOPMENT

This section includes an outline of the mathematical procedure
used to calculate the experimental frequency response, experimental
feedforward controller, and the feedforward controller based on the

linear model.

Pulse Data Conversion

The conversion of pulse response data to. frequency response is
based on Fourier transforms of the input and output functions. The
Fourier transform for an arbitrary function of time, f(t), is defined

ass
[o¢]

Pe) = | 2 exp (-tuPa e

-0

where
F(f(t)) = Fourier transform

i =y =1
w = frequency, radians/time
t = time.

Making a trigonometric substitution for exp (-iwt), equation (1) can

be reduced to the following forms
© o0}
F(£(t)) = f f(t)* cos (wt)*dt - if f(t)* sin (wt)*dt .
e o (2)

Note: Fortran notation has been followed with * being multiplication
and ** being exponential.
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If analytic functions are available for the function, f(t), then
equation (2) can be evaluated directly. If sampled data is available
for the function or if it is impossible to obtain a closed form for
the integrals then equation (2) must be evaluated approximately.

Thékapplication of the trapezoidal.rule to each of the terms on

the right side of equation (2) results in the following approxi-

mationi; | k=n-1/2
f £(t)* cos (wt)* dt = Atz f(kAt)* cos (wk At) (3)
0 k=1/2

and o k=n-1/2
Jr £(t)* sin (wt)* dt = At E: f(k At)* sin (wk At) L)
0 k=1/2

Substituting equations (3) and (4) into equation (2) results in the
equation used for the numerical integration of equation (1) based
upon the trapezoidal rule. From this equation it can be seen that
the Fourier transformation of the pulse data results in a complex

number which is a function of the frequency, (w).

F(£(t)) = P(w) = A(w) - iB(w) (5)
where?
P(w) = Fourier transform of the pulse evaluated for
frequency, (w)
Alw) = real part of the transform
B(w) = imaginary part of the transform.

For a more complete discussion of the numerical integration of

equation (2) see (14, 19).



The process transfer function is obtained by taking the ratio of

the output pulse to the input pulse in the following manners:

A(w) - iB(w)
Gw) = Pyt (0)/Pig(u) = g (6)
where: ' |
G(w) = process transfer function
Pout(w) = transform of the output pulse
Pin(w) = transform of the input pulse
Alw) = real part of the output pulse transform
B(w) = imaginary part of the output pulse transform
C(w) = real part of the input pulse transform
D(w) = imaginary part of the input pulse transform.

Equation (6) can be further reduced by complex rationization to the

following forms

G(w) = TR(w) + iTI(w) (7)
wheres

TR(w) = (A*C + B*D)/(C**2 + D**2) (8)

TI(w) = (A*D = B*C)/(C**2 + D**2) (9)

The system gain and phase angle can now be obtained for a given

frequency, (w), from the following expressions
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Gain(w) = 10%logyg (TR(w)**2 + TI(w)**2) (10)
Phase(w)= 57.29578%Arctan (TI(w)/TR(w)) (11)
wheres

Gain(w) = system gain, decibels
Phase(w)= system phase angle or lag, degrees.
A complete program to carry out these calculations for evenly spaced

data points appears in the Appendix, page 242.

Experimental Feedforward Controller

The experimental feedforward controller is obtained from the
experimental pulse data transfer functions. The process transfer
functions obtained between the distillate and bottoms compositions
and the vapor rate, reflux rate and the feed composition at the same

steady-state operating condition can be used to form the following

expressions

X4 = P(1,1)*2 - P(1,2)*V + P(1,3)*R : (12)

Xy, = P(2,1)*2 - P(2,2)*V + P(2,3)*R (13)
wheres -

X4 = change in distillate composition

Xy = change in bottoms composition

Z = change in feed composition

' = change in vapor rate

R = change in reflux rate
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P(1,1) = distillate composition/feed composition transfer
function

P(1,2) = distillate composition/vapor rate transfer function

P(1,3) = distillate composition/reflux rate transfer function

P(2,1) = bottoms composition/feed composition transfer function

P(2,2) = bottoms composition/vapor rate transfer function

P(2,3) = bottoms composition/reflux rate transfer function.

The feedforward control critéria are that the changes in bottoms and
distillate compositions shall be maintained equal to zero, (Xz=X,=0).
Then equations (12) and (13) can be set equal to zero and used to
solve for the feedforward controller transfer functions, (R/Z) and

(v/Z). Carrying out this operation results in the following equations

R/Z = =(P(2,2)*P(1,1) - P(1,2)*P(2,1))/PP (14)
v/2 = -(P(2,3)*P(1,1) - P(1,3)*P(2,1)/PP (15)
PP = (P(2,2)*P(1,3) - P(1,2)*P(2,3))

Since the transfer functions are complex numbers which are
functions of frequency, (w), these calculations must be carried out
in complex mathematics for the same values of frequency as the transfer
functions were calculated and then reduced to the controller gain and
phase angle by equations (10) and (11). A computer program has been
written to carry out these calculations and is discussed in the

Appendix, page 250.
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Linear Model for Distillation Columns

A distillation column is basically a distributed parameter, non-
linear, multivariable system which in theory at least can be described
mathematically. Due to our inability to solve these nonlinear,
distributed parameter equations for cases of interest, much work in
the past has been devoted to simplifying these models in order to be
able to solve the equations on present day computing equipment.,

For this study, the set of ordinary, nonlinear difference
differential equations describing the column were linearized by the
methods of Lamb and Pigford (31). This procedure has been applied to
the Delaware experimental distillation column by several researchers
(32, 37). Their work shows the ability of this technique to describe
the dynamics of that distillation column during its initial transient
period. These linearized equations will be described in the following
section.

Linearized Equations. Use of the perturbation technique to

linearize the set of nonlinear unsteady-state differential equations
results in a set of linear differential equations with coefficients
which are functions of the steady-state compositibns, flow rates and
equilibrium curve slope values. Average values of these steady state
coefficients must be used which limits the precision of the equations
to small excursions from the steady-state. Other than for the top

tray which was divided into two sections, an energy section and a
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mass transfer section, each tray in the column was described by a
simple mass transfer equation, a hydraulic equation and an equilib-
rium relationship. The energy equations were not required except on
the top tray due to the assumption of equal molar overflow. The feed
tray was not divided since in the course of this study changes in the
feed rate were not considered. For a detailed statement of the
assumptions applied and the derivation of the equations see Lamb

and Pigford's paper (31).

Transfer Functions. In order to apply the theory of feedforward

control to the linear system, the transfer functions which relate the
~input variables to the output variablgs must be developed.

The development of the equations for the experimental column
consisting of reboiler, condenser, seventeen trays in the stripping
and rectifying sections, feed tray and first order lags for vapor
reflux rate changes and dead time delay for feed composition changes
results in 42 linear differential equations made up ofs |

1l - energy equation
19 - mass transfer equations
19 - hydraulic equations

2 - first order lags
1l - dead time.

Laplace transforming of these equations results in forty-two algebraic
eqnations.. Solving this many simultaneous equations analytically for
the required transfer functions becomes next to impossible for the

distributed parameter problem.
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Using Lamb and Rippin's (43) method of stepping up the column
applying ir ~uciple of superposition, one is able to obtain the

following mat. ix equations

&~ [ vj
1 0 O{|Xp G(1,1) G(1,2) G(1,3) G(1,4)
0 1 Of|R | = [G(2,1) G(2,2) G(2,3) G(2,4) ‘ (16)
00 1}y, G(3,1) G(3,2) G(3,3) G(3,4) tn
| o]

where the G(i,j) terms represent the transfer functions between
variables.

To illustrate the method employed for these calculations con-
_ sider a column containing a section of trays without reboiler and
lag terms. The reboiler and lag terms were included in all calcu-
lations performed during this investigation but are not included here
to simplify the development. Each tray is described by the following

set of linearized, Laplace transformed equationss

X(n-1) = (VLF(¥(n) = Y(n+l)) + C;(n)*(v -1 (n=-1)) (27)
+ @+ SHOPAR)

1(n-1) = (1 + ¢ g)*1(n) (18)

Y(n) = Eff(n)*slope(n)*X(n) + (1 - Eff(n))*Y(n + 1) (19)

wheres

X = change in liquid composition, mole fraction

Y = change in'vapor composition, mole fraction

v = vapor rate in moles/time

L = liquid rate in moles/time



-2]-

Ci(n) = (X(n-1) - X(n))

H = tray holdup in roles

G = transfer funci..a between variables

K] = change in tray holdup with liquid rate
Slope = equilibrium curve slope evaluated at steadv-state X(n)
Eff = tray efficiency

v = V/T ‘

n = tray number, decreasing up the column
1 =L/L :

s = Laplace variable

bar terms are steady-state quantitiese.

Now assuming values for the variables, (1(m), v, Z, X(m)), on the
first tray such that one is equal to unity and the other three equal
to zero. Assuming the following:
X(m)
v

Z
1(m)

mnwn

O OO+

First solving equation (19) for Y(n) and theh solving equation (17)
for X(n-1) results in the followings

X(n-2) =a + sb (20)
Solving equation (19) for Y(n-1) and equation (17) for X(n-2) results
in the followings?

X(n-2) = bs? + cs + d (22)
This procedure could be continued to the top tray where a relation is
obtained for the top tray composition and reflux flow rate. .It turns
out that this procedure develops very complex terms as one continues

up the column.
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This stepping procedure is greatly simplified if one goes into
the frequency domain by substituting (i®) in the equations for the
Laplace variable (s). Repeating the solution for X(n-1l) for a given
frequency, (w), results in a complex number.

X(n-1) = a + ib (22)
Carrying out the same procedure for tray (n-2) results in a complex
number which is a function of the frequency.

X(n-2) =c + id - (23)
Continuing the calculations to the top tray results in solutions for
X(1), the reflux, R, and the distillate flow, D, which are the P(1,3),
- P(2,3), and P(3,3) terms of the matrix equation (16) for the given

value of frequencye.

X(1)(w) = q + iy = P(1,3)
R(w) =m + iu = P(2,3) (24)
D(w) = n + it = P(3,3)

This procedure is now repeated for the same values of frequency
assuming another value at the bottom of the column equal to unity
and the remaining three variables equal to zero. This is repeated
until all the matrix terms are calculated for the given value of
frequency after which a new value of frequency is assumed and the
procedure is repeated.

Following this procedure the required transfer functions

between variables can be developed. Partitioning matrix equation (16)
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[1 oqilrxr” i'oal' {-0(1,1) ¢(1,2) o@1,3)°t [z
lo ol + 1IR=‘G(2,1) c(2,2) G(2,3) v (25)
Lo 1 t{t oJ 16(3,1) 6(3,2) 6(3,3)| |Ln

a1, )

+ | o(2,4) Xy
L 6(3,4)
Rearranging equation (25)
4

10 -G, "xr'{ G(1,1) G(1,2) G6(1,3) ©
0 0 =Gy Yy | = 1 G(2,1) G(2,2) G(2,3) -1 v (26)
01 oy | X% | |GG 6G,2) 6G,3) o | |7

using the second of these equations to obtain a relation between L,

and R since all the terms in this equation except G(2,3) are zero.
L, = (1/6(2,3)) R | (27)

Disregarding the output variable Y; and substituting equation (27)

into equation (26) results in the following equations:

1 -G, X, Gy G, Gpp/Gys | [2

(28)
0 -G3,| |%o G31 G3p G33/Gy3 | |R

Equation (28) can now be solved either for the column open loop
response or for the feedforward controller transfer functions.
Setting the left side of equation (28) to zero, eliminating the

reflux, R, and solving simultaneously the two resulting equations for
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the feedforward controller transfer functions one obtains the

following equationss?

= (P33 Ppy = Py3 P33)/\#13 Pgp = P33 Ppp) (29)

Nl <

= = Py3 (P33 Ppy = Py, Pg1)/(Py3 Pyp = P33 Ppo)e (30)

N
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IV. EXPERIMENTAL

The following section includes a statement of the purpose of

this investigation, the plan of investigation, the plan of experi-
mentation, a list of major apparatus and materials, and an outline
of the procedure followed in the operation of the system, the data

collection and reduction of experimental data.

Purpose of the Investigation

The purpose of this investigation was to experimentally
determine the system open-loop transfer functions for changes in
feed composition, vapor rate and reflux rate from which to formulate
the experimental feedforward controller transfer functions and
compare these transfer functions with the transfer functions as pre-

~dicted by the linear model assumption.

Plan of Investigation

The plan of investigation followed in this research consisted
of the following: Modification of equipment, experimental tests,
experimental data reduction, and calculation of the feedforward

controller based upon a linear model assumption.
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Modification of Equipment. Before the experimental investi-

gation for this study was undertaken, several major design changes
were undertaken. Major modifications were made to the reboiler,
column trays, insulation and control instrumentation on the eight-
inch diameter column located in the V.P.I. Chemical Engineering
Department Unit Operations Laboratory. These changes will be dis-
cussed separately.

A feed preheater and bottoms and distillate coolers were con-
structed from 1/4-inch copper tubing and installed in the process
lines. A heating tape was installed on the reflux line to maintain
an elevated reflux temperature in the stream returning to the column.

A vapor-liquid disengagement tank was located between the vapor
dischargelfrom the column and the condenser. This unit consisted of
a 3-ft length, 6-inch diameter copper pipe with the vapor entering
the center and discharging from the side at the tope This unit was
required due to the short vapor-liquid disengagement space available
on the top tray before neckdown to the 1-1/2 - inch diameter copper
vapor linee.

Reboiler. The kettle type reboiler with a holdup of
approximately 50 gallons was replaced with a thermosiphon
reboiler consisting of 21-3/4 - inch 0.D., No. 17 BWG, copper
tubes 65-inches long. This reboiler has an average operating
holdup of 4 gallons. Complete drawings are on file in the V.P.I.

Chemical Engineering Department equipment files.



Column Trayse. The column was originally equipped with

copper bubble cap trays consisting of two-inch diameter caps
located on a reverse flow tray with an outlet weir height of
two inches. Tray spacing was b-inches.

These trays were replaced with copper sieve trays containing
195-9/346%= inch diameter holes located on a 3/8-inch equilateral
triangular pitch. The tray thickness was 0.0620 inches. This
tray was equipped with an inlet weir 1l.25-inches high and an
3/L-inch high outlet weir made from 1-1/4 - inch diameter copper
tubing. A 2.5 inches high vapor-liquid disengagement baffle was
located 1/4=inch before the outlet weir and 3/4-inch above the
tray floor. The tray spacing was increased from 6-inches to
12-inches. The column now consists of 18 trays and a reboiler.
Figure 1, page 28, is the sieve tray design used in this unit.

Sample taps were installed on all trays except tray 10 since
at this point the column passes through the flooring and it was
impossible to install the tape The sample taps draw liquid
samples from behind the tray inlet weir and therefore the sample
represents the liquid concentration leaving the tray above., For
this reason it is impossible to sample the liquid leaving the
bottom tray in the reboiler. The sample taps consist of approxi-
mately 8-inches of 1/8~inch diameter stainless steel tubing up
to the valve located on the outside of the column. A small water

. cooler is located past the valve for cooling the sample.
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Insulation. The entire column was insulated to reduce heat
losses from the copper column. The column was covered with a
l-inch layer of fiberglass insulating material between flanges.
A 1/2-inch layer of fiberglass insulating material was then
wrapped around the entire column on the outside of the flanges

and this was then covered with corrugated aluminum sheeting.

Control Instrumentation. Initially the column was equipped
with no control instrumentation and.complete instrumentation was
required for this investigation. Figure 2, page 30, shows the
instrumentation diagram for the unit.

The four major process streams, feed, distillate, réflux,
and bottoms, were equipped with Fischer-Porter indicating-
transmitting rotameters. These instruments were connected to
Foxboro controllers mounted on the main control panel. Orifice
meters were installed in the steam line to the reboiler and
cooling water line to the condenﬁer. Foxboro.gg cells were used
to transmit the orifice readings to the Foxboro controllers
located on the main panel board. Foxboro Dp cells were also
installed to transmit liquid-level readings from the reboiler and
accumulator to the controllers. Two temperature transmitters
were installed, one was located in the feed line after the feed
preheater and was used for feed preheater temperature control

and the other was located at the condenser discharge and was
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used for distillate temperature control. Properly sized
research control valves were installed in the process lines to
complete the control loops.

In total, eight Foxboro recorder-controllers were panel
mounted on the main panel board and were used to record ahd
control all process streams. Six control valves were installed
in total for control.

A Thermo-Electic temperature indicator with a 24 point
selector switch was panel mounted and was used to monitor
all tray,.reboiler, overhead vapor, inlet and outlet water from
the condenser and phe steam side of the reboiler temperatures.
A Foxboro differential pressure transmitter was installed to
measure the pressure drop between trays two and seventeen.

Experimental Tests. Before the dynamic tests could be conducted

a series of steady-state tests were performed during which all control
loops were adjusted to give maximum response without instability and
the performance of the system was reviewed to determine the range of
satisfactory operation. These tests were the basis for the selected
steady-state conditions around which the pulse tests were conducted.
It was also necessary to calibrate all flow transmitters and recorders.
A series of eight pulse tests were conducted. Three tests in-
volved changes in feed composition, three tests involved vapor rate
changes and two tests were reflux rate changes. During each test

continuous refractometers were used to monitor the distillate and



bottoms compositions except during three tests when one refractometer
was operating improperly and hand samples were taken of the bottoms
composition at one minute intervals. The process refractometer out-
puts were recorded on a two channel Texas Instrument Recorder.

Feed pulses were obtained by injecting into the feed stream from
a five gallon tank a monitored amount of pure component ahead of the
feed pump and flow control system for a given period of time. Hand
samples were taken of the feed during the feed pulse tests to
determine the exact feed composition during these tests.

The reflux and vapor rate pulses were obtained by adjusting the
setpoint on the appropriate controller and after a predetermined
time the setpoint was shifted back to its original value.

At the beginning and end of each.test composition samples were
taken from each tray, reflux, feed, and distillate streams and the
reboiler. All temperatures, recorder readings and steam rate were
recorded at the start of each test.

Evaluation of Experimental Data. The steady-state performance of

the column at the beginning of each test was evaluated by digital
computer program SSDDR which can be found in the Appendix, page 205,
This program performs a complete heat and material balance for the
system. The program converts the refractive index readings for each
stream and trays to the corresponding mole fraction, calculates the
theoretical tray pressure based upon the temperature reading and tray

composition, and evaluates the Murphree tray efficiency based on the



vapor phase. This program also generates the required steady-state
constants required for the calculation of the feedforward controller
matrix based upon the linear model.

The refractive index readings from either the hand samples or
the continuous process refractometer readings taken at a fixed time
interval with the appropriate input pulse data were reduced by
digital computer program PDCONV which may be found in the Appendix,
page 232 . This program converted the refractive index readings to
mole fractions and also calculated the change from steady state for
both the input and output pulsese.

The system transfer functions were then calculated by a Fourier
analysis of the pulse difference data by digital computer program
PDTFR. This program appears in the Appendix, page 242, The experi-
mental feedforward controller was then calculated from the system
transfer functions determined from the pulse data. Six transfer
functions are required to determine the controller functions, the
distillate composition to the feed composition, reflux rate and vapor
rate. These open loop transfer functions serve as the input data to
digital cémputer program CEFFCM which calculates the feedforward
controller transfer functions.

The feedforward controller transfer functions based upon the
linear model are calculated by digital computer program FFCLM which
. appears in the Appendix, page 258. The appropriate data from the

steady-state program, SSDDR, is used as input data for this program.
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The feedforward controller transfer functions determined from
the experimental data were then compared with the corresponding

transfer functions based upon the linear model.

Materials

The following major materials were used during this investigation.

Air. Supplied at 80-90 1lb/sq in., gage, filtered and reduced
to 20 1b/sq in., gage. Obtained from Virginia Polytechnic Insti-
tute Power Plant. Used as supply for pneumatic control instruments.

Benzene. Pure grade, 99 mol per cent minimum. Obtained from
Phillips Petroleum Company, Special-Products Division, Bartlesville,
Oklahoma. Used as one component of the binary mixture fractionated
in the distillation colqmn during this investigation.

N-Heptane. Pure grade, 99 mol per cent minimum. Obtained from
Phillips Petroleum Company, Special Products Division, Bartlesville,
Oklahoma. Used as one component of the binary mixture fractionated
in the distillation column during this investigation.

Steam. Supplied at an average pressure of 80 lb/sq in., at
100 per cent quality. Obtained from the Virginia Polytechnic Institute
Power Plant. Used as the heat supply for the column reboiler.

Water. Tap, approximately 68 OF, supplied at 80 1lb/sq in., gage.
Obtained from the water mains of the Unit Operations Laboratory,

Department of Chemical Engineering, Virginia Polytechnic Institute.



Used for condensing the overhead vapor product and for cooling the

product streams.

Apparatus

A list of the major apparatus used in this investigation is
included in the following paragraphs.

Amplifier, Do Co Model 759-6. Manufactured by Magnetic

Instruments Co., Inc., Thornwood, New York. Used to convert
mv output of process refractometers to ma signal for recording on
Texas Instrument recorder.

Column, Distillation. Eight-inch I. D. equipped with 18 sieve

trays spaceJevery foot. Equipped with condenser. Manufactured by
Vulcan Copper Works, Cincinnati, Ohio and modified by the Virginia
Polytechnic Institute, Chemical Engineering Department Shop. Used
as the distillation column for this investigation.

Controller. Pneumatic,model 58P4F, serial No 255927, three mode.
Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used
to control the distillate temperature. |

Controller. Penumatic, model 58P4, serial No 255903, proportional
plus reset. Manufactured by the Foxboro Company, Foxboro, Massachusetts.
Used to control the bottoms product flow rate.

Controller. Pneumatic,model 58P4F, serial No 255919, prOportionai
plus reset. Manufactured by the Foxboro Company, Foxboro, Massachusetts.

Used to control the feed flow rate.
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“Controller. Pneumatic, model 58P2, serial No 194539, proportional.
Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used to
control reboiler level.

~Controller. Pneumatic,model 58PL, serial No 255906, proportional
plus reset. Manufactured by the Foxboro Company, Foxboro, Massachusetts.
Used to control reboiler steam rate.

_Controller. Pneumatic model 58PLF, serial No 255922, proportional
plus reset. Manufactured by the Foxboro Company, Foxboro, Massachusetfs.
Used to control feed preheater temperature.

-Controller.’ Pneumatic, model 58PLF, serial No 255920, proportional
plus reset. Manufactured by the Foxboro Company, Foxboro, Massachusetts.
Used to control the reflux flow rate.

-Controller. Pneumatic, model 58P4F, serial No 255925, proportional
plus reset. Manufactured by the Foxboro Company, Foxboro, Massachusetts.
Used to control condenser water flow rate.

. Controller. Pneumatic, model 58P4F, serial No 255926, proportional
plus reset. Manufactured by the Foxboro Company, Foxboro, Massachusetts.
Used to control distillate flow rate.

~ Controller. Pneumatic, model 58P2 serial No 195642, proportional.
Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used to
control the accumulator level.

Derivative Unit. Inverse, Nullmatic model 59, serial No 353799.

Manufactured by Moore Products Company, Philadelphia, Pennsylvaniae.

Used in the reboiler level control loop.
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Derivative Unit. Inverse, Nullmatic model 59 serial No 353789.

Manufactured by the Moore Products Company, Philadelphia, Pennsylvania.
Used in the condenser cooling water flow rate control loope.

Pump. Centrifugal, model B-F-34C, serial No C2D-1123. Manu-
factured by Eastern Industries, Hamden, Connecticut. Equipped
with Master electric motor code F, Iden. No 616187-JL, 1/2 hp, 115/230 v,
60 cy, 3450 rpm. Manufactured by Master Electric Company, Dayton, Ohio.
Pump used to pump the bottoms product.

Pump. Centrifugal, model 3F-340L, serial No C1lC-1080. Manu-
factured by Eastern Industries, Hamden, Connecticut. Equipped with
Master electric motor, style 337194, serial No HS-37529, 1/2 hp,
115/220 v, 60 cy, 3450 rpm. Manufactured by Master Electric Company,
Dayton, Ohio. Pump used to pump the feed to the column.

Pump. Centrifugal, model TA-4, serial No 58148. Manufactured
by the Eco Engineering Co., 12 New York Avenue, Newark, New Jersey.
Equipped with Master électric motor, type PA, frame F660, 1/2 hp,
208-220/440 v, 60 cy, 3 phase 3450/2850 rpm. Manufactured by Master
Electric Company, Dayton, Ohio. Pump used to pump the reflux and
distillate streams.

Reboiler. Thermosiphon, type, contains 21-3/4 - inch O. D.,

No 17 BWG, copper tubes, 65-inches long. Manufactured by the Depart-
ment of Chemical Engineering Shop, Virginia Polytechnic Institute,
Blacksburg, Virginia. Used as column reboiler on the distillation

column used for this investigation.
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Recorder. Pneumatic, model 5403PS, serial No 547017, 1 pen.
Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used to
record the reflux flow rate.

Recorder. Pneumatic model 5312PS, serial No 255755, 1 pen.
Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used
to record the feed temperature.

Recorder. Pneumatic, model 5312PS, serial No 255770, 1 pen.
Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used
to record the feed rate,

Recorder. Pneumatic model 5322PS, serial No 255777, 2 pen.
Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used to
record the reboiler level and the bottoms flow rate.

Recorder. Pneumatic model 5322PS, serial No 255778, 2 pen.
Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used to
record the reboiler steam rate and the condenser cooling water rate.

Recorder. Pneumatic model 5322PS, serial No 255782, 2 pen.
Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used to
record the distillate flow rate.

Recorder. Pneumatic, model 5322PS, serial No 255779, 2 pen.
Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used to
record the accumulator level and column pressure drop.

Recorder. Pneumatic, model 5312TS, serial No 170462, 1 pen.
Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used to

record the distillate temperature leaving the condenser.



Recorder. Dual channel ''Recti/Riter!'' recorder, Model
PDRIM1M-A16T-L16, serial No PDR-1361, O-1 ma range. Manufactured
by Texas Instruments Inc., Houston, Texas. Used to record process
refractometer outputs.

Refractometer. Laboratory, Cat. No 33-45-58, Serial No 9781 UB.

Manufactured by Bausch and Lomb, Inc., Rochester, New York. Used to

analyze liquid samples during .this investitation,

Refractometer. Process, Model 660, serial No A/1003, COl1l3E-8.

Manufactured by Nester/Faust Manufacturing Co., Inc., Newark, Delaware.
Used to analyre process streams during pulse tests.

Refractometer. Process, Model 660, serial No A/1002, COll3E-2.

Manufactured by Nester/Faust Manufacturing Co., Inc., Newark, Delaware.
Used to analyze process streams during pulse tests:

Transmitter. Differential pressure, type 5A, serial No H93744.
Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used
as the reboiler liquid level transmittere.

Transmitter. Differential pressure, type SA, serial No 183442,
Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used as
the cooling water flow rate transmitter.

Transmitter. Differential pressure, type 5A, serial No 285017.
Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used as

the accumulator liquid level transmitter.
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Transmitter. Differential pressure, type 5A, serial No 390046.
Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used as
the reboiler steam rate transmitter.

Transmitter. Flow, model OK-1615, serial No 5706A1173B2, tube
serial No 6504A479202. Manufactured by Fischer and Porter Company,
Warminster, Pennsylvania. Used as the bottoms flow rate transmitter.

Transmitter. Flow, model OK-1615, series No 1, serial No
W5-1149/1. Manufactured by Fischer and Porter Company, Warminster,
Pennsylvania. Used as the feed flow rate transmitter.

Transmitter. Flow, model OKJ-1401KA4l, serial No 5908A1290Al1,
tube serial No. 6504A4792C3. Manufactured by Fischer and Porter
Company, Warminster, Pennsylvania. Used as the distillate flow rate
transmitter.

Transmitter. Flow, model OK-1615, series No 1, serial No
W5-1149/2. Manufactured by Fischer and Porter Company, Warminster, --
Pennsylvania. Used as the reflux flow rate transmitter.

Transmitter. Temperature, Model No 628NLC-Q, serial No 844846,
primary element No 673D51A6-18-C5. Manufactured by Minneapolis
Honeywell Regulator Company, Brown Instrument Division, Philadelphia,
Pennsylvania. Used as top product condensate temperature transmitter,

Transmitter. Temperature, Nullmatic model 33E5072, serial No
14033-5072-51, Manufactured by Moore Products Company, Philadelphia,

Pennsylvania. Used as the feed temperature transmitter.



Valve. Control, type 75, serial No 27878, trim C, action ATC.
Manufactured by Research Control Valve Division, Precision Products
and Controls, Inc., Tulsa, Oklahoma. Used to control the cooling
water flow to the overhead condenser.

Valve. Control? type 75, serial No 27830, trim B, action ATO.
Manufactured by Research Control Valve Division, Precision Products
and Controls, Inc., Tulsa, Oklahoma. Used to control the steam flow
to the feed preheater.

Valve. Control, type 78S, serial No 27874, trim D, action ATC.
Manufactured by Research Control Valve Division, Precision Products
and Controls, Inc., Tulsa, Oklahoma. Used to control the reflux flow
rate.

Valve. Control, type 78S, serial No 27879, trim F, action ATO.
Manufactured by Research Control Valve Division, Precision Products
and Controls, Inc., Tulsa, Oklahoma. Used to control the bottoms flow
rate.

Valve. Control, type 78S, serial No 27875, trim E, action ATC.
Manufactured by Research Control Valve Division, Precision Products
and Controls, Inc., Tulsa, Oklahoma. Used to control the distillate
flow rate.

Valve. Control, type 75, serial No 27877, trim B, action ATO.
Manufactured by Research Control Valve Division, Precision Products
and Controls, Inc., Tulsa, Oklahoma. Used to control the steam flow

rate to the reboilere.



Method of Procedure

This section contains an outline of the preliminary tests, the
column startup procedure and operational procedure for the pulse
response tests. A control schematic diagram for the unit is included,
Figure 1, page 28.

Preliminary Tests. Before the dynamic test series of this investi-

gation could be undertaken numerous tests were conducted. At the
start of this investigation all flow transmitters were calibrated by
adjusting the setpoint of the controller on the particular loop and
.after steady-state operation was obtained the flow was collected in a
bucket for a given period of time and then weighed. These values
were converted to weight per unit time and plotted versus recorder
reading. The temperature transmitters were calibrated by inserting
the probes in a heated oil bath and adjusting the temperature of the
bath. After thermal equilibrium was obtained the temperature in the
0il bath and the recorder readings were noted. This data was plotted
for each transmitter as temperature versus per cent maximum recorder
reading. The steam and level transmitters were not calibrated before
column operation. Steam condensate readings were taken at the
beginning and end of all tests by the bucket method. The Thermo-
Electric temperature indicator was calibrated following the procedure

outlined in the instruction manuale.
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A calibration curve for the mole fraction of benzene versus
refractive index at 30 °C was determined. Weighed samples of benzene
n-heptane were made up and the refractive index of these samples was
determined on the Bausch and Lomb refractometer. The Nester/Faust
model 660 process refractometers were calibrated in the laboratory
following the procedure outlined in their instruction manual as
revised August 1966.

Numerous steady-state tests were conducted to adjust all con-
trollers to give the maximum controller performance but still main-
taining stable operation. These steady-state tests were also used
to determine the proper liquid levels, feed, reflux, and steam rates
to give smooth column performance without being near regions of column
instability.

Startup Procedure. This startup procedure is the same regardless

of the type of tests planned. ééfore startup all valves were set to
give the proper process flow directions between the storage tanks and .
the column and return. f'e main electrical power was turned on and

the controller charts started. The cooling water was turned on at

the supply points to the condenser and to the product stream coolers.
The water to the organic vapor .condenser on the feed tank was opened

to give maximum flow. Thevcooling water flow to the overhead con-
denser was adjusted to 50 per cent of maximum flow by switching the

condenser temperature controller to the manual mode and adjusting

its setpoint.' The cooling water fléw rate is recorded on the same



recorder as the steam flow rate. Ne;t the vent valve on top of the
overhead condenser is opened. This prevents pressure buildup during
startup and the steam should not be turned on before this valve is
opened.

During startup procedure all controllers are assumed to be in
the automatic mode except where noted. Now the column is ready for
startup of the organic feed.. The fééd pump is started after which
the feed rate controller, in the automatic mode, is.adjusted to the
required flow rate. Now the stea;”supply valve to the feed preheater
is opened and the setpoint of the feed temperature controller,
"automatic mode, adjusted to the required feed temperature. After
the organic level in the reboiler appears in the sight glass the
high pressure steam supply valve is opened. The steam rate controller
setpoint is adjusted to 30 per cent of maximum flow, controller:
should be in the automatic mode. After the controller is adjusted,
the supply pressure regulator should be checked and adjusted to the
required supply pressure. During this investigation 45 psig gave the
best operation. Next thelbottoms pump is started and the reboiler
4liquid level purge supply is started by adjusting the valve in the
3/8-inch copper tubing line connected to the bottoms pump and the
reboiler level controller setpoint édjusted to the required value,

20 per cent during this investigation. The steam rate controller set-

point may be readjusted to the required value after reboiler level
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control has been obtained. High steam rates may not be possible
until reflux flow has been obtained.

When the a;;umulator is half full the reflux pump should be
started and the reflux controller setpoint adjusted to\the required
value and the heater on the reflux line started. Dur;ng initial
startup it is recommended that the hand Vaive in the distillate line
after the flow transmitter be closed until after stable reflux flow
is obtained. Distillate flow rate is controlled by accumulator
level and during initial startup it is possible to get control loop
interaction between reflux flow and distillate flow. The accumulator
‘liquid level purge system should be started as soon as possible after
the reflux pump is started. After stable reflux flow is obtained
the accumulator liquid level controller setpoint should be adjusted to
the required level, 40 per cent during this inves@igation, and the
hand valve in the distillate line opened. ° The diétillate liquid
temperature leaving the overhead condenser controller may now be
switched to the automatic mode and adjusted to the required temperature.

After columh operation has been achieved the condenser vent
valve can be closed and the column pressure adjusted by the use of
nitrogen. The amount of inert gas bleed is adjusted thfahgh the
vent rotameter. After the column pressure has stabilized, final
adjustment of process variables should be made. Aftef a proper line=-

out period the column should attain steady-state operation.
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Dynamic Testing Procedure. After initial startup the column was

allowed to operate four hours before dynamic testing was started.
After this period liquid samples were taken from all trays, reboiler,
and the reflux, and feed streams. When taking the liquid samples
approximately 15 cc of sample was drawn off and discarded from each
sample port before the actual samples were taken. This insures that
the sample taken is a true tray sample. All stream and tray tempera-
tures and - recorder chart readings were recordeds The steam
rate was also measured by the bucket method.

The reflux and vapor pulse tests were carried out by adjusting
“the setpoint of the appropriate controller and after a predetermined
time interval the controller setpoint was adjusted back to its
initial setting. The feed composition pulse tests were conducted
by pumping into the feed stream, ahead of the feed pump and flow
control loop, a metered amount of pure component materiale The rate
of injection was adjusted during the startup of the column, after
which it was not changed. The following steps were followed during
feed composition pulsing; 1) The five gallon storage tank was
filled with pure component material depending on the direction of the
required pulse, 2) The steady-state samples and readings were taken
and recorded, 3) The feed pulse pump was started, 4) at time zero
the solenoid valve in the feed pulse line was opened, 5) Feed stream
samples were taken by hand at half minute intervals, 6) The solenoid

valve was closed at the end of the pulse period.
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At the start of each dynamic test, the process refractometers
were adjusted to allow maximum pen travel during the test. The re-
fractometer centerline valuc was recorded on the chart along with
the chart speed being used during the pulse test. At the start of
the test, time zero, the recorder charts were marked. During some
tests the amount of composition change exceeded the recorder range
and the process refractometer was readjusted and thé recorder marked
with the new centerline readinge.

Shutdown Procedure. The first‘step was to shut off the steam

supply to both the feedpreheater and reboiler. Next, the nitrogen
‘pressure supply was shutdown and the condenser vent valve opened.
After the temperature of the feed had decreasedlihe feed pump was
turned off. After the accumulator had emptied the reflux pump and
heater were shut downe. When the reboiler level had returned to the
controlled level, the bottoms pump was turned off. Next,ihe cooling
water to the distillate and bottoms coolers along with the water to
the overhead condenser were turned off. A small water flow was
allowed to flow at all times through the feed tank condenser. Lastly,

the electrical power supply to the recorder charts was turned off,

Data and Results

The data obtained during the performance of the experimental

test 11F on the distillation column and the feedforward controller
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results of this investigétion are presented in this section. Test 11F
is included in the data section and represents a typical data set.

The test data from the remaining seven tests are included in the
Appendix starting on page 138. Tables I and II on pages 54 and 55,
are summaries of the various tests conducted during this investigation
and should be referred to as a guide to the various experimentalttest
numbers.,

Steady-State Test Data. Table III, page 56, lists the steady-

state conditions at the start of test 11F, This table has the
complete overall material and component balances with the molar
errors and percent errors for each balance. The internal molar fiow
rates based upon the reflux rate for the column are also reported in
this table under the heading Column Internal Flow Rates. The q-values
for both the feed and reflux are reported along with F-factors above -
and below the feed tray. Heat balance results and errors are in-
cluded for the overall system, condenser and tower.

Tables XXV, XXKII, XXXVIII, XXXXVI, LIV, LX, and LXVIII, pages
140, 150, 158, 168, 178, 186, and 196, in the Appendix are similar
tables stating the steady-state conditions at the heginning of each
of the pulse tests., Similarly tables XXXXIV, LII, LVIII, LXIV, and
LXXII, pages 166, 176, 184, 192, and 202, 1list the steady-state

conditions at the completion of the respective tests,
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Table IV, page 57, lists the liquid compositions of the trays
and major streams along with the equilibrium curve slopes evaluated
at the tray liquid compositions. The Murphree tray efficiencies
based upon the vapor phase along with the tray temperatures and
pressures are reported for test 11F. Included in Table IV are the
average liquid holdups on the trays above and below the feed tray in
moles. Tables XXVI, XXXIII, XXXIX, XXXXVII, LV, LXI, and LXIX,
pages 141, 151, 159, 169, 179, 187, and 197 of the Appendix, report
the similar data for the other seven pﬁise tests. Tables XXXXV,
LIII, LIX, LXV, and LXXIII, pages 167, 177, 185, 193, and 203
_report the conditions at the completion of the respective pulse tests.

Pulse Test Data. Table V, page 58, lists the experimental pulse

data for the feed composition during pulse test 11F. Tables VI and
IX, pages 59 and 63, report the composition time data during pulse
test 11F for the distillate and bottoms streams.

Figure 11, page 86, shows a typical set of controller charts
during an experimental pulse test. This set of controller charts
are from test 9V.

Experimental Open Loop Transfer Functions. Open loop transfer

functions for the distillate and bottoms compositions were calculated
from the pulse data obtained during the experimental pulse testing.
Digital computer program PDTFR was used to carry out the required
Fourier analysis of the data. Tables VII and X, pages 60 and 6“,

report the results of this analysis for pulse test 11F. On Figures 3
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and 4, pages 62 and 66, are plotted the results of theée experimental
open loop transfer functions. The experimental open loop transfer
functions for the remaining seven pulse tests can be found in the
Appendix starting on page 138.

Table XXIV, page 85 , lists a summary of the dead times in minutes
and first order time constants determined for each of the.pulse tests '
evaluated.

Figure 14, page 149 in the Appendix, shows for the bottoms
composition/feed composition open loop iransfer function, the com-
parison between the experimental data points obtained from the
. regression analysis of the experimental pulse data and subsequent
analysis of data points calculated ét 0.2 minute intervals from the
regression equation. The regression model results are reported in

Table XXXI, page 148 of the Appendix.

Linear Model Open Loop Transfer Functions. The steady-state data
taken at the beginning of tests 6F and 11F were used_to'calculate the
open loop transfer functions for the system applying the linearvmodel
assumptions to the system. These calculations were carried out as a
function of frequency by digital computer program FFCLM. The results
of these calculations for the distillate and bottoms composiﬁions for
changes in feed composition based on steady-state conditions for pulse
test 11F are reported in Tables VIII and XI, pages 61 and 65, and
are plotted for comparison with experimental data on Figures 3 and 4,

pages 62 and 66 « Similar results for comparison with the experimental
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transfer functions are located in the Appendix starting on

page 138.

Experimental Feedforward Controller Transfer Functions. The

experimental open loop transfer functions resulting from the pulse
tests were used to calculate the experimental feedforward controller
transfer functions. The feedforward controller transfer functions
calculated were the reflux and vapor flow rate changes required to
maintain constant distillate and bottoms product purity for changes
in feed composition. Feedforward contrgllers were determined for
both sets of basic steady-state conditions used during this investi-
.gation.

‘Table XII, page 67, is the reflux rate/feed composition experi-
mental feedforward controller transfer function‘data determined as
a function of frequency based on data sets 6F, 6V and 6S. Table
X1V, page 70, reportslsimilar results for the~vgpor rate/feed
composition controller function based upon the same data sets. These
results are plotted in Figures 4 énd 5, pages 66 and .69

Five pulse tests were conducted at the second stgady—state con-
dition in order to determine the magn;tude of the‘nonlipear effects.
Therefore, two feedforward controllers were determined to evaluate
the effect of pulse direction on feedforw§rd controller transfer
functionse. Datajsets éR, 10v and 11F rgpreéents positive reflux
pulse, positive vapor rate pulse ang a dgcrgasin§ benzene composition
pulse. Dat% setsv833’9v.?pg 12F ipyglvgg{igiﬁo?itiyerrgf}gx.fate A

A P tos U ey
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pulse, negative vapor raté and an increasing benzene composition
pulse. Tables XVI and XX, pages 73 and '79, are the feedforward
controller transfer function data based upon tests 8R, 10V and 11F
and Tables XVI; and XXI, pages 75and 81, are the data based upon
tests 8R, 9V and 12F.

The resulting feedforward controllers from this analysis are
plotted on Figures 7, 8, 9, and 10, pages 74, 76, 80, and 8k,

Linear Model Feedforward Controller Transfer Functions. The

open loop transfer functions were used to calculate the required feed-
forward controller transfer functions which correspond to the experi-
'mental feedforward controller functions. Steady-state data sets 6F
and 11F were used as the conditions around which these calculations
were performed. Tables XIII and XV report the results for the case
of experimental data set 6F. This data is plotted for comparison
with the corresponding experimental feedforward controller functions
on Figures 5 and 6, pages 69and 72. Table XVIII and XXII report the
results of these calculations for experimental data 1llF. Since, in
the linear model calculations, the direction of the pulse has no
effect on the calculated results, these data points are plotted for
comparison purposes on Figures 7, 8, 9 and 10, pages 7“, 76, 80;
and 84, |

Feedforward controller transfer function data are also reported

in Tables XIX and XXIII, pages 78 and 83, based on steady-state
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conditions for test 9V for comparison with the results determined at
steady~state conditions for test 11F.

Frequency Response Program Testing. Computer Program PDTFR was

tested by calculating the response of a first order system to a pulse
as a function of time and using this data as input data to the
frequency response programe. The results of this program testing pro- '
cedure are reported in Table‘LXXIV, page 204, \as the frequency response
of a first order system. The data point time interval was 0.2 minutes

for this analysise.



Test No

6F
6S
6V
8R
9V
10V
11F
12F

a

Stream Pulsed

Feed
Reflux
Vapor
Reflux
Vapor
Vapor
Feedb
Feed

Lb Moles per Minute

See TABLE 5 page 58

TABLE I

Summary of Experimental Pulse Tests

Initial

0.
0.
.11433
.0688
L1277
1234
.0630
.0623

o O O O O O

0611
0705

Pulse
0.0611
0.1075
0.12576
0.0854
0.1197
0.1271
0.0630
0.0623

for feed composition change,

Pulsed Stream Flow Rates®

Final

0.
0.
0
0.
0
0
0
0

0611
0705

.1233

0688

L1228
L1227
.0623
.0626

+ 4+

Pulce Interval
Minutes

10
6
5

15

15

20

-.-|7g-



Test No
6F
6S
6v
6VA
9V
9VA

10V
10VA
11F
12F

12FA

TABLE II

Summary of Steady-State Test Data Tables

Description

Steady-State Column
Steady-State Column
Steady-State Column
Steady-State Column
Steady-State Column
Steady-State Column
Steady-State Column
Steady-State Column
Steady-State Column
Steady-State Column

Steady-State Column

Conditions
Conditions
Conditions
Conditions
Conditions
Conditions
Conditions
Conditions
Conditions
Conditions

Conditions

at

at

at

at

at

at

at

Start of Pulse Test
Start of Pulse Test
Start of Pulse Test
Completion of Pulse
Start of Pulse Test
Completion of Pulse
Start of Pulse Test
Bompletion of Pulse
Start of Pulse Test
Start of Pulse Test

Completion of Pulse

6F

6S

6V

Test 6V

9v

Test 9V

1ov

Test 10V
11F

12F

Test 12F
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TABLE III

BINARY CISTILLATION STEADY-STATE TEST DATA
HEAT AND MATERIAL BALANCES
EXPERIMENTAL DATA SET 11F

STREAM MOLES/MINUTE MOLES BENZENE/MINUTE
FEED 0.0630 0.0421
BOTTONS 0.0205 0.0042
OVERMEAD 0.0439 0.0384
REFLUX 0.0689 0.0602
TOTAL MASS ERROR -0.0015 PERCENT 2.4260
BENZENE ERROR -.0005 PERCENT 1.1769
COLUNN INTERNAL FLOW RATES

TOP VAPOR 0.117379

TOP LIQUID 0.073437 L/V TOP 0.625639
BOTTOM VAPOR 0.120522

BCTTOM LIQUID 0.139536 L/V BOTT 1.157765
Q-VALUE FEED = 1.0499 REFLUX = 1.0661
F-FACTOR T0P = 1.0309 BOTTOM = 1.1607

FEED TRAY = 9

HEAT BALANCE CATA

INPUT QuTPUT ERROR PERCENT

8TU/MIN BTU/MIN BTU/MIN ERROR

OVERALL 2802.4 2123.8 678.6 24.21
CONDENSER 2934.8 2528.8 406.1 13.84

TOMWER 3601.4 3328.9 272.5 T.57
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TABLE IV

BINARY CISTILLATICN STEADY-STATE TEST DATA
TRAY TO TRAY CALCULATICN RESULTS
EXPERIMENTAL DATA SET 11F

Y LIQUID
MOLE FRACT
0 0.6683
LuX 0.8736
0.8373
0.8089
C.7796
0.7645
C.T7444
C.7219
C.7051
C.6802
C.6680
C.6572
0.6438
0.6223
C.5812
0.5372
C.4798
C.3849
0.3156
0.2532
OILER 0.2037

TRAY HOLDUP

TEMPERATURE
CEGREES F
181.0¢
168.0C
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