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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 perfo~-

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 ioost chemical process equipment. Today this is not 

satisfactory with industry requiring higher product purities, lower 

equipnent 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 pa~ameter 

systems or systems with SfOW response speeds. Undesirable feedback 
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controller interactions may also occur in multivariable systems with 

feedback control. 

One approach to overcome these problems which has received nmch 

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 input variables on the 

process outputs. Feedforward control is limited to measured input 

disturbances to the system since it has no knowledge of the actual 

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, rulti-

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 nmch 

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. 
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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 been 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 colunm 

dynamics and feedforward control is also included. 

Basic Principles of Process Control 

Since World War II electrical engineers have developed methods 

of servomechanism 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 
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equations of the system using the step function as the forcing 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 the number of equations becomes large or the 

operation becomes a distributed-parameter system, this method gener-

ally does not allow one to determine the system transfer functions 

and requires trial and·error to determine the optinrum control scheme. 

Its advantage lies in the fact that the solution to the problem 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 determined by ma.king 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 methods are 

graphical in nature and are called the Nyquist and Bode methods. 
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Nyguist Method. The Nyquist method involves plotting the 

magnitude ratio 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 degrees). The Nyquist method is generally 

used for control system design when the process transfer functions 

are known. 

Bode Method. 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 the 

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 

aJOOunts of proportional, derivative and integral control to the open 

loop response of the system. Normally the best control system is one 

which allows the highest proportional 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. 

Experimental 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, functions 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 frequency 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 good 

noise rejection and allows direct conversion to frequency response. 

Caldwell, Coon and Zoss (7) discuss sinusoidal testing in detail. 

Nonperiodic Testing. 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 and the 

problems involved in the conversion of pulse response data to 

frequency response. 
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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 frequency spectrum is present in the nonperiodic 

test signal as determined by a Fourier analysis. Therefore 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 system must be obtained 

by a Fourier series transform from the experimental input-output 

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 0£ Distillation Colwnns and Heat Exchangers,'' review some of 

the current work in this field. 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. 
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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 JOOdel 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 proposed a nonlinear .roodel for a 

distillation column and have reported very good experimental con-

firmation of their predictive model (Z7, 28). Johnson and Lupfer have 

also proposed a distillation column roodel 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 predicte~ the column 

dynamics with a nonlinear model with good agreement. 

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

lation column control has involved relatively simple models. Williams, 

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 added. 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. column at the University of Delaware. 

Grover and Peiser (20) have reported a study of the 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 feedback 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) abd by Dobson (12) and appli-

cations of feedforward control to several process 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 sampled-data•feedforward control. 

Rippin ~nd Lamb (43) were the first to apply a frequency-domain 

solution for feedforward controller synthesis to a linear model of 

a distillation column. They determined the transfer functions of 

the column and used matrix 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.Ch.E. 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 40-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 multicomponent 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 comJ:Uters 

on commerical columns for feeclforward 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). 
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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 

F(f(t)) = Jco f(t)k exp (-iwt f dt (1) 
-(X) 

where 
F(f(t)) = Fourier transform 

i =~ 

w = frequency, radians/time 

t = time. 

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

be reduced to the following form: 
OJ 

F(f(t)) = J f(t)* cos (wt)* dt - 1J -a,f(t)* sin (wt)* dt , 
(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. 

The application of the trapezoidal rule to each of the terms on 

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

mations: 
(X) 

and 

l f(t)* 
0 

(X) J f(t)* 
0 

cos 

sin 

k=n-1/2 

(wt)* dt =· 6t l f(k 6t)* cos (wk 6t) 
k=l/2 
k=n-1/2 

(wt)* dt = 6t l f(k 6 t)* sin (wk 6 t) 
k=l/2 

(3) 

(4) 

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(f(t)) = P(w) = A(w) - iB(w) 

where: 
P(w) 

A(wJ 

B(w) 

= Fourier transform of the pulse evaluated for 
frequency, (w) . 

= real part of the transform 

= imaginary part of the transform. 

For a more complete discussion of the numerical integration of 

equation (2) see (14, 19). 

(5) 



The process transfer function is obtained by taking the ratio of 

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

G(w) 
A(w) - iB(w) 

= Pout(w)/P1.·n(w) = ( ) ( ) Cw - iD w 

where: 

G(w) = process transfer function 

P0 utCw) = transform of the output pulse 

Pin(w) = transform of the input pulse 

A(w) = 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. 

(6) 

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

following form: 

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

where: 

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

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

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

frequency, (w), from the following expressions 

(7) 

(8) 

(9) 
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Gain(w) = 1o~'<'log10 (TR(w)*~"'2 + TI(w)**2) 

Phase(w)= 57.2957SkArctan (TI(w)/TR(w)) 

where: 

Gain(w) = system gain, decibels 

Phase(w)= system phase angle or lag, degrees. 

(10) 

(11) 

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 

where: 

= P(l,l)*Z - P(l,2)*V + P(l,3)*R 

= P(2,l)*Z - P(2,2)*V + P(2,3)*R 

= change in distillate composition 

= change in bottoms composition 

= change in feed composition 

= change in vapor rate 

= change in reflux rate 

(12) 

(13) 
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P(l,l) = distillate composition/feed composition transfer 
function 

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

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

P(2,l) = bottoms composition/feed composition trans.fer function 

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

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

The feedforward control criteria are that the changes in bottoms and 

distillate compositions shall be maintained equal to zero, (Xd=Xb=O). 

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 

V/Z 

= -(P(2,2)*P(l,l) - P(l,2)*P(2,l))/PP 

= -(P(2,3)*P(l,l) - P(l,J)*P(2,1)/PP 

PP = (P(2,2)*P(l,3) - P(l,2)*P(2,3)) 

(14) 

(15) 

Since the transfer functions are complex numbers which are 

functions of frequency, (w), these calculations must be carried out 

in complex ma.thematics 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 compositions, 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 variables 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 of1 

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

2 - first order lags 
1 - dead time. 

Laplace transforming of these equations results in forty-two algebraic 

equations. 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 tr. _ .. ciple of superposition, one is able to obtain the 

following m..1.t:ix equations 

V 
1 0 0 Xr G(l,1) G(l,2) G(l,3) G(l,4) 

G(2,1) G(2,2) G(2,3) G(2,4) 
z 

0 1 0 R = (16) 
0 0 1 yt G(J,1) G(3,2) G(3,3) G(3,4) Ln 

Xb 

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 equations, 

X(n-1) = (V/L )k (Y(n) - Y(n+l)) + c1 (n)* (v - 1 (n - 1)) (17) 

+ (1 + s(H/L) )*X(n) 

l(n-1) = (1 + s'r f3)*l(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 
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H = tray holdup in ;:nles 

G = transfer func~ ._ ,a between variables 

= change in tray holdup with liquid rate 

Slope = equilibrium curve slope evaluated at stea~v-state X(n) 

Eff = tray efficiency 

v = v/V 
n = tray number, decreasing up the column 
1 = L/L 
s = Laplace variable 
bar terms are steady-state quantities. 

Now assuming values for the variables, (l(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) = 1 
V = 0 
Z = 0 
l(m) = 0 

First solving equation (19) for Y(n) and then solving equation (17) 

for X(n-1) results in the following: 

X(n-2) =a+ sb (20) 

Solving equation (19) for Y(n-1) and equation (17) for X(n-2) results 

in the following: 

X(n-2) = bs2 +cs+ d (21) 

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 (iw) in the equations for the 

Laplace variable (s). Repeating the solution for X(n-1) 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(l), the reflux, R, and the distillate flow, D, which are the P(l,3), 

P(2,3), and P(J,3) terms of the matrix equation (16) for the given 

value of frequency. 

X(l)(w) = q + iy = P(l,3) 

R(w) = m + iu = P(2,3) 

D(w) = n +it= P(J,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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G(l,1) G(l,2) G(l,3) 

G(2,1) G(2,2) G(2,3) 

G(J,1) G(J,2) G(J,3) 

l G(2,4) 

G(J,4) 

G(l,1) G(l,2) G(l,J) 0 

G(2,1) G(2,2) G(2,3) -1 

G(J,1) G(J,2) G(J,3) 0 

z 

V 

z 

V 

Ln 
R 

(25) 

(26) 

using the second of these equations to obtain a relation between Ln 

and R since all the terms in this equation except G(2,3) are zero. 

= (l/G(2,3)) R (Z7) 

Disregarding the output variable Yt and substituting equation (Z7) 

into equation (26) results in the following equation: 

(28) 

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 equations: 

V z (29) 
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rv. ElCPERIMENTAL 

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, 

colwnn 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 colwnn. 

A vapor-liquid disengagement tank was located between the vapor 

discharge from 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 top. 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 line. 

Reboiler. The kettle type reboiler with a holdup of 

approximately 50 gallons was replaced with a thermosiphon 

reboiler consisting of 21-3/4 - inch O.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 Trays. 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 6-inches. 

These trays were replaced with copper sieve trays containing 

195-9/l6~- 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 1.25-inches high and an 

3/4-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 tap. 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 

1-inch layer of fiberglass insulating material between flanges. 

A 1/2-in~ 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, reflux, 

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 condenser. Foxboro Dp 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 and 

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 the 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 
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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 
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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, 

page232. This program converted the refractive index readings to 

mole fractions and also calculated the change from steady state for 

both the input and output pulses. 

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 computer 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. 



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 lb/sq in., gage, filtered and reduced 

to 20 lb/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 column 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 °F, supplied at 80 lb/sq in., gage. 

Obtained from the water mains of the Unit Operations Laboratory, 

Department of Chemical Engineering, Virginia Polytechnic Institute. 
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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, D. C. 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 space,J every 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, proportional 

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 58P4, serial No 255906, proportional 

plus reset. Manufactured by the Foxboro Company, Foxboro, Massachusetts. 

Used to control reboiler steam rate. 

Controller. Pneumatic model 58P4F, serial No 255922, proportional 

plus reset. Manufactured by the Foxboro Company, Foxboro, Massachusetts. 

Used to control feed preheater temperature. 

~Controller.,/ Pneumatic, model 58P4F, 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. 

rController. 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, Pennsylvania. 

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 loop. 

Pump. Centrifugal, model B-F-34C, serial No C2D-112J. 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 ClC-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 electric motor, type PA, frame F660, 1/2 hp, 

208-220/440 v, 60 cy, 3 phase 3450/2850 rpm. Manufactured by ¥,aster 

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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ReGorder. Pneumatic, model 540JPS, serial No 547017, 1 pen. 

Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used to 

record the reflux flow rate. 

Recorder. Pneu..1.1a.tic 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 accunrulator 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. 
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Recorder. Dual channel ''Recti/Riter'' recorder, Model 

PDR1Mllv1-Al6T-Ll6, serial No PDR-1361, 0-1 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. 

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

.analyze liquid samples cturing .,this ir;i.vesti~;ation. 

Refractometer. Process, Model 660, serial No A/1003, C0llJE-8. 

Manufactured by Nester/Faust Manufacturing Co., Inc., Newark, Delaware. 

Used to ai:i.al.,l.e process streams during pulse tests. 

Refractometer. Process, Model 660, serial No A/1002, C0llJE-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 transmitter. 

Transmitter. Differential pressure, type 5A, serial No 183442. 

Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used as 

the cooling water flow rate transmitter. 

Transmitter. Differential pressure, type SA, 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 SA, serial No 390046. 

Manufactured by the Foxboro Company, Foxboro, Massachusetts. Used as 

the reboiler steam rate transmitter. 

TransrrQtter. Flow, model OK-1615, serial No 5706All7JB2, 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/l. Manufactured by Fischer and Porter Company, Warminster, 

Pennsylvania. Used as the feed flow rate transmitter. 

Transmitter. Flow, model OKJ-1401KA41, serial No 5908Al290Al, 

tube serial No. 6504A4792CJ. 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 628N4C-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. 
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Valve. Control, type 75, serial No 27E!:78, trim C, action ATC. 

Pia.nufactured 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 27E!:74, trim D, action ATC. 

Yanufactured 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 27E!:79, 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 27E!:75, 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 reboiler. 
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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. Bef9re 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 

oil 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 manual. 
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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 maxinn.un 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. Before startup all valves were set to 

give the proper process flow directions between the storage tanks and 

the column and return. 't~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 
V 

to give maxi.mum flow. The cooling water flow to the overhead con-

denser was adjusted to 50 per cent of maxi.nn.un flow by switching the 

condenser temperature controller to the manual mode and adjusting 

its setpoint. The cooling water now rate is recorded on the same 
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recorder as the steam flow rate. Next 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 feed pump is started after which 

the feed rate controller, in the automatic mode, is adjusted to the 

required flow rate. 
7, 

Now the steam/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 maxinrum f~ow, 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 pa,ig gave the 

best operation. Next the bottoms pump is started and the reboiler 

liquid 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 adjusted 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 



-45-

control has been obtained. High steam rates may not be possible 

until reflux flow has been obtained. 

When the accumulator is half full the reflux pwnp should be 

started and the reflux controller setpoint adjusted to the required 

value and the heater on the reflux line started. During initial 

startup it is recommended that the hand valve in the distillate line 

after the flow transmitter be closed until after stable reflux now 

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 now. The accumulator 

·1iquid 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 investigation, and the ,-~ 

hand valve in the distillate line opened •. The distillate liquid 

temperature leaving the overhead condenser controller may now be 

switched to the automatic mode and adjusted to the required temperature. 

After column operation has been achieved the condenser vent 

valve can be closed and the column pressure adjusted by the use of 
~· nitrogen. The amount o[ inert gas bleed is adjusted through the 

vent rotameter. After the column pressure has stabilized, final 

adjustment of process variables should be made. After 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 recorded. 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 material. 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. 



At the start of each dynamic test, the process refractometers 

were adjusted to allow maximum pen travel during the test. The re-

fractometer centerline value 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 the recorder marked 

with the new centerline reading. 

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 decreased the feed pump was 

turned off. After the accumulator had emptied the reflux pump and 

heater were shut down. When the reboiler level had returned to the 

controlled level, the bottoms pump was turned off. Next,the 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 llF on the distillation column and the feedforward controller 
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results of this investigation 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, ~age 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 flow 

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 llV, XXXII, XX.XVIII, XXXXVI, LIV, LX, and LXVIII, pages 

140, 150, 1.58, 168, 178, 186, and 196, in the Appendix are similar 

tables stating the steady-state conditions at the geginning of each 

of the pulse tests. Similarly tables XXXXIV, LII, LVIII, LXIV, and 

LXXII, pages 166, 176, 184, 192, and 202, list 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 llF. 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 pulse 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 llF. Tables VI and 

IX, pages 59 and 63, report the composition time data during pulse 

test llF 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 64, 

report the results of this analysis for pulse test llF. On Figures 3 
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and 4, pages 62 and 66, are plotted the results of these 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 1 '.38. 

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 transfer 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 at 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 llF were used_ to calculate the 

open loop transfer functions for the system applying the linear model 

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 compositions for 

changes in feed composition based on steady-state conditions for pulse 

test llF are reported in Tables V:III 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 ar:id vapor flow rate changes required to 

maintain constant distillate and bottoms product purity for changes 

in feed composition. Feedforward controllers 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 

XIV, page 70 , reports similar results for the· vapor rate/feed 

composition controller function based upon the same data sets. These 

results are plotted in Figures 4 and 5, pages 66 and .69-

Five pulse tests were conducted at the second steady-state con-

dition in order to determine the magnitude of the nonlinear effects. 

Therefore, two feedforward controllers were determined to evaluate 

the effect of pulse direction on feedforward controller transfer 

functions. Data sets 8R, lOV and llF represents positive reflux 

pulse, positive vapor rate pulse and a decreasing benzene composition 
'< \J I 

pulse. Data sets 8R, 9V and 12F involved ia positive reflux rate 
I'~' I l , I j'. j I I I . 1) / ' ' ' I 

Ii ,, 1 1.' J 

' . l l !. ,,l 
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pulse, negative vapor rate and an increasing benzene composition 

pulse. Tables XVI and XX, pages 7'.3 and 79, are the feedforward 

controller transfer function data based upon tests 8R, lOV and llF 

and Tables XVII and ·xxI, pages 75 and 81, are the data based upon 

tests 8R, 9V and 12F. 

The resulting feedforward controllers from this analysis are 

plotted on Figures?, 8, 9, and 10, pages 74. 76. 80. and 84. 

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 llF 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 69 and 72·. Table XVIII and XXII report the 

results of these calculations for experimental data llF. 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 74, 76, 80, 

and 84. 

Feedforward controller transfer function data are also reported 

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

steady-state conditions for test llF. 

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 program. 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 analysis. 



TABLE I 

Summary of Experimentc1l Pulse Tests 

Test No Stream Pulsed Pulsed Stream Flow Rates a Pu l c:c· Int0rval 
Initial Pulse Final Mint1tes 

6F Feed o. 0611 0.0611 0.0611 + 10 
6S Reflux 0.0705 0.1075 0.0705 + 6 

6V Vapor 0.11L~33 0.12576 0.1233 + 5 I 
Lr! 

SR Reflux 0,0688 0. 085!: o. 0688 + 15 I 

9V Vapor 0.1277 0.1197 0.1228 ]5 

l0V Vapor 0,123Lf 0.1271 0.12n + 20 

llF b 0.0630 0,0630 0,0623 8 Feed + 
12F Feed 0.0623 o.o6n 0,0626 6 

a Lb Holes per Minute 
b See TABLE 5 page 58 for feed composition change. 



TABLE II 

Summary of Steady-State Test Data Tables 

Test No Description 

6F Steady-State Column Conditions at Start of Pulse Test 6F 

6S Steady-State Column Conditions at Start of Pulse Test 6S 

6V Steady-State Column Conditions at Start of Pulse Test 6V J, 
VI 

6VA Steady-State Column Conditions at Completion of Pulse Test 6V I 

9V Steady-State Column Conditions at Start of Pulse Test 9V 

9VA Steady-State Column Conditions at Completion of Pulse Test 9V 

lOV Steady-State Colwnn Conditions at Start of Pulse Test lOV 

lOVA Steady-State Column Conditions at Gompletion of Pulse Test lOV 

llF Steady-State Column Conditions at Start of Pulse Test llF 

12F Steady-State Column Conditions at Start of Pulse Test 12F 

12FA Steady-State Column Conditions at Completion of Pulse Test 12F 



TABLE III 

BINARY OISTILLATION STEADY-STATE TEST DATA 
HEAT AND MATERIAL BALANCES 

EXPERIMENTAL DATA SET llF 

STREAM 

FIEO 

80TtOMS 

OVERHEAD 

REFLUX 

MOLES/MINUTE 

0.0630 

0.0205 

MOLES BENZINE/MINUTE 

o.o,a, 
TOTAL MASS ERROR -0.0015 

IEIUENE ERROR -.ooos 
COLUMN INTERNAL FLOW RATES 
TOP VAPOR 0.117319 

TOP LIQUID 

BOTTOM VAPOR 

BOTTOM LIQUID 

0.073437 

o.12os22 

0.139536 

Q-VALUE FEED.• 1.0499 

f-fACTOR TOP • 1.0309 

FEED TRAV • 

HEAT BALANCE 

INPUT OUTPUT 
STU/MIN BTU/MIN 

OVERALL 2802.4 2123.8 

CONDENSER 2934.8 2528.8 

TOWER 3601.4 3328.9 

o.01t21 

o.001t2 

o.OJ84 

0.0602 

PERCENT 2.4260 

PERCENT 1.1769 

L/V TOP 0.625639 

LIV BOTT 1.1-51765 

REFLUX• 1.0661 

IOTTOM • 1.u,01 

9 

DATA 

ERROR PERCENT 
BTU/MIN ERROR 

678.6 24.21 

406.l 13.84 

272.5 7.57 



TRAY 

FEEO 
REFLUX 

l 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

REBOILER 

TABLE IV 

BINARY CISTILLATION STEADY-STATE TEST DATA 
TRAY TO TRAY CALCULATION RESULTS 

EXPERIMENTAL OATA SET llF 

LIQtllO 
MOLE FRACT 

0.6683 
0.8736 
0.8373 
0.8089 
0.7196 
0.7645 
o.7444 
0.7219 
0.7051 
0.6802 
0.6ti80 
0.6572 
0.6438 
0.6223 
0.5812 
0.5372 
0.4798 
0.3849 
0.3156 
0.2532 
0.2037 

TEMPERATURE 
DEGREES F 

UH.OD 
168.00 
192.50 
193.00 
193.50 
194.00 
194.80 
195.20 
196.00 
196.20 
197.50 
198.00 
198.50 
199.0G 
200.00 
201.2c 
203.0C 
205.00 
207.20 
212.00 
216.50 

FEED TRAY= 9 

EQUILIBRIUM 
CURVE SLOPE 

0.1024 
0.6942 
0.6877 
0.6852 
0.6829 
0.6817 
0.6819 
0.6839 
0.6857 
0.6877 
0.6909 
0.6975 
o.7154 
o.7432 
0.7939 
0.9185 
1.0455 
1.1890 
1.32/tl 

EFFICIENCY 
MlJRPHERE 

0.8893 
o.1s12 
0.8506 
0.4567 
0.6457 
0.1122 
0.6102 
0.9819 
0.4726 
o.4726 
0.4726 
O.S849 
o.11sa 
0.6349 
0.6477 
0.8342 
o.5568 
0.6424 
C.6421t 

TRAY HOLDUP TOP= 0.00912 MOLES eOTTOM = 0.00830 MOLES 

TIME CONSTANT, TRAY HCLOUP/LIQUIO RATE= 0.05949 MINUTES 

PRESSURE 
MM ttG 

927.2 
922 .. 7 
917.7 
918.7 
921.9 
918.0 
922.5 
914.4 
928.8 
93C.9 
932.2 
929.8 
925.5 
922.5 
q21.3 
903.3 
899.6 
935.9 
975.0 

I 

I 
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TABLE V 

EXPERIMENTAL PULSE TEST RESULTS 

FEEO SAMPLES TEST DATA SET llf FEEO PULSE 

TlME REFRACTIVE MOLE FRACTION OIFFERENCE 
MINUTES INDEX BENZENE MOLE FRACTION 

o.oo l.44160 o.6726 -0.0000 
0.50 1.40830 0.3344 o.3382 
1.00 1.40540 0.1002 o.,121t 
1.so 1.40490 0.2943 o.,1a, 
2.00 le40500 0.2955 o.3771 

2.,0 le40500 0.2955 Oe3771 
3.00 1.40500 0.2955 0.,111 
3.50 1.40490 0.2943 o.3783 
4.00 1.40510 0.2967 0.115-9 
4.50 1.40500 0.2955 o.3771 

s.oo 1.40540 0.3002 o.3724 
5.50 le40S40 0.3002 o.3724 
6.00 1.40540 0.3002 o.3724 
6.SO 1.40520 0.2978 o.3747 
1.00 l.40SOO 0.2955 o.3771 

1.so 1.40520 o.2978 o.311t-1 a.oo 1.40540 0.3002 0.,121+ 
a.so 1.42990 o.s658 0.10,a 
9.00 1.44080 o.6657 0.0069 
9.50 l.4'+110 0.6683 0.0043 

10.00 1.44140 0.6709 0.0011 
10.so l.44140 o.6709 0.0011 
11.00 l.4~140 0.6709 0.0011 
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TAbLE Vl 

EXPERIMf.fHAL PULSE TE:'>T kESULT::, 
BOTTOMS SAMPLES TEST DATA Stl llF FEEO PULSE 

TI ME REFRl,CTIVI: MOLE r"RACTIQl'l DIFFERENCE NINUTES JNl.,'[X t3ENZE.NE MOLE FRACTION 
o.ov 1.39790 c.2us1 -0.0000 0.2::, 1.3':.BUU 0.2099 -0.0012 o.so 1.39800 o.2os,9 -0.0012 o.75 1.39790 o. 2ucn -0.0000 l .oo 1. 39780 o. 2074 0.0013 
1.25 1.39770 D.2062 0.0025 1. 50 1.39760 G.2049 0•0038 1 • 75 1.397!j0 0.2074 0.0013 2 • 00 1.39790 0.2087 -o.ooco 2.25 1.39790 o .. 2vs1 -0.0000 
£.50 1.39780 0.2014 0.0013 2 • 75 l.Y:i75U Q.2U3"/ 0.0050 3.00 l .39720 v.19'19 000088 3.25 1.39690 0.1961 0.0125 3. 50 le3':1670 0.1936 o.01s1 
3.75 1.39650 0.1911 0.0116 4.00 1.,39640 D.1898 (1-0189 4. 25- 1.,396:30 u.1sas 0.0201 4.,50 1.39610 O.lR60 0.0226 4.,75 1.39590 o.1s35 0.0252 
5.00 1.39570 0.161U 0.0211 5.25 l.39540 0.1112 0.0315 5.50 1.39500 0.1121 0.0366 5.75 1.39470 0 .1082 0.0404 6.00 1.39420 0.1619 o.o46B 
6.25 1.39370 G.1554 o.0532 6.50 1.39320 C.1-490 o.0596 6 • 75 1.39280 C.1439 o.0648 7 • 011 1.39230 U.1374 0.0113 7.25 1.39190 Q.1322 0.0764 
7.50 1.39150 0.1210 o.oa10 7.75 1.39120 0.1231 o.osss a. oo 1.39080 u .11 79 o.0907 s.25 1.39050 0.1140 0.0947 8 • 5U 1.39090 0.1192 0.0894 
8. 75 1.39050 0.1140 Q.0947 ------~--- 9.00 1 • .39.:010 _ Jl.o,..l.J fl a _ 0,099:<;1 9.25 1.38970 0.1035 0.1051 9 • 50 1.38930 0.0983 0.1104 9. 75 1.38890 u.0930 o.11s1 

10.00 1.38850 0.0877 0.1209 10.lS 1.36810 0.0824 0.1262 10.!>0 1.36780 0.0104 Oel3o2 10.1s 1.38750 O.V745 o. 1342 11.00 1.38720 v.0105 0.1302 
11.25 1 • 38690 0.0665 0.1422 11.sc 1.38660 c.0625 o.1462 11.7'.:> 1.3D6.t~o 0.0598 o.1489 12.ov 1.38640 u.0598 o.1489 12.2? 1.38630 o.o5B5 o.1so2 
12.50 1.30620 ().0571 0.1515 12. 75 l.3d610 0.(1558 o.1529 13.00 1.35610 o.os::it1 Q.1?29 13.25 1.311610 r;.o5'.:18 0.1529 13 • 50 1.36620 0.0::,11 0.151:, 
13 • 75 la3862U 0.0571 o.1515 14.0U 1. 3863(! G.!)~85 0.1502 14.25 1.38640 0.0598 0.1489 14.50 1.38660 0.0625 o.1462 14.75 1.38670 u • 06 3 8 o.1449 
15 • 00 l.3il680 O.,Jb:>l Q.1435 15.25 1. 3tl1{10 0.061b 0.1409 15.SO le3d710 0.0691 0.1395 15.75 1.38730 u.0718 o.1369 16.00 1.387?0 (J.0745 0 • 1342 
16.25 1.38770 IJ.0771 l},.1315 16. 50 1.36790 U.CJ798 o.12s9 16. 75 1.388,iO O.N!ll n.1276 17 .00 1.38820 ('.U837 O.L249 17.25 1.381:!40 o.ost.4 0.1223 
17 • 50 l.30850 0.0877 0.1209 17 • 7S 1.38660 0eOB9J o.1196 18.00 la3b680 0.0917 0.1110 18 .. 25 1.38900 0.0943 0.1143 18 • 50 1.38920 (.;.()970 o.U.17 
18.75 1.38940 G.0996 0.1091 19.0U l.3895C ',J.11.-09 0.1078 19.25 1.38970 :'..11)35 0.1051 19.50 1.39000 0 • 10 75 0 .1012 19.75 1,.39030 v.1114 0.0973 
20.00 1.39040 0.1121 o.OYbO 20.25 1.39050 0.1140 Q.0947 20.so 1.39060 u. 1.l. 53 0•0934 20.75 1.09370 -4.7725 4.I.f&ll 21 .ov l.3S-080 0.1179 0.0907 
21 .25 1.39090 r:.11,;2 0.0894 21. 5f) 1.39110 0.1218 Oe086R 21.75 1.39120 0.1231 o.oe55 22. 00 1 .. 39140 ,;. 1257 o.oa29 22.25 1.39150 1). 121~1 c.oa16 
22.so 1.39160 o.12a~ o.oao3 ____________ ,l,j...!-..7..2_ ___ .J...•2.~ .. !..7.!L ____ ..Q. • ..1.2..2,.6 ____ o._Q}..2..Q_ _______________ _ 
23.00 l.39190 u.1322 0.0764 23.25 1.39200 0.1335 0.0751 23.50 1.39220 u.1361 0.0125 
23 • 75 1.39220 o.1361 o.072~ 24.0U 1.39220 0.1361 0.0125 24.25 1.39£'20 0.1361 0.0725 24.50 1.39220 o.1361 0.0725 24. 75 1.39230 u.1J74 (1.0713 
25 .oo 1.39240 0.13-87 0.0100 25.2.5 1.39250 iJ • 1400 0-0687 25 • 50 l .J':t240 o.1387 G•0700 25.75 1 • 3'Jl240 0.1387 0•0700 26.00 I .39240 u.1387 0.0100 
26.25 1.39250 0 .. 1400 o.0687 26.50 1.39270 0.1426 O.Ob61 26.75 1.39290 0.1452 0 • 06 35 27 .oo 1.39300 0.1464 0.0622 27.25 1.393()0 0.1464 Oe0622 
27.50 1.39300 0.1464 0•0622 27.75 1.39300 tJ.1464 0 .. 0622 28.00 l.3930C 0.1464 0.0622 28.25 1 .. 3931)() o.1464 0•0622 28 • 50 1.39310 0.14T7 Oe0609 
28 • 75 1.39320 0.1490 0.0596 29.0iJ 1.39320 0.1490 o.0!'>96 29.25 1.39330 0.1503 0.0584 29.50 1.39340 0 .. 15lti 0.0571 29. 75 1.39340 0.1516 0.0571 
30 • I.)() l.3'::l3!10 o.152.S- 0.0558 30.25 1.39:5:',0 0.1529 0•05~8 30.50 1.39360 0.}542 Q.Q545 30.75 1.39360 0.1542 0.0545 31.vO l • .39370 0 • 15 54 0.0532 
31.25 1. 39380 0.1567 0.0519 31.50 1.39380 0.1567 0.0519 31.75 l. 39380 0.1567 o.c1519 32 • 0~) 1.39390 (J.1580 0.0507 32.25 1.39400 0.1593 0•0494 
32 • SU l.39400 v.1593 o.0494 32.75 l .393-:,Q 0.158G Q.0507 33.0-0 le393YCJ lJ.15BO 0.0507 33.25 l.3S-39iJ 0.1580 u.o5o7 33.50 le3'i400 u.1593 0.0494 
33 • 75 1 .. 39410 V.1606 0.0481 34.00 1.39'-1-20 0.1619 0.0468 34.25 1.39430 0.1631 0.0455 34.50 1.39440 0.1644 o.0443 34.75 1.39440 0 • l 644 0.0443 
35 .oo 1.39440 o.1644 o.0443 35.25 1.3945() 0.1657 0•0430 35.5'0 1.39450 u.1657 0.0430 35 • 75 1.39450 0 .. 1657 0.0430 36 • 0(,) 1.39450 o.1657 0.0430 
36.25 1.39460 0.,1610 0.0417 ------------'~•~•w5>l_ __ J..,.J.ll.!<..4lL~-- J.L.li_!!:..4 ___ ~,9..3.---------------36. 75 1.39440 0. 1644 0.0443 37.00 1.39450 o.1657 0.0430 37.25 1.39450 o.1657 0.0430 
37.50 1.39460 0.1670 0.0411 37.75 1.39460 0.1670 0.0417 38.00 le3946G u.H,70 Oe0417 :rn.25 1.39460 0.1670 0•0417 38 .so 1.39470 0.1682 0.01+04 
38.75 1.39470 u.16f.l2 0.0404 39eOG le3'9460 0 .16 70 0.0417 39.25 1.39460 0.1670 o.0411 39.50 1.39470 C.1682 0.0404 39.75 le39480 u.1695 0.0391 
40.0i.) 1.3948(; 0.1695 0.0391 40.25 1.39460 0.1695 0•039.1. 40. 50 1.39470 o.16e2 0.0404 40.75 1.39460 l).1070 0.0417 41.00 1.39450 0.1657 0.0430 
41.25 1.39450 Gel657 0•0430 41.50 J..39450 Cl.1657 0.0430 41.75 1.39450 0.1657 o.043o 42.00 1.394?0 u.1657 0.0430 42.25 1.39450 C.1657 o.0430 
42.';,0 l.j5'460 0.1010 Oe0417 42.75 1.39460 0.1610 0.0417 43.00 1.3947G 0.1682 u.o404 43.25 1.39481.J 0.1695 Q.0391 43.50 1.39490 0.1708 0.0379 
43. 75 1.39490 o .. 11ua 0.0379 44 • ,J:J 1.39490 u.1708 0.0379 44.25 1.39490 0.1108 0.0379 44.50 1,.:;9490 0 .1 708 0.0379 44.75 l.3:1490 o.11oe 0.0379 
45.00 l.3'-J490 0.110s 0.0379 45.25 l.3':t500 0.1121 0.0366 45.50 1.39500 c.1121 o.03bb 45.75 1.39490 0.110a Ge0.379 46.0J 1.39490 0.110a <J.0379 
46.25 1.39500 0.1121 0.0366 '•6 • 5U 1.39500 G.1721 (J.0366 46. 75 1.39510 U.1733 {1.0.353 47.0U 1.39510 0.1713 0.0353 47.25 1.39520 o.1746 Q.0341 
47 • so 1.39520 G.1746 0.0341 4 7 • 71;, 1.39520 u.1746 o.0341 48.00 1. 39520 o.1746 u.0341 48.25 1 • 39'.'>20 0.1746 0•0341 46 .so l.3'J530 C.17!:!9 o.0328 
48. 75 1.39520 o .. 1746 o.0341 49. i)J 1.39520 0.1746 0.0341 49.25 1.39510 0.1733 0.0353 49.50 l.19510 i;.1733 o.0353 49. 75 1.39,10 (J.1733 0.0353 
so.oo 1.39520 o.1746 Oe034l $0.25 1.39520 0.1746 0.0341 ·------------sc:-so----1.39520 ----0:r14r:----o;o341 _________________ _ 
50.75 1.39520 0 .. 1146 o.0341 51.00 1.39510 o.1733 0.0353 
51.25 1.39510 0.1733 0.0353 51.50 1.39500 0.1121 (1.0366 51.75 1.39500 0.1721 0.0366 ?2.00 l.3951C o.17J3 0.0353 52.25 1.39520 (,'.1746 0.0341 
52.50 1,.:,9::,40 0.1772 0.0315 52.75 1.39550 o.1784 0.0302 53.00 1.J95:>o U.1784 Oe0302 53.25 1 .. 39540 0.177",t. 0.031'> 53.50 1.39540 0.1112 OeD'315 
53.75 1.J':1540 0.1772 0.0315 54.00 1.39530 0.17')9 0.0328 54 ... 25 1.39520 0.1146 o.0341 54.50 1.39520 0.1746 0.0341 54. 75 1.39';20 0.1746 0.0341 
ss.oo 1.39520 0.1746 o.0341 55.25 l.3'J530 0.17;,9 Q.0328 
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TABLE VII 

BOTTOMS COMPOSITION/FEED COMPOSITION 
EXPERIMENTAL FREQUENCY RESPONSE RESULTS 

FOR PULSE TEST llF 

STEADY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

1.4475 0.0000 3.2125 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

1.0000 -o.oo -0.0000 0.0000 
1.0000 -0.10 -0.0000 0.0001 
1.0000 -0.52 -0.0001 o.oo.ps 
0.9999 -1.04 -0.0004 0.0010 
o.9987 -5.18 -0.0112 o.ooso 
o.9975 -7.25 -0.0220 0.0010 
o.9948 -10.36 -0.0449 0.0100 
o.988'+ -1s.52 -0.1012 0•0150 
o.9794 -20.68 •Oe 1805 0.0200 
o.9679 -25.80 -0.2832 0.0250 

0.9539 •30.90 -0.4096 o.o,oo 
o.9188 -40.96 -0.7354 0.0400 
o.s1so -so.1s -1.1602 o.osoo 
o.a219 -60.14 -1.6824 0.0600 
o.7679 -68.97 -2.2939 0.0100 

0.1099 -11.01 -2.9756 o.oaoo 
o.6535 -84.29 -:h6948 0•0900 
0.6022 -90.56 -4.4046 0.1000 
o.5141 -102.96 -5.7799 o.12so 
o.4852 -115.55 -6.2814 o.1soo 
o.4792 -133.43 -6.3901 0.1150 
o.4575 -156.76 -6.7924 0.2000 
o.3405 -211.21 -9.3~89 o.zsoo 
0.21+06 -265.30 -12.3749 o.3000 
o.26aa 37.96 -11.4117 o.3500 

o.3847 -23.37 -8.2979 o.1+000 
o.4942 -77.68 -6.1216 o.4500 
0.6122 -120.21 -4.2617 o.5000 
o.8764 •162.39 -1.1456 o.5,oo 
1.2765 -212.94 2.1201 0.6000 
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TABLE VIII 

BOTTOMS COMPOSITION/FEED COMPOSITION 
OPEN LOOP TRANSFER FUNCTION BASED ON LINEAR MODEL FOR 

EXPERIMENTAL DATA SET llf 

STEADY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

2.2024 o.oo 6.8577 

MAGNITUOE Pt1ASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RAO I ANS/MIN 

l 1.0000 -o.oo -0.0000 0.0000 
2 1.0000 -o.oa -0.0000 0.0001 
3 1.0000 -0.39 -0.0001 0.0005 
It 0.9999 -0.11 -0.0006 0.0010 
5 0.9983 -3.86 -0.0149 0.0050 

6 o.9967 -5.ltO -0.0291 0.0010 
7 0.9932 -7.70 -0.0593 0.0100 
8 0.981t9 -11.50 -0.1323 o.01so 
9 0.9736 -15.23 -0.2325 0.0200 

10 O.9596 -18.87 -0.3580 0.0250 

11 0.9433 -22.43 -0.5068 0.0300 
12 0.9053 -2<J.19 -0.8643 o.01too 
13 o.8625 -35.47 -1.2851 o.osoo 
14 0.8175 -~1.25 -1.7503 0.0600 
15 0.1124 -46.53 -2.2437 0.0100 

16 o.7284 -51.35 -2.7522 o.oaoo 
17 0.6866 -55.76 -3.2660 0.0900 
18 0.6473 -59.79 -3.7779 0.1000 
19 o.s,10 -68.52 -5.0210 o.12so 
20 O.lt906 -75.78 -6.1857 0.1500 

21 0.4333 -81.99 -7.2633 0.1750 
22 0.3865 -87.43 -8.2580 0.2000 
23 0.3151 -96.75 -10.0319 o.2soo 
24 0.2638 -104.73 -11.5750 0.3000 
25 0.225't -111.85 -12.942.lt O.35O0 

26 0.1956 -118 • .37 -llt.1741 0.4000 
27 0.1718 -124.ltl -15.2990 0.4500 
28 0.1524 -130.23 -16.3378 0.5000 
29 0.1364 -135.73 -17.3062 o.ssoo 
30 0.1228 -141.01 -18.2156 0.6000 
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TABLE IX 
EXPERIMENTAL PULSE TEST RE5UL T.$ 

DISTILLATE SAMPLES TEST DAT fl.. SfT llF FEED PULSE 
TIME REFRACTIVE MOLE FRACTION DifFERENC.f:. MINUTES lNOtX BENZENL MOLE FRACTION 
o.oo 1.47000 o.tHU9 -0.0000 o • .l) l.47000 o.a109 -0.0000 O.!'>O 1.47001 U.8710 -0.0001 0.1s 1.47002 o.a110 -0.0001 1. 00 1.47002 u.a71C; -0.0001 
1.25 1.47003 0.8711 -0.0002 1.50 1.47003 u.8711 -0.0002 l • 75 1.47003 0.8711 -().0002 2 .ou l.47CV5 v.a112 -0.0003 2.25 l.47008 0.8713 -0.0004 
2.50 )..47006 o.anz -0 .. 0003 2.75 1.47004 U..3711 -0.0002 :,.uo 1.47002 0.87.i.O -0.0001 3.25 1.47002 IJ.8710 -0.0001 3.50 1.46996 {J.8708 0.0001 
3.75 1.4699!:, o.s106 0.0003 4.00 1.46993 O.B7U5 O.OU04 4.25 1.46990 0.6704 0 .. 0005 4.50 l.4&987 0.s1u2 0.0001 4.75 1.46983 0.8700 o.OOC9 
s.oo 1.46980 0.0098 0 .. 0011 5.25 1.40976 O.B69b 0 .. 0013 s.50 1.46970 o.8693 o.0016 5.75 1~4696$ o.8690 0.0019 6.0i) 1.46958 o.8686 0.0023 
6.25 1.46948 0.8681 0.0028 6.50 1.46940 o.soT7 0.0032 6.75 1.40928 0.8670 0.0039 7 .oo l.46912 0.8661 0.0048 7.25 1.46900 G.8b?5 o.00§.4 
1.so 1.46082 0.8645 0·0064 7.75 l .46&63 u.8-635 0.0074 s.oo 1.46838 0.8621 o.oosa 8.25 1.46815 0.8608 0.0101 a.so l .46791 0.8595 0.0114 
8.75 1.46770 0.8583 0.0126 9.0C 1.46748 0.8570 0.0139 ----------~....xi.---~•flmL----~..!l.5»----~=~-------------9.50 1.46698 v.s542 o.0167 9.75 1.46675 0.1529 0.0100 

10 .oo 1.46650 o.as1s 0.0194 10.2:> 1.46628 0.8502 0.0201 10 • 50 1.46608 G.8490 0.0219 10 • 75 1.46585 G.8477 0.0232 11.00 l .46563 0.8464 0.0245 
11.25 1.46530 0.8444 0.0265 11.5(1 1.46507 0.8431 0.021s 11.75 1.46485 c.a41a 0.0291 12.00 1.46462 0.6404 o.o3o5 12.25 1.46440 o.8391 o.o31s 
12 • 50 l.4e420 o.B37', 0.0330 12.75 l.46396 o.8365 0.0344 13.0D 1.46378 0.8353 0.0356 13.2~ 1.46362 o.8344 0 .0365 13.50 1.46348 o.s335 0.0374 
13. 75 1.46337 o. 8328 o.o3a1 14.CV 1.46330 0.8324 o.o3as 14.?.5 1.46328 o.e323 0.0386 14.50 1.46330 0.8324 o .. 0385 14.73 l .46338 o.s329 o.o3so 
15.00 l.46345 o.a333 0.0376 15.25 1.46350 o.833& 0.0313 15.50 1 .46360 o.8342 0.0367 15 • 75 1.46365 o.a::,45 0.0364 16.00 1.46375- o.8351 0.0358 
16.25 1.46385 o.s35a 0.0351 16.50 l .46400 0.8367 0.0342 16.75 1.46415 o.a376 0.0333 11.00 l.46-432 0.8386 0.0323 17,25- l.46448 0.8396 0.0313 
17.50 l .46462 o.8404 0.0305 17.75 l.46418 0.8414 0.0295 18.00 1.46497 o.8425 o.02a4-18.25 1.46513 o.a434 0.0275 18.50 1.465:30 G.8444 0.0265 
18.75 1 .46545 o.8453 0.0256 19.00 1.46560 o.s462 0.0247 19.25 1.46573 0.8470 0.0239 19.50 1.46584 o.8476 0.0233 19.7!, 1.46597 0.8484 0 .. 0225 
20.00 1.4661,.18 0.8490 0.0219 20.2~ l .46618 0.849b 0•0213 20.50 1.46630 0.8503 0.0206 20.75 l.4b640 0.8509 0.0200 21.00 l.46650 0,.8515 0.0194 
21.25 1 .46620 0.8497 0.0212 21.50 1.46673 o.85-28 o.01s1 21.75 l,46bl37 o.s536 0.0173 22 .oo 1.46698 u.8542 o.ol67 22.25 1.46710 o.!:1549 0.0160 
22.so 1.46720 o.8555 o.01s4 22.75 1.4&730 0.6560 0•0149 __________ __v_,__rui._ ___ ..l,.!,.!>..Ll.L ____ .Q.,~ ____ Jl.,Jli.!t} ____________ _ 
23.25 1~46744 o.8568 0.0141 23.50 1.46750 o.e,;2 0.0131 
23. 75 1.46760 o.a577 0.0132 
24.00 1.46763 o.8579 0.013-o 
24.25 1.46770 0.8583 0.0126 
24.50 1.46778 o.8587 0.0122 
24. 75 l.4-&718 o.B587 0.0122 
25.00 1.46796 o .. 8597 0.0112 
25.25 l.46602 o.aool (l.0108 
25.50 1.46810 o.soo~ 0.0104 
25.75 l.4&817 o.8609 0.0100 
26.00 l .Li,6820 0.0011 0.009a 
2&.25 1.46825 0.8614 0.009s 
26.50 1.46830 0.8616 0.0093 
26.75 1.40832 o.ao11 0.0092 
21.00 1.40837 o.B620 o.oos9 
21.2~ 1.46840 0.8622 o.oos1 
27 .50 1.46842 o.s623 o.oos6 
27.7; 1.46846 o.sc-2!! 0.0084 za.oo 1.46848 o.,862:6 0.0083 
28.25 1.46&50 o.s&21 0.0082 
28.50 1.46852 o.8629 o.ooso 
28.75 l .46655 o.8630 0.0079 
29.00 1.46858 o.6632 0.0077 
29.25 1.46861 o.s633 0.0015 
29.50 1.46667 o. 86-37 0.0072 
29.75 1.46&70 {J. 8638 0.0011 
30.00 1.46876 o.so42 0.0067 
30.25 1.4688() o.8b44 0.000; 
30.50 1.46880 o.8&44 o.0005 
30.75 1.46882 o.8645 0.0064 
31.00 1.46885 o.s647 0.0062 
-;1.2s 1.46888 0.8648 0.0061 
31.50 l.46-890 0.8649 0.0000 
31.75 l ,.46890 V.8649 0.0060 
32.00 1.46-892 0.8651 o.ooss 
32.25 1.46893 o.aos1 o.oosa 
32.50 l.46891 o.8653 0.0056 
32.75 1.46900 o.sos; 0.0054 
33.00 l .. 4ti903 o.8657 0.0052 
33 .. 25 1.46907 o.8659 0.001;;,o 
33.50 1.46909 o.s&oo 0.0049 
3;1.75 l.46911 0.8661 0.00-48 
34.00 1.46914 o.8663 0.0046 
3-4.25 1.,46914 0.8663 0.0046 
34.50 l.4&915 o.8663 o.004b 
:,4.1s 1.46917 l). 6064 0•0045 
.3!;1.0V 1 .. 46918 1;.ao65 0.0044 35.25 1,.46918 0.8665 Q.0044 3:,. 50 1.46919 o.8665 0.0044 0 8666 0 • 0043 35. 75 1.46920 • 36.0G 1.46920 0.8666 0.0043 
36.25 l.46922 o.8667 0.0042 36 •5<.-' 1 .. 46923 u.8667 u.0042 __ _ .:!J,_,...7.2.. J.,.!t,.6.2.U,. ____ :,..Ji.6.LO ____ .!L•Jl..0.J3_ ----- - --- ------------ 37.00 --- 1.4693D li.8671 J.0038 37.25 1.46930 0.5671 0.0038 
37.50 37.75 38 .oo 38.25 38.50 
38. 75 39.00 39.25 39 • 50 39.75 

40.00 40.25 40.50 40. 75 41,.00 
41.25 41 • 5(., 41. 75 42 .oo 42.25 
42.50 42.75 43.00 43.25 4:3.5G 
43. 75 44.00 44.25 44. 50 44. 75 
45.00 45.2~ 4:,1.50 45.75 46.00 
46.25 46.50 46.75 47.00 47.25 
47.5(.) 47,.75 48.00 48.25 48.50 
48.75 49.00 49.25 49.50 49.75 

1.46931 1.46932 )..46933 1.46937 1.46938 
1.46939 l .46940 l.46940 1.46941 1,.46942 
l.46943 1.46943 1.46943 1.46944 1.46945 
l .. 46946 l .46947 1.469'-18 l .46949 1.46950 
1.46950 1.46951 1,.46'}52 1.46953 1.46952 
1.46951 1.46951 la-46951 1.40952 1.469:>3 
1.46953 1.409:,5 1.46957 1.46958 1.46959 
1.46960 1.46960 1.46960 1.46900 l .46960 
l.40960 1.46960 1.46961 1.46962 1.46962 
1.46962 1.46963 1.40963 1 .46963 1.46963 

o.eo12 0.867.Z o.&673 O.B67!l 0.8b76 
o.e:67& o.86-77 v.a677 i.i.86Tf 0.8678 
o.s67B 0.6678 0.8678 0.8679 0.8079 
o.a6eo U.8680 0.8681 0.8682 0.8682 
0.8682 0.8683 0.8683 u.a684 0.8683 
o.8683 0.8683 J.8683 v.8683 0.8664 
Q.!}664 o.8685 0.8686 o.e&a6 o.ace1 
o.a6a1 (;.8687 0.6687 o.a6a? 0.8687 
o.a6a7 o.s687 o.3688 o.a6B9 o.8689 
0.8689 0.8689 0.8689 0.8689 o.8689 

50.0D 1.46904 o.8690 50.25 1.46963 0.8689 -~5,_Q,,__,_ • .o5,;0 ___ _,_l •~.2.s£. ____ .Q._. i3 6ci9 50.75 1.46963 U.8689 51.0U l.46964 0.8690 
51.25 51 .50 51.75 sz .. oo 5.2.2!, 
52 .50 52.75 53.00 

1.46966 1.46968 1.46968 l.46969 1.46970 
l.46970 1.46967 1.46964 

U.8691 o.8692 0.8092 0.86-92 o.a693 
0.8693 0.8691 C.8690 

Q.0037 0.0031 Q.0036 0.0034 0.0033 
0.0033 0.0032 0.0032 0.0032 0.0031 
0.0031 0•0031 0.0031 Q.0030 0.0030 
0.0029 0.0029 0.002s 0.0027 0.0021 
0.0027 0.0026 0-0026 0.0025 0.0026 
0.0026 0.0026 0.0026 o.002e. 0.0025 
0.002s 0•0024 0.0023 0.002 3 0.0022 
0.0022 0.0022 ().0022 0.0022 0.0022 
0.0022 0.0022 0 .0021 0.0020 0.0020 
0.0020 0.0020 0.0020 v.0020 0-0020 
0•0019 0.0020 __ .ll.,.QQl.Q _____ ~-------0.0020 0.0019 
0.001s 0.0011 0.0011 0.0011 0.0016 
0.0016 0.0018 0.0019 
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TABLE I 

DISTILLATE COMPOSITION/FEED COMPOSITION 
EXPERIMENTAL FREQUENCY RESPONSE RESULTS 

FOR PULSE TEST llF 

STEADY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

o.1764 0.0000 -15.0711 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

1.0000 -o.oo 0.0000 0.0000 
1.uooo -0.09 -0.0000 0.0001 
1.0000 -0.43 -0.0001 o.ooos 
1.0000 -o.as -0.0003 0.0010 
0.9992 -4.26 -Oe0068 0e0050 

o.9985 -5.96 -0.0133 0.0010 
o.9969 -a.s1 -0.0211 0.0100 
0.9930 •12.76 -0.0611 0.0150 
o.9875 -16.99 -0.1090 0.0200 
o.9805 -21.22 -0.1109 o.02so 
o.9719 -25.42 -0.2472 0.0100 
o.9502 -33.76 -0.4437 0e0400 
o.9226 -41.95 -0.1000 o.o,oo 
o.8896 -49.91 -l.OlS6 0.0600 
o.852'4- -57.57 -1.3869 0.0100 

o.s123 -64.85 -1.8057 0.0800 
0.1110 -71.66 -2.2~85 0.0900 
0.1306 -77.95 -2.1210 0.1000 
o.6439 -91.56 -3.8236 0.12,0 
o.ssso -103.44 -4.6123 o.1soo 
o.5552 -115.85 -5.1111 0.1150 
o.5256 -129.78 -5.5875 0.2000 
0.4344 -158.08 -7.2415 o.zsoo 
o.3548 -179.20 -8.9999 0e3000 
o.3261 -201.97 -9.7320 o.3500 

o.2741 -229.60 -11.2407 0.4000 
0.2180 -24!-S.85 -13.2312 o.4soo 
0.2103 -268.48 -13.5415 o.sooo 
o.1879 62.09 -14.5234 O.S500 
o.1540 44.12 -16.2496 0.6000 



rABLE XI 

REFLUX COMPOSITION/FEED COMPOSITION 
OPEN LOOP TRANSFER FUNCTION BASED ON LINEAR MODEL FOR 

EXPERIMENTAL OATA SET llF 

STEAOY•STATE PHASE ANGLE STEADY-STATE 
GAIN OEGREES DECJ8ELS 

0.0369 o.oo -28.1971 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

1 1.0000 -o.oo 0.0000 0.0000 
2 1.0000 -0.03 -0.0000 0.0001 
3 1.0000 -0.16 -0.0001 o.ooos 
4 1.0000 -0.32 -0.0002 0.0010 
5 O.9993 -1.59 -0.0061 o.ooso 
6 0.9986 -2.22 -0.0119 0.0010 
7 0.9972 -3.16 -O.0241 0.0100 
8 0.9939 -lt.ll -O.O536 0.0150 
9 O.9893 -6.23 -0.0935 0.0200 

10 0.9831 -1.10 -O.lit28 0.0250 

11 O.9772 -9.13 -0.2002 0.0300 
12 0.9623 -11.62 -0.3335 0.0400 
13 0.91t60 -14.28 -C.4822 o.osoo 
14 0.9293 -16.53 -0.6368 0.0600 
15 o.9131 -18.59 -O.79OO 0.0100 

16 o.&977 -20.49 -O.937O o.oaoo 
17 0.8836 -22.26 -1.0750 0.0900 
18 0.8707 -23.94 -1.2028 0.1000 
19 0.8436 -27.86 -1.4777 0.1250 
20 o.e221t -31.58 -1.6985 o.1soo 
21 o.eos1t -35.24 -1.87~9 0.1750 
22 0.1,12 -38.68 -2.0346 0.2000 
23 o.7675 -46.23 -2.2988 o.2soo 
24 o.7467 -53.66 -2.5369 o.3OOO 
25 o.7269 -61.13 -2.7707 o.350O 

26 0.1011 -68.60 -3.0102 0.4000 
27 0.6871 -76.04 -3.2602 0.4500 
28 0.6666 -83.41t -3.5224 o.sooo 
29 0.61t59 -90.76 -3.1972 o.ssoo 
30 0.6249 -98.00 -4.0842 O.6OOO 
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TABLE XII 

EXPERIMENTAL FEEOFORWARO CONTROLLER 
R~fLUX/FEED COMPOSITION CONTROLLER FUNCTION 

BASED ON OATA SETS 6ft 6V, 6S 

STEADY-STATE PHASE ANGLE STEAOV-STATE 
GAIN DEGREES DECIBELS 

0.2021 0.0000 -13.8895 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO OEGREt:S DECIBELS RAOIANS/HlN 

i 1.0000 o.oo 0.0000 0.0000 
2 1.ooco -0.11 -0.0000 0.0001 
3 0.9<399 -O.ti4 -0.0006 0.0005 
4 o.qc;c:;1 -l.o7 -0.002-'t 0.0010 
:5 0.9976 -5.0l -0.0201 0.0030 

6 0.9933 -8.33 -0.0581 o.ooso 
7 0.9871 -11.63 -0.1130 0.0010 
,., 0.9788 -14.92 -0.1863 0.0090 Q 

9 0.9741 -16.54 -0.2283 0.0100 
10 0.9434 -24.55 -0.5059 0.0150 

11 O.<J036 -32.27 -0.8804 0.0200 
12 0.6570 -3~.65 -1.3408 0.0250 
13 0.8057 -46.66 -1.8763 0.0300 
Z-4 o.7519 -53.29 -2.4773 0.0350 
1 :3 0.6970 -59.:;i4 -3.1349 0.0400 

16 0,.6l:23 -65.44 -3.8447 0.0450 
:. 1 0.5887 -70.98 -4.6020 0.0500 
ld 0.5367 -76.21 -5.~054 0.0550 
:. 9 Q .L1866 -81.ll -6.2568 0.0600 
20 0.3<:130 269.98 -8.1117 0.0700 

21 C.3086 262.34 -10.2126 o.oaoo 
22 0.2330 256.25 -12.6520 0.0900 
23 0.1661 252.61 -15.5928 0.1000 
24 0.0527 -71.36 -25.5586 0.1250 
25 0.1121 -16.07 -18.9592 0.1500 

26 0.1966 -2CJ.74 -llt.1287 0.1750 
27 0.2521 -58.68 -11.9678 0.2000 
28 0.1540 206.57 -16.2524 0.2500 
29 0 .. 0614 59.48 -24.2369 0.3000 
30 0.1011 -27.57 -19.8568 0.3500 
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TABLE XIII 

REFLUX RATE/FEED COMPOSITION 
FEEDFCRhARO CONTROLLER TRANSFER 

fUNCTION BAStO ON LINEAR MODEL FOR 
EXPERIMtNTAL CATA SET 6F 

STEADY-STATE 
GAIN 

0.6095 

PHASE ANGLE 
CEGREES 
o.oo 

STEADY-STATE 
OECI8ELS 

-4.3005 

MAGNITUDE 
~ALIC 

PHASE ANGLE 
OEGREcS 

GAIN 
DECIBELS 

FREQUENCY 
RADIANS/NIN 

..1. .1.cooc 
2 1.0000 
3 1.coco 
"; 1.0000 
5 1.0000 

6 1.0000 
7 1.0000 
8 1.0001 
9 1.0001 

10 1.0002 

!.l 1.0003 
12 1.0005 
13 1.cooa 
14 1.0012 
:s 1.0016 

16 1.0021 
17 1.0026 
18 1.0032 
19 l.C051 
20 l.0073 

21 1.0098 
22 1.0126 
23 l.0197 
24 1.0280 
25 l.0:374 

26 1.0479 
27 1.0593 
28 1.0714 
29 1.0842 
30 l.0974 

o.oo 
o.oo 
a.co 
o.co 
0.02 

0.02 
0.03 
0.05 
0.01 
o.os 
0.10 
0.13 
0.16 
0.19 
0.22 

0.2s 
0.2a 
0.31 
0.38 
0.44 

0.49 
0.53 
0.58 
o.58 
o.s3 
0.41 
0.22 

-O.u3 
-0.35 
-0.74 

0.0000 
-0.0001 

0.0000 
-0.0000 

0.0000 

0.0001 
0.0003 
0.0001 
0.0011 
O.OO1a 

0.0025 
0.0045 
0.0011 
0.0102 
O.O13a 

o.01ao 
0.0228 
0.0281 
0.0438 
0.0628 

0.0850 
0.1102 
0.1696 
0.2396 
o.3189 

0.4063 
0.5002 
0.5992 
0.7019 
0.8070 

0.0000 
0.0001 
0.0005 
0.0010 
o.ooso 
0.0070 
0.0100 
0.0150 
0.0200 
0.0250 

0.0300 
0.0400 
0.0500 
0.0600 
0.0100 

o.osoo 
0.0900 
0.1000 
0.1250 
0.1500 

0.1750 
0.2000 
0.2500 
0.3000 
0.3500 

0.4000 
0.4500 
0.5000 
0.5500 
O.6OO0 
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TABLE XIV 

EXPERIMENTAL fEEOFORWARO CONTROLLER 
VAPOR/FEED COMPOSITION CONTROLLER FUNCTION 

BASEO ON OATA SETS 6ft 6V, 6S 

STEAOY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

0.4931 0.0000 -6.1407 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO OEGREcS DECIBELS RAO I ANS/MIN 

- 1 .ccoo o.oo 0.0000 0.0000 
1.oooc -0.15 -0.0000 0.0001 
0.9999 -0.76 -0.0006 o.ooos 
0.9997 -1.52 -0.0025 0.0010 
0.9974 -4.56 -0.0222 0.0030 

0.9929 -7.58 -0.0621 0.0050 
0.9862 -10.59 -0.1210 0.0010 
0.9773 -13.57 -0.1994 0.0090 
C.9722 -15.05 -0.2449 0.0100 
0.9394 -22.28 -0.5431 0.0150 

0.8967 -29.21 -0.9467 0.0200 
0.8468 -35.'75 -l.4447 o.02so 
o.7919 -4l.tl8 -2.0268 0.0300 
o.7342 -47.58 -2.6833 0.0350 
0.6756 -52.62 -3.4065 0.0400 

0.6172 -57.62 -4.1918 0.0450 
0.5601 -61.96 -5.0354 o.osoo 
0.5046 -65. -5.9373 0.0550 
0.4519 -69.24 -6.8997 0.0600 
0.3540 -74.43 -9.0197 0.0700 

0.2678 -76.86 -11.4441 o.oaoo 
0.1946 -74.95 -14.2166 0.0900 
0.13t3 -65.24 -17.1832 0.1000 
0.1257 -10.40 -18.0148 0.1250 
0.2164 0.73 -13.2931 0.1500 

0.2970 -<J.26 -10.5461 0.1750 
0.3319 -27.50 -9.57Q3 0.2000 
0.1564 -50.39 -16.1133 0.2500 
0.2155 -9.29 -13.3292 0.3000 
0.3016 -34.59 -10.4127 0.3500 
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TABLE XV 

VAPOR RATE/FEED COMPOSITION 
FEEOFCRWARD CONTROLLER TRANSFER 

FUNCTION BASED ON LINEAR MODEL FOR 
EXPERIMiNTAL CATA SET 6F 

STEADY-STATE 
GAIN 

0.4444 

PHASE ANGLE 
DEGREES 
o.oo 

STEADY-STATE 
DECIBELS 

-7.0453 

MAGNITUDE 
RA,IC 

PHASE ANGLE 
DEGREES 

GAIN 
OECISELS 

fREQUENCY 
RADIANS/MIN 

1.0000 
1.ocoo 
l.GOOO 
1.0000 
1.0001 

1.0001 
1.0002 
1.0004 
1.ooos 
l.0013 

1.001s 
1.0032 
1.0050 
1.0012 
l.0098 

1.012a 
l.0161 
l.OlCJ9 
1.0309 
1.0442 

l.0597 
1.0773 
1.11ss 
l.1668 
1.2216 

1.2819 
1.3470 
1.4162 
1.4891 
1.5650 

o.oo 
o.uo 
0.02 
o.c5 
0.25 

0.35 
o.so 
0.75 
1.00 
1.24 

1.49 
1.98 
2.47 
2.96 
3.44 

3.91 
4.38 
4.64 
5.94 
6.99 

7.96 
8.65 

10.38 
ll.~4 
12.33 

12.'/6 
12.64 
12.61 
12.10 
11.32 

0.0000 
0.0000 

-0.0000 
0.0001 
0.0005 

0.0009 
0.0011 
0.0039 
0.0070 
0.0109 

0.0157 
0.0278 
0.0434 
0.0623 
0.0846 

0.1102 
0.1389 
0.1709 
0.2642 
0.3755 

0.5036 
0.6469 
0.9725 
l.3403 
1.7384 

2.1568 
2.5871 
3.0226 
3.4583 
3.8904 

0.0000 
0.0001 
0.0005 
0.0010 
0.0050 

0.0070 
0.0100 
0.0150 
0.0200 
0.0250 

0.0300 
0.0400 
0.0500 
0.0600 
0.0100 

o.oaoo 
0.0900 
0.1000 
0.1250 
0.1500 

0.1750 
0.2000 
0.2500 
0.3000 
0.3500 

0.4000 
0.4500 
o.sooo 
o.ssoo 
0.6000 
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f ABLE XVI 

EXPERIMENTAL FEEDFORWARO CONTROLLER 
REFLUX/FEED CO~POSITION CONTROLLER FUNCTION 

8ASEO ON DATA SETS 8R, lOV, llF 

STEADY-STATE 
GAIN 

0.2568 

PHASE ANGLE 
DEGREES 

0.0000 

MAGNITUDE 
RATIO 

PHASE ANGLE 
OEGREc:S 

GAIN 
DECIBELS 

.1.0000 
1.0000 
1.0000 
1.0000 
1.0001 

1.0004 
1.0006 
1.0012 
l.OC15 
l.CC35 

1.0061 
1.0093 
1.0131 
1.0112 
1.0212 

1.0246 
1.0266 
l.0260 
1.0211 
C.9912 

0.9240 
0.8228 
0.1111 
0.5106 
C.4567 

0.5084 
0.5948 
o.7784 
0.6651 
0.6191 

o.oo 
-0.02 
-0.12 
-0.24 
-0.71 

-1.18 
-1.66 
-2.l.4 
-2.3<J 
-3.62 

-4.91 
-6.26 
-7.72 
-9.30 

-11.as 
-12.98 
-15.13 
-17.55 
-20.22 
-26.30 

-32.65 
-37.80 
-40.31 
-33.93 
-18.70 

-7.77 
-5.39 

-12.11 
-52.93 
-21.42 

0.0000 
-0.0000 
-0.0003 
-0.0003 
o.oooe 
0.0036 
0.0066 
0.0106 
0.0132 
0.0299 

0.0524 
0.0808 
0.1133 
0.1480 
0.1821 

0.2109 
o.22ao 
0.2226 
0.1817 

-0.0767 

-0.6668 
-1.6940 
-2.9614 
-5.8376 
-6.7691 

-5.8754 
-4.5122 
-2.1764 
-3.5424 
-4.16~3 

STEADY-STATE 
DECIBELS 

-ll.71t07 

FREQUENCY 
RAO I ANS/MIN 

0.0000 
0.0001 
o.ooos 
0.0010 
0.0030 

0.0050 
0.0010 
O.OO<JO 
0.0100 
o.01so 

0.0200 
o.02so 
0.0300 
0.0350 
0.0400 

0.0450 
o.osoo 
0.0550 
0.0600 
0.0100 

0.0800 
0.0900 
0.1000 
0.1250 
0.1500 

0.1750 
0.2000 
0.2500 
0.3000 
0.3500 
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TABLE XVII 

EXPERIMENTAL fEEOFORWARO CONTROLLER 
REFLUX/FEED CCMPOSITION CONTROLLER FUNCTION 

BASED ON DATA SETS SR, 9V, 12F 

STEADY-STATE PHASE ANCLE STEADY-STATE 
GAIN DECREES DECIBELS 

0.3859 0.0000 -a.2102 

MACNITUOe PHASE ANGLE GAIN FREQUENCY ~A·r,o OECREcS DECIBELS RADIANS/MIN 

:..coco o.oo 0.0000 0.0000 
1 .. cooo -0.04 0.0000 0.0001 1.noco -0.20 0.0002 0.0005 
1.0000 -0.41 0.0001 0.0010 
0 .. 9993 -l.24 -0.0020 0.0030 

o.gc;93 -2.06 -0.0057 0.0050 
0.9907 -2.aa -0.0116 0.0010 
O .. 9<?J7J -3.10 -0.0191 0.0090 
0.9973 -4.12 -0.0237 0.0100 
0.99J3 -6.18 -0.0539 0.0150 

0.()889 -8.26 -0.0971 0.0200 
O.S825 -10.35 -0.1535 0.0250 
0.<)7l,5 -12.46 -0.2244 0.0300 
0.96"i9 -14.59 -0.3104 0.0350 
0.9535 -16.73 -0.ltl38 0.0400 

0-.;, <;.:;02 -l8.i:l9 -0.5358 0.0450 
Q.,<;2L,') -21.07 -0.6784 0.0500 
O.S07li -23.25 -0.8437 0.0550 o.;:~no -25.44 -1.0.342 0.0600 
O.S4l3 -29.76 -1.5007 0.0100 

0.785~ -33.86 -2.0964 o.caoo 
C -ir),..., 
J 'U • ~.;. ' -37.50 -2.8334 0.0900 
0.6::524 -40.35 -3.7096 0.1000 
0 .t,3t, l -41.92 -6.3009 0.1250 
0.3661 -33.64 -8.7288 0.1500 

0 .. 32it4 -l6.:i6 -9.7773 0.1750 
0 .. 37.:;2 -2.95 -8.5139 0.2000 
0.5103 -11.iO -5.8354 0.2500 
0.425l -27.53 -7.4195 0.3000 
0.2083 -6.59 -13.6272 0.3500 
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• Based on Data BR, 9.V, and 12F 
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rABLE XVIII 

REFLUX RATE/FEEO COMPOSITION 
FEEDFCRWARO CONTROLLER TRANSFER 

FUNCTION 8ASEO ON LINEAR MODEL FOR 
EXPERIMENTAL OATA SET llF 

STEAOV-STATE PHASE ANGlE STEAOY-STATE 
GAIN OEG~EES DECIBELS 

1.9017 o.oo 5.5830 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO - DEGREES DECIBELS RADIANS/MIN 

1 1.000_0 o.oo -0.0000 0.0000 
2 ::,1. 0000 -o.oo -0.0000 0.0001 ,.., !.0000 -a.co -0.0001 o.ooos J , 1.0000 -o.oo -0.0001 0.0010 .. t 

5 1.0000 -o~oo 0.0000 0.0050 

6 1.0000 -0.01 0.0002 0.0010 
7 1.0000 -0.01 0.0004 0.0100 s 1.0001 -0.01 o.oooa 0.0150 
9 1.0002 -0.02 0.0014 0.0200 

lO 1.0002 -0.02 0.0021 o.02so 
1 1.0004 -0.03 0.0032 0.0300 ...... 

12 l.OC07 -0.04 0.0057 0.0400 ...... 
.,.J 1 .. 0010 -0.05 o.ooaa o.osoo 
lt, l.OOlS -0.06 0.0129 0.0600 
15 1.0020 -0.01 0.0176 0.0100 

16 1.0026 -o.oa 0.0229 o.oaoo 
17 1.0033 -0.10 0.0290 o.o<Joo 
18 l .. 0041 -0.11 0.0357 0.1000 
19 l.0064 -0.15 0.0557 0.1250 
20 l.0093 -o.io o.oaoo 0.1s00 

21 l.Ol25 -0.25 0.1083 0.1750 
22 l.0163 -0.:,2 o.14os· 0.2000 
23 l.0253 -0.50 0.2110 0.2500 
2.!> l.0361 -0.73 0.3078 0.3000 
25 l.04S5 -1.03 0.4116 o.3soo 
26 l.0626 -l.41 0.5270 0.4000 
27 l.0780 -l.b6 0.6525 0.4500 
28 1.0948 -2.40 0.7861t o.sooo 
29 1.1127 -3.02 0.9274 o.ssoo 
30 l.1316 ,-3. 72 1.0739 0.6000 
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r ABLE XIX 

REFLUX RATE/FEED COMPOSITION 
FGEDFOR~ARO CONTROLLER TRANSFER 

FUNCTION 6AS~O GN LINEAR MODEL FOR 
EXPERIM~NTAL DATA SET 9V 

STEAOV-STATE PHASE ANGLE STEADY-STATE 
GAIN OEGREES DECIBELS 

2.2718 o.oo 7.1273 

M,.\G ~~I-suet: PHASE A1'vGLE GAIN FREQUENCY 
1~AT i 0 OEGREi:S DECIBELS RAO I ANS/MIN 

l .. OJOC o.oo -0.0000 0.0000 
:i .. GOCU -o.oo -O.OOOl 0.0001 
l .. OOCO -o.oo -0.0001 0.0005 
l.OOGO -o.oo o.cooa 0.0010 ~.ococ -o.oo 0.0000 0.0050 

1.ooco -o.oo 0.0001 0.0070 1.oaoo -o.oo 0.0002 0.0100 
l~OJGl -0.01 0.0001 0.0150 
1.ooc2 -0.01 0.0014 0.0200 
1.ccc2 -0.01 0.0020 0.0250 

;. .. CO Cl} -0.Ql 0.0033 0.0300 
1.0007 -0.02 0.0057 0.0400 
1. .. 0010 -0.03 0.0090 0.0500 
lvCC15 -0.03 0.0130 0.0600 
1.0020 -O.v4 C.0176 0.0700 

l.,:}G27 -0.05 0.0231 0.0600 
lwrC03t; -0.(;5 0.0293 0.0900 
l v OJL12 -O.G6 0.0361 0.1000 
": .... , r,. ,. ,-_ .. 1..;uc:, -0.09 0.0563 0.1250 
1.ccc:;3 -0.13 0.0807 0.1500 

:.0127 -0.17 0.10~7 0.1750 
1.0:u,s -0.23 0.1424 0.2000 
: .. 0256 -0.)9 0.2198 0.2500 
~.0305 -0.60 0.3117 0.3000 
l.OL,,~2 -0.68 0.416<; 0.3500 

l. C·63l, -1.23 0.5339 0.4000 
1.0·1·<;t -l.67 0.6613 0.4500 
l.G<J61 -2.18 o.7972 0.5000 
1.:2.l~l; -2.78 0.9404 0.5500 
l.1336 -3.47 1.0893 0.6000 
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f ABLE XX 

EXPERIMENTAL FEECFORWARO CONTROLLER 
VAPCR/FEEC COMPOSITION CONTROLLER FUNCTION 

BASEO GN DATA SETS 8R, lOV, llF 

STEADV-STArE PHASE ANGLE STEAOV-STATE 
GAIN OEGREES OECI8ELS 

0.0522 0.0000 -25.6't37 

;;.Acr.: ! ;UDE PHASE Al\GLE GAIN FREQUENCY 
;:.:.TIO DEGREES OECI8ELS RADIANS/NIN 

1 .. coco o.oo 0.0000 0.0000 
::..0000 -0.05 -0.0000 0.0001 
C.9999 -0~27 -0.0005 o.ooos 
1.0000 -0.:;,4 -0.0004 0.0010 
l.0003 -1.bl 0.0025 0.0030 

1.0011 -2.68 0.0095 o.ooso 
lv0D21 -3.76 0.0179 0.0070 
1 .. 0033 -4.85 0.0288 0.0090 
!. Ii, 00~-l -5.40 0.0358 0.0100 
l.0094 -a.io 0.0811 0.0150 

1.0166 -11.11 0.1427 0.0200 
l.C257 -14.19 0.2205 0.0250 
1.0365 -17.48 0.3116 0.0300 
1 .c,~a6 -21.03 0.-.124 o.03so 
l.0615 -24.92 0.5187 0.0400 

:.·~)743 -29.~0 0.6227 0.0450 
l. 0 58 -33.93 0.7153 0.0500 
1.,0941 -39.19 o.1a10 0.0550 
l .0'-)66 -45.03 0.8012 0.0600 
l.0726 -58.46 0.6089 0.0700 

0.,9-;)23 -73. ·,s -0.0670 0.0800 
G .. 3562 -89.60 -l.3485 0.0900 
0.69~;1 255.25 -3.1720 0.1000 
0.3534 216.09 -9.0341 0.1250 
0.21S9 1:56.04 -13.1959 0.1500 

0.3'180 97.91 -9.1673 0.1750 
0 .. 6072 67.74 -4.3335 0.2000 
l.3!29 15.37 2.3647 0.2500 
0.7760 -66.78 -2.2021 0.3000 
, I"'> ., ,, ,, 
.i.eu•,Hll:> -13.10 5.4208 0.3500 
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Feed Composition Feedforward Con4'oller Transfer Function 
· Based on Data 8R, 10V, 11F 
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TABLE XXI 

EXPERIMENTAL FEECFORWARO CONTROLLER 
VA?CR/f2ED COMPOSITION CONTROLLER FUNCTION 

BASED CN OATA SETS SR, 9V 1 12F 

STEAOY-STATE PHASE ANGLE STEAOV-STATE 
GAIN DEGREES OECIBELS 

0.0718 0.0000 -22.8750 

NAGNITUOE PHASE Al\GLE GAIN FREQUENCY 
~t. I HJ DEGREES DECIBELS RADIANS/MIN 

1 .. ccco o.oo o.cooo 0.0000 
:.coco -0.01 0.0000 0.0001 1.cooc -0.35 0.0003 0.0005 
1.0000 -0.69 0.0002 0.0010 
0.999~S -2.oa -0.0019 0.0030, 

0.9993 -3.46 -0.0051 o.ooso 
0 .. 9Sc7 -4.o5 -0.0116 0.0070 
O.<J97S -6.23 -0.0191 0.0090 
C.9'173 -6.'1'3 -0.0236 0.0100 
O.<jCJ36 -10.41 -0.0540 0.0150 

0.9S83 -13.90 -0.0977 0.0200 
0.9823 -17.42 -0.1548 0.0250 
C.97.!;2 -20.96 -0.2268 0.0300 
0.9645 -24.53 -0.3144 0.0350 
C.9528 -28.l.3 -0.4204 0.0400 

o .. .:;391 -31.76 -0.5461 0.0450 
0 .. 9232 . -35.'tl -0.6938 o.osoo 
0.9051 -39.10 -0.8659 0.0550 
0.8846 -42.79 .. -1.0650 0.0600 .... 
0.6361 -50.15 -l.5553 0.0700 

o.777e -57.29 -2.1831 o.osoo 
C.7117 -63.93 -2-"'5~4 0.0900 
0. ,Sli-20 -69.06 -3.8490 0.1000 
0 .. ') 9lt l -78.87 -6.12~5 0.1250 
C.4150 -87.43 -7.6386 0.1500 

0 .. 3231 255.<>2 -9.0130 0.1750 
0 .1 s,~4 235.12 -14.6855 0.2000 
C .. lOlli 28.40 -19.8827 0.2500 
0.3742 -1.25 -8.5389 0.3000 
0.115') 237.2CJ -18.7165 0.3500 
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-, ABLE XXII 

VA?GR RATE/FEEO COMPOSITION 
FEEOrC~wARO CONTROLLER TRANSFER 

FUNCTION BAScO CN LINEAR MODEL FOR 
EX?ERIMENTAL DATA SET llF 

STEAOV-STATE PHASE ANGLE STEADY-STATE 
GAIN OEGREES DECIBELS 

0.3815 o.oo -8.3712 

t-1..:;G~~rTUDf PHASE ANGLE GAIN FREQUENCY 
,;.~ 7 I 0 OEGRccS DECIBELS RADIANS/MIN 

: .. ocoo o.oo 0.0000 0.0000 
:•,:. ccoo 0.01 -0.0000 0.0001 

l.CC·~U O.C3 -O.C004 a.coos 
"; :"'",,..,,.I"\~ ... vuvu 0.06 -0.0003 0.0010 
1.cooo 0.30 0.0002 0.0050 

l.CCOl 0.42 0.0009 0.0010 
:. .. c.:;02 0.60 0.0016 0.0100 
1. COOl, O.b9 0.0036 0.0150 
:.c:001 l.l9 0.0065 0.0200 ~· \,,.. ,.,,.., ' ., ... .,.-...;v • l. 1.49 0.0099 0.0250 

: .. 0017 1.78 0.0147 0.0300 
:..CJ:30 2.37 0.0262 0.0400 
1.cci,7 2.96 0.0405 0.0500 
l.COo3 3.54 0.0586 0.0600 
1.00<)2 4.12 0.0797 0.0100 

l~Ol2C 4.69 0.1037 o.oaoo 
:..0:?.52 5.26 0.1308 0.0900 :.c:..G-, 5.61 0.1608 0.1000 
9": l"\-J(1 t"\ .;..,1..,.:., 'JU 7.17 0.2485 0.1250 
1.ci, 15 8."t6 0.3533 0.1500 

! .. 0560 <:.J.(,8 0.4733 0.1750 
: .. G724 10.i12 0.6074 0.2000 
"': '"1 ., ,~ ,. •..;. .,\.Jv 12.65 0.9108 0.2500 
:..1550 14 • .52 1.2519 0.3000 
1.2o~s lS.o3 1.6185 0.3500 

:. .. 2591 16.79 2.0011 0.4000 
:..3169 17.42 2.3913 0.4500 
"l.3776 17.75 ·2. 7822 0.5000 
'l. • .t:;.!;03 17.80 3.1691 0.5500 
1.5046 17.61 3.5484 o.~ooo . . 



_:, 
, ~-
-;,, 

, 
,_; 
..., • 

' .... 
·0 

• r, 
-'-' 

·, ---_..., 
- ' 
.:.~ 

._v 
-. -, 
-:- .·~ 
.;.. ...... 

:9 
20 

-;,--: 
"-- -
22 
23 
2.:., 
2-:;. 

-, r 
...:::. ~..i -. -, ,::,. . 
...:0 
2'-) 

3J 

-83-

1 ABLE XXIII 

VA?O~ RATE/FEEO COMPOSITION 
f~EDFCRWARO CONTROLLER TRANSFER 

FUNCTION 6ASEO ON LINEAR MODEL FOR 
EXPERIM~NTAL OATA SET 9V 

STEADY-STATE PHASE ANGLE STEADY-Si ATE 
CAIN OEGREES DECIBELS 

0.636l o.ao -3.9289 

;v:~~c:~: TUO~ PHASE ANGLE GAIN FREQUENCY 
.... : C OEGREcS DECIBELS RADIANS/MIN 

:.Qcocc o.co 0.0000 0.0000 
:vCOOO 0.01 -0.0001 0.0001 
::. .. OGGO 0.03 -0.0003 0.0005 : .. coco 0.06 0.0000 0.0010 
: ... coco 0.29 0.0003 0.0050 

~~COOl 0.41 0.0001 0.0070 
.. 00,:,2 0.5~ 0.0013 0.0100 

1.(:004 0.88 0.0035 0.0150 
l~CG03 1.17 0.0066 0.0200 .. , ..... "". ") 

-•VV~J.. 1.46 o.009q 0.0250 

:.. "'0017 1.75 0.0149 0.0300 
"'.' /"",r',?(i ,,....,,v'.J-J<J 2.34 0.0263 0.0400 
:..cc~,3 2.91 0.0412 0.0500 
: .. C06S 3.49 0.0594 0.0600 
:.0093 4.05 O.C803 0.0700 

::. v C: 2: 4.61 0.1049 o.oaoo 
:.uo:.5:; 5.l7 0.1325 0.0900 
:.Cl<lg 5.72 0.1630 0.1000 
:.C29~1 7.04 0.2518 0.1250 
1.0420 8.31 0.3577 0.1500 

l..0503 9.50 0.4800 0.1750 
:. .. 0735 10.02 0.6159 0.2000 
:..:123 12.oO 0.()243 0.2500 
:.:.576 14.21 1.2710 0.3000 
l .. 2065 15.46 1.6446 0.3500 

l .. 26';0 16.36 2.0349 0.4000 
:. .. 323', 16.93 2.4339 0.4500 
l.33SS 17.18 2.8345 o.sooo 
1. ,; 5 03 17.16 3.2321 0.5500 
l.5175 16.90 3.6226 0.6000 
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Figure 10. Comparison of Experimental and Linear Model Vapor Rate/ 
Feed Composition Feedforward Controller Transfer function 

· Based on Data 8R, 9V, and 121 
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TABLE XXIV 

Su,.rnrna.ry of Open Loop Distillation Column Dynamics 

Test No Stream Dead time -3 db break 1st order 
minutes frequency time 

Radians/min constant 
min 

6F Distillate 6.CO 0.370 2.70 
Bottoms 3.00 0.050 17.88 

6V Distillate 2.co 0.185 5.41 
Bottoms 3.00 0.163 6.14 

6s Distillate 5.00 0.158 6.33 
Bottoms 2.CO 0.122 8.20 

8R Distillate 2.25 0.215 4.65 
Bottoms 4.25 0.092 10.88 

9V Distillate 5.25 0.189 5.30 
Bottoms 2.00 0.087 • 11.50 

lOV Distillate 4.25 . 0.250 4.00 
Bottoms 2.50 0.112 6.93 

llF Distillate 3.25 0.108 9.26 
Bottoms 2.25 0.080 12.50 

12F Distillate 5.00 0.098 10.20 
Bottoms 3.00 0.082 12.20 



Figure 11. Experimental Controller Charts from Pulse Test 10V 
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V. DISCUSSION 

The discussion of binary distillation column dynamics and feed-

forward control has been divided into four major sections for the 

benefit of the reader. The first two sections are concerned with the 

experimental aspects of the investigation followed by a discussion of 

the data reduction and results of the investigation. Included in the 

discussion section are also the recommendations for future work and 

the limitations of this investigation. 

Experimental Equipment 

The experimental equipment used for the dynamic tests is 

discussed in the following section. Included in this section is 

also a discussion of the column control and pressure effects during 

operation. 

Column Trays. The column was originally equipped with trays 

containing two bubble caps per tray. This tray had a reverse flow 

liquid pattern caused by a three-inch baffle located down the center 

of the tray. A two-inch bubble cap was located on each side of this 

baffle and the inlet and outlet weirs were located on opposite sides 

of the baffle next to the column wall. This design had in the past 

given very poor tray efficiencies based on operation by students 
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during Unit Operations Laboratory. Normally the best tray efficiencies 

were in the order of 20 per cent. Part of the problem was considered 

~o be caused by the six-inch tray spacing in this column. During the 

summer of 1965, while making modifications to the column reboiler, six 

trays were removed from the lower section increasing the tray spacing 

to one-foot for the lower six trays. During the column operation in 

the summer laboratory the tray efficiencies were again checked. In-

creasing the tray spacing had not improved the tray efficiencies a 

significant amount. This led to the conclusion that it was the tray 

design itself which was to blame. 

A reverse flow tray is generally used for low liquid rates in 

industrial practice and in combination with close tray spacing the 

maximum vapor velocity is limited to very low values. This tower 

appeared to have been originally designed for a very high contact time. 

After tests proved that it was very difficult to establish a satis-

factory operating range for the unit it was decided that the trays 

should be modified. It was impossible to make any reasonable modifi-

cations to the bubble cap trays themselves which would substantially 

improve their performance, therefore, it was decided to replace the 

bubble cap trays. 

The standard industrial practice today generally favors sieve 

tray columns considering the number of columns installed. The old 

bubble cap trays were removed and replaced with the sieve trays 

designed by the procedure outlined in Smith's book (49). Further 
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testing yielded only minor tray efficiency improvement resulting from 

t:,,c: installation of sieve trays. 

A three-tray section containing a glass section in the center, 

' .. :,ich had similar dimensions to the actual column, was fabricated. 

~he system used in the test section was air-water. The sieve tray, as 

designed, was tested in order to establish the reasons for poor 

separation. It was discovered that the tray was actually unstable 

except in a very narrow region of vapor-liquid rates. This instability 

appeared to be caused by two factors. First, the tray had been 

designed without a downcomer baffle to block the vapor from the down-

comer and therefore liquid and vapor were being carried directly into 

the pipe. In viewing the tray from the top during operation it was 

impossible to determine the actual downcomer location due to the 

froth coverage. Secondly, very slight variations in vapor or liquid 

rates would cause the liquid and froth on the tray to start oscillating 

across the tray. This oscillation would then be aggravated by the 

vapor shifting in the direction of lower pressure drop caused by the 

liquid shifting to one side of the tray. Next, the tray would dump 

on the high liquid side until the pressure drop became less at which 

time the vapor passing through the tray would switch sides. This 

oscillation would continue undamped unless the liquid or vapor rates 

were decreased to very low rates compared to those formed in column 

operation. 
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F~om ~his information it appeared that the dry pressure drop and. 

t.he operating pressure drop on the tray needed to be balanced in 

o~der to decrease the effect of slight changes in liquid level on the 

r.ray. 

The sieve tray was modified to decrease the tray instability by 

~educing the outlet weir height from 1.25 inches to 0.75 inches which 

served to reduce the operating tray pressure drop. In addition, ten 

per cent of the holes were closed up in the region around the downcomer. 

This modification in the tray holes had two effects; first, it in-

creased the vapor velocity through the remaining holes increasing the 

dry tray pressure drop, and secondly it decreased the agitation in 

the region of the downcomer. These changes improved the dry tray to 

operating tray pressure drop ratio. Decreasing the n_umber of holes 

surrounding the downcomer also provided a larger region for vapor-

liquid disengagement before entrance into the downcomer. A baffle 

was also placed before the downcomer which caused the liquid to flow 

under the baffle to reach the downcomer. These modifications resulted 

in a major improvement in the vapor-liquid disengagement problem and 

functioned as a device for damping the oscillations. 

The bubble cap tray was also tested with the air-water system 

and our previous convictions were verified. At moderate vapor rates 

the vapor would not contact the liquid but would travel up through 

the space between the cap and the tower wall because of their 

proximity. In addition, the liquid was being thrown over the low 
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1:everse flow bc..ffle into the baffle and downcomer with very little 

vapor-liquid contact. This liquid had the effect of short-circuiting 

the tray. 

Reboi:.er~ As originally designed a large kettle was used for 

~De reboiler which had a copper coil wrapped along the outside wall. 

This unit had a capacity of approximately 70 gallons and required 

nearly 40 gallons of liquid holdup to maintain the coil submerged 

below the liquid. This situation resulted in the reboiler having a 

liquid capacity about 80 times as great as a column tray. If dynamic 

tests were conducted in this unit, changes in the reboiler composition 

woU::.d be almost impossible to detect during pulse testing. A kettle 

type heater requires also a large heating area due to the poor heat 

transfer coefficients generally obtained with these units and therefore, 

this results in poor control because of the large thermal lag. 

After much consideration of the matter, it was decided to fabri-

cate and install a thermosiphon reboiler because these units are 

widely used in industry and have very low liquid holdups. Such units 

generally have moderately high heat transfer coefficients and are 

easier to control. 

The thermosiphon reboiler was designed, fabricated, and installed 

on the unit in place of the kettle reboiler. The unit was equipped 

with steam flow control and inventory control, in the form of level 

control. The unit was equipped with steam flow control instead of 

pressure control to insure a more constant molar boilup rate. When 
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steam flow is controlled, the reboiler steam pressure and temperature 

difference are allowed to adjust in order to maintain a constant heat 

ilux. This constant heat flux is possible because the per 

cent error in the heat of condensation of steam with pressure variations 

over a small range is small. If pressure control had been used, the 

result would have been to maintain the steam side of the reboiler at 

a constant temperature, and as the composition varied in the reboiler 

the boiling temperature would change resulting in a heat flux that 

would be a function of the reboiler composition. Slight changes in 

the reboiler heat transfer coefficient also would have caused the 

heat flux to vary for steam pressure control. Small variations in 

the heat transfer coefficient in the case of steam flow control has 

very little real effect on the heat flux since the t.emperature 

difference automatically adjusts to correct for this change. If 

pressure control had been used during the dynamic tests the column 

vapor rate would have become a function of the reboiler composition 

and thus dependent on the pulsed variable. 

Pressure control is widely used in industry for steam flow con-

~rol. The reason stems from the fact that closed loop control is 

used with distillation columns to maintain uniform product stream 

compositions. Industrial practice simply takes advantage of the 

self-compensating aspects of pressure control. 

Colwnn. The column used for this investigation consisted of 

eighteen trays available for mass transfer. This unit was eight 
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inches in diameter which was large enough so that industrial instru-

mentation could be applied to the unit successfully. The column 

performance was also considered to be similar to that expected from 

an industrial unit. 

The major modifications to the column trays and reboiler have 

already been discussed previously. The only other changes made to 

this unit was first the installation of a vapor-liquid separator 

be~ween the top tray and the condenser and secondly the insulation 

of the column. 

Insulation of the column resulted in the reduction of the heat 

losses from a level of 40-50 per cent to a level of 10-20 per cent of 

the total column heat input. This was necessary so that the assumption 

of equal molal overflow would be reasonably valid for the unit. This 

assumption, although convenient for the linear model, is not necessary 

since the heat balance equation for each tray could have been included. 

Insulating the column also greatly improved the column operation. 

With a large heat loss it is necessary to have high vapor rates in the 

lower section of the tower in order to have a moderate vapor velocity 

in the top section of the column. In a sieve tower this results in 

only a few trays giving satisfactory performance because of their 

generally narrow range of operational vapor rates. 

Column Control. Figure 2, page 30, shows the schematic diagram 

of the column control system. These control systems are all secondary 

control systems in that they only control the column inventory and 
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.:'low rates. I-;o primary control was applied for composition control 

since open loop system response was required for this investigation. 

Good secondary control was required, however, in order to inde-

pendently investigate the various manipulative and uncontrolled 

variables of the system. The feed composition and feed rate which 

~noer closed loop control are the uncontrolled variables, were con-

trolled variables for this study. 

The secondary control systems were installed for flow control 

of the reflux, distillate, bottoms, steam, and feed rates along with 

level control of the reboiler and accumulator. The distillate 

temperature leaving the overhead condenser and the feed temperature 

were also controlled. These _secondary control systems allowed the 

major flow streams, feed, reflux, and vapor rates to be set inde-

pendently, within physical limiations. The bottoms flow rate was 

controlled by the reboiler liquid level controller loop to maintain 

constant reboiler level. The distillate flow rate was set by the 

accumulator level control system to maintain constant liquid level 

in the accumulator. 

Therefore, it was possible to establish within the limits of 

instrument sensitivity that the only variations within the system were 

those being intentionally varied. The control scheme was arranged 

so that there was no interaction between the major internal _process 

streams because of controller action. The independent control of 



-95-

the vapor rate has already been discussed in the reboiler section of 

the discussion. 

Figure 11 , page 86, shows a typical set of controller charts re-

corded during an actual dynamic test. It can be seen that changes 

occurred in the accumulator and reboiler levels during this test. 

These variations are magnified on the controller charts in that the 

transmitter ranges were very narrow and these changes, in fact, 

represent less than a ten per cent change in unit inventory. It was 

not desirable to increase the control system response speed to 

eliminate this error because the flow streams being used for control 

would have become effectively on-off or bang-bang controlled. With 

on-off control it is difficult to measure the process flow rates 

even during steady-state operation. It is also desirable from a 

control standpoint not to have bang-bang control since the liquid 

level control loops were cascaded and this would have caused the 

loops to become unstable. 

Pressure Effects. Pressure effects are of major importance • 

during dynamic testing due to their effect on the equilibrium relation-

ship. If major pressure changes occur during a dynamic test then the 

data is of questionable value. Not only does the pressure a,ffect 

the equilibrium relationship but it also affects the heat content 

of the liquid and vapor steams in the column. 

In this investigation an attempt was made to reduce the pressure 

effects during the pulse tests. Nitrogen gas from a cylinder was 



used to provide an inert gas blanket in the top of the condenser and 

to provide a constant column pressure supply. Therefore, there was a 

positive bleed of inert gas from the top of the condenser. The rate 

of bleed was controlled by a pressure flow controller so that as the 

,~essure increased the rate of gas discharge increased. If the 

pressure decreased the rate of bleed would decrease and the pressure 

regulator on the nitrogen cylinder would adjust to maintain the 

pressure at the regulated value. Two pressure regulators were used 

on the nitrogen cylinder in order to obtain more precise control. 

The first regulator was used to reduce the cylinder pressure to 

45 psig and the second was used to reduce the pressure from 45 psig 

to the column pressure. 

During the initial periods of the pulse test the pressure gauge 

located on the second tray of the column was monitored. The pressure 

variation in any test was less than 0.2 psig. The pressure returned 

to the controlled value within two or three minutes after the initial 

disturbance. The change in column pressure drop was determined to be 

less than ten inches of water during the pulse tests. Based upon this 

information it was concluded that pressure effects should not have 

seriously influenced the dynamic test data during this investigation. 

Experimental Testing Phase 

In the following sections the actual experimental procedure will 

be discussed. First, the pulse testing will be discussed, followed 
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by the sampling procedure used for bo~h steady-state and dynamic test 

cata collection. Included also in this section is a discussion of the 

operation of the process refractometer. 

Pulse Te3ting. All pulse test forcing functions were obtained, 

except in the case of the feed composition pulse, by adjusting the 

appropriate controller set point to the required pulse amplitude 

value during the pulse interval and then back to the original value 

after the predetermined pulse interval. The amplitude and the time 

interval of each pulse were chosen small enough to minimize the column 

nonlinear effects while at the same time having enough energy so that 

changes could be detected in the process stream compositions. 

Visual observation of a typical controller after a set-point 

change showed that the new value was obtained within a one-minute time 

interval after the set point change. Table XXIV, page 85, shows that 

there was a definite dead time present between the set point change 

and a detectable composition change in the process stream. Part of 

this dead time is actually due to delay in the response of the control 

system to change after the change occurred. This dead time must be 

accounted for in the process dynamics since these dead times will be 

present in the case of either feedback or feedforward control or any 

combination of the two. In the pulse data reduction it was assumed 

that the pulsed stream followed a ramp function over a one-minute 

period which was between the time of the actual set point change and 
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the time required to reach the final value. This same ramp function 

was assumed to exis~ at the tail of the pulse as well. 

Steady-St~te Sampling. Steady-state samples were taken before 

and after each test. wnen another test followed the test in question 

a separate set of steady-state samples were not taken for the com-

pletion of the first test. Instead the one set of samples were taken 

which served for both the final steady-state for the previous test 

and the start of the next planned test. 

All steady-state samples were taken in the following manner: 

First a sample bottle of liquid was withdrawn from each sample tap 

and discarded; then a 20 cubic centimeter sample was withdrawn for 

analysis. This procedure was followed to insure that a representative 

sample of the tray liquid was actually collected. In every other 

tray approximately six to eight inches of 1/8-inch stainless steel 

tubing was required in order to withdraw a liquid sample from behind 

the inlet weir. 

DynarrQc Sampling. Samples were collected from the reflux and 

bottoms streams during dynamic tests 6F, 6s, and 6V. The sample taps 

were located next to the flow transmitters in these streams and the 

sample taps were adjusted to allow a flow rate of approximately 

60 cubic centimeters of liquid per minute. The sample streams were 

allowed to flow throughout the entire test at this flow rate. The 

actual samples were collected at the start of each minute for a period 
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of ten seconds. Therefore the samples obtained were samples averaged 

over a ~en second period. The start and period of each sample was 

closely watched in order to have uniformly spaced samples. This pro-

cedure gave very uniform samples data for the pulse response analysis. 

Sample Analysis. All liquid steady-state samples and samples 

taken during the dynamic tests were analyzed on a Bausch and Lomb 

laboratory refractometer for refractive index. The temperature of 

the refractometer prisms were maintained at JO 0 c + 0.1 during these 

ar.alyses. The reproducibility of these readings were checked by 

analyzing the same sample ten times and the range of variation was 

deterrrQned to be two units in the fourth place. Therefore the sample 

reproducibility was considered to be well within the precision of the 

instrument. 

Process Refractometers. Two Nester/Faust Model 660 process 

refractometers were used for dynamic analysis of bottoms and distillate 

streams. The response time of these units was considered to be less 

than 15 seconds based upon laboratory experience and manufacturer 

information. The limiting factors in the response speed was the 

detector head volume, 75 cc, and the detector head temperature 

response. The response speed can be controlled to a large extent by 

the liquid flow rate through the head. During all tests except 6S, 

the flow rates were maintained at levels which did not adversely 

affect the response of the refractive index unit. In the case of 
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test 6S the reflux pulse caused the distillate flow rate controller 

~o decrease the flow rate to a very low value during the initial 

period of the test after which the flow rate returned to an acceptable 

level. 

These units had automatic linear temperature correction built 

into them. This reduced any variation in output reading due to 

~emperature changes. The response speed of the temperature correction 

circuit as originally obtained from the factory was of the order of 

five to ten minutes. The original thermistors were shielded to reduce 

their response speed. These thermistors were replaced with thermistors 

embedded only in an epoxy resin. After making this modification 

response speed of the units for temperature change was reduced to less 

than one minute. The process refractometer monitoring heads were 

located in the process streams after the bottoms and distillate coolers. 

These coolers had no temperature control on them but they removed any 

high frequency temperature variations from the system. These coolers 

did cause a temperature variation of several degrees to occur in the 

process s~ream. The frequency of this disturbance was of the order of 

~hree to five minutes and was dependent on the process flow rate 

variations. This disturbance was most noticeable in the bottoms 

stream refractometer where it was causing a cyclic variation of+ 2 

per cent during steady-state operation. 

The ability to detect changes in composition with these units 

was far better than the capability of determining the absolute value 
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of the rafractive index. The absolute refractive index of the 

.,;;:,reams could be read with a nominal error of + 0.0001 refractive 

i:1c.ex units. The sensitivity of these units to detect relative 

changes in refractive index can be increased by amplifying the output 

signal. Noise becomes the limiting consideration in such cases. 

During this investigation the output gain was adjusted by a 

factor of two on the distillate unit to give 0.00005 refractive 

index units per recorder division. The output gain for the bottoms 

unit was decreased by a factor of two to give 0.0002 refractive 

index units per recorder division. These changes were necessary due 

to the magnitude of the composition changes in the respective streams 

during the pulse tests. The ability to read the two channel recorders 

used with the refractometers was to within~ 0.25 division. 

Data Reliability and Reduction 

In the following sections the questions of data reliability 

and reduction will be discussed. 

Flow Data and Material Balances. The unreduced flow data were 

taken from recorder charts for the process streams and the cooling 

water. The steam rate was measured by the bucket method. The flow 

recordings for the process streams could be read to within± 1.0 per 

cent of full scale. The calibration plots for converting the process 
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streams from chart units to pounds per minute could also be read to 

wi~hin 1.0 per cent of full scale. 

The flow data for the process streams were corrected in the 

steady-state data reduction computer program for changes in density 

caused by both temperature and composition changes. All the flow 

transmitters were calibrated with pure benzene at 80 °F and this was 

the basis of the calibration curves for the meters. 

This procedure has resulted in material balances with an error 

based upon total input of less than five per cent with the majority of 

the test results yielding errors of less than three per cent. The 

steady-state program also performed a calculation of the benzene 

material balance for each test. The error in the benzene balance 

was again on the order of less than five per cent based upon the 

total benzene input. 

Temoerature Data and Heat Balances. Thermocouples were located 

in all major process lines, all column trays, overhead condenser in-

let and outlet water streams and the inlet vapor line to the condenser. 

The feed temperature was determined from the temperature recorder 

as was the temperature of the outlet liquid from the overhead con-

denser. The temperature indicator used to convert the thermocouple 

potential to temperature readings could be read to! 0.5 °F. The 

process recorders could be read to witruw= 1.0 per cent of full scale 

as could the calibration curves used to convert per cent full scale 

readings to temperature. 
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The thermodynamic properties of the hydrocarbon system were con-

verted to equation form by regression analysis. The temperature and 

composition data were used to determine the enthalpy values of each 

process stream from the regression equations. The assumption of no 

r.eat of mixing was basic to these calculations. After the enthalpy 

values for each stream plus the corrected flow rates were calculated 

these results were used to formulate the required heat balances in 

the steady-state data reduction program. The heat input from steam 

condensation and the heat removed by the overhead condenser in BTU 1s 

per minute were part of the required input data for the program. 

~hese values were calculated by hand based uron the measured flow 

rates, temperatures and reboiler steam side pressure. Steam tables 

were used to evaluate the enthalpy values of the streams at their 

measured conditions. 

The resulting heat balances show in general an error of 15 to 

25 per cent in the overall balances based on total heat input. Heat 

balances were made on the tower without condenser and on the overhead 

condenser separately. The error in the tower heat balances accounted 

for less than half of the total heat balance error 'With heat losses 

ranging between 200 and 320 BTU per minute. This represents an error 

of less than ten per cent of the total heat input to the tower. 

The two most critical values in these heat balance calculations 

are also the most difficult to measure. These two values are the 
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total overhead vapor rate and t;,,~ steam condensation rate. Before 

the installation of the va:r;or-liquid separator a large error was 

being introduced into the heat lx~..Lance by liquid entrainment. The 

column overhead Vcpor rate is based upon the combined flow rates. of 

the reflux and distillate streams. The installation of the separator 

has eliminated this error and now the tower heat balance agrees 

closely with estimated heat losses. The actual steam condensation rate 

was difficult to determine because of the fact that all the steam 

passing through the reboiler was not condensed. This resulted from 

the fact that a small amount of steam was being bypassed around the 

steam trap to reduce internal reboiler pressure effects from the 

steam trap opening and closing. Care was taken to only collect the 

steam condensate when making these weighings. This was also the 

reason for not using the steam flow chart recorder readings for 

determining the steam rates. 

Composition Data. The refractive index of all samples taken at 

steady-state and during dynamic testing was converted to mole fraction 

benzene. A regression equation of the refractive index versus mole 

fraction benzene in normal heptane was determined for this purpose 

and was incorporated in the appropriate data reduction programs. The 

coefficient of determination for this regression equation was 0.9718. 

A change of 0.0001 refractive index units resulted in a 

0.0005 mole fraction change in the benzene composition at high 
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concentrations of benzene and a 0.0012 mole fraction difference in 

benzene concentration at low ben7.ene concentrations. It was noted 

in the sarr.pling section that t: .. ..: refractive index could be determined 

in the laboratory with a confidence of plus or minus one unit in the 

fourth place. Therefore the maximum error between any two steady-

state samples was less than half a mole per cent benzene. 

In the section on Process Refractometers it was noted that 

0.000025 refractive index unit changes could be accurately detected 

in t~e distillate stream. This corresponds to a composition change 

of 0.00015 mole fraction benzene. In the bottoms stream the process 

.refractometer accurately detected changes of 0.0001 refractive index 

units which corresponds to a 0.00131 mole fraction change in the 

benzene composition. 

This improvement in composition data reduction for the dynamic 

tests results ma.inly from the fact that only a change in composition 

is required and not the absolute value of the composition. The 

ability to determine the absolute value of refractive index on the 

process refractometers is the same as with the laboratory refractometer, 

but it is very difficult to calibrate these units to that precision. 

Regression Analysis. Regression program, 11 BMD03R - Multiple 

Regression with Case Combinations - Version of April 9, 196411 , 

available in the Virginia Polytechnic Institute Computing Center, 

Blacksburg, Virginia was used for regression analysis during this 



-106-

investigation. All physical property data for the hydrocarbon system 

benzene-n-heptane required for this investigation was converted to 

equation form by regressio:-. ,r..:..lysis. The coefficient of determination 

for these equations was 0.999. The coefficient of determination is a 

measure of the equation fit of the data; a coefficient of determination 

of unity means a perfectly fitting equation. These equations are 

listed in the Steady-State Program SSDDR, which may be found in the 

Appendix. Equations were developed, al.so, for the vapor-liquid 

equilibrium and refractive index versus mole fraction benzene data. 

The coefficient of determination for these two equations were 0.999 

· and 0.9718, respectively. 

Regression analysis was also used to fit the bottoms composition 

pulse data for test 6F. This equation was used to calculate inter-

mediate data points for the Fourier analysis to determine if the 

high frequency results being obtained in the frequency response 

plots were the results of data point sp:i.cing rather than column 

effects. This problem will be discussed in more detail in the section 

on pulse data reduction. The coefficient of determination for this 

equation was 0.9319. 

Steady-State Distillation Calculations. The steady-state dis-

tillation calculations were carried out by digital computer program 

SSDDR which is located in the Appendix, p:i.ge 205. This program con-

verted the refractive index data to mole fraction benzene for each 
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sample, and performed the steady-state heat and material balances. 

Each of these items hav& already been considered separately. An 

im:i:;ortant function of the steady-state ~~ogram besides making the 

required heat and mass balances was the calculation of the steady-

state constants for the linear model used to determine the theoretical 

frequency response of the system. 

In addition this progr~m calculates the Murphree va:i:;or effic-

iency for each tray. These values are based upon the actual tray to 

tray_ calculations up the colUII'J1 knowing the liquid compositions on 

each tray except for trays 10 and 18 for which samples were not 

. available. The tray efficiencies for trays 10 and 18 were calculated 

by assuming that the tray and the tray below it have the same 

efficiency. The reboiler is located below tray 18 and generally it 

is assumed that the reboiler is 100 per cent efficient. It turned 

out that assuming a reboiler efficiency of 100 per cent for this 

column is not a good selection since this results in the efficiency 

on tray 18 being very low in most cases and not being in agreement 

with the average values in the stripping section. Therefore, since 

some distribution of efficiency was required between these two trays, 

it was convenient to assume that the values were equal. This resulted 

in values of tray efficiency for tray 18 which was generally in 

agreement with the average values in the stripping section. 
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The t~ay efficiency values which were supplied for the linear 

model of the colu.•nn were averaged to reduce the tray to tray variation 

which was present in the d&~c-• This had no effect on the dynamic 

characteristics of the column since these values only adjust the 

steady-state terms in the linear model simulation. This results from 

the assumption, which is generally included in the linear model 

assumptions, that the tray efficiencies are independent of the process 

variables around the steady-state condition of linearization. For 

this reason it was not necessary to obtain high precision in these 

efficiency values. However, more accurate values would be required 

. if the steady-state gains for the system were calculated based upon 

these results. In the case of steady-state gains the dynamics would 

not have to be considered and only the steady-state equations would 

be solved for the new conditions and the required gains calculated 

from the resulting steady-state conditions for the given change. In 

that case considerable amount of work would be required to better 

define tray efficiency as a function of the process variables since 

the gains are generally nonlinear functions. 

The steady-state tray efficiency problem may be difficult to 

define since there appears to be a large variation in tray efficiencies 

for a given tray from one test to another and also from tray to tray 

in any given section. There are several factors which may partially 

explain some of this variation. First of all, there is a physical 
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variation in the installed tray:; in the colunm due to shop problems 

during installation. A tray : ;_-;:.ch requirement was specified but on 

several trays it was impossi.,_-.: t-o meet this condition. There is 

also possible errors in the actual liquid samples being collected. 

The samples are withdra~m from behind the inlet weir on the tray 

below the actual tray of interest. Gas could have been entrained 

· and carried down the downcomer and some liquid mixing may be occurring 

on the tray behind the inlet weir due to the small column size and 

the pigh turbulence. Both of these effects could cause variations in 

the liquid samples. 

The steady-state program also carries out the calculations for 

the F-factors and tray liquid holdups above and below the feed tray. 

The F-factor is a measure of the column loading and is widely used in 

the chemical process industry. The tray holdup is calculated from 

the A.I.Ch.E. report on tray efficiencies. The time constant of the 

unit is the liquid tray holdup in the stripping section divided by 

the stripping section liquid rate. This time constant is generally 

called the dimensionless time and is used to generalize the calculations 

for changes in equipment size. 

Pulse Data Reduction. The pulse data reduction program is a 

straightforward operation. This program converts the refractive index 

values for the streams at fixed time intervals to mole fraction 

benzene. Next the program subtracts away the steady-state value of 
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composition at t:i.me zero from each data point which results in evenly 

s:paced difference data for the , 01uency response analysis. The out-

put data is supplied in the corr"".;, format for the frequency response 

program. Several types of data input may be used with this program 

which is considered in the Appendix. 

The refractive index data was converted to mole fraction benzene 

using the regression equati~n that was employed in the steady-state 

progra.'11. 

Freauency Respo~se Program. The frequency response program 

employed in this study was very similar to programs used by Renfroe, 

. Go and Fogle (42, 18, 13). The program accepted evenly spaced 

difference data for both the input and output pulse data. The use 

of this technique for determining system transfer functions has been 

discussed in detail by the above authors. The major modification to 

this program was the addition of a routine which subdivided the 

interval between data points which allowed a smaller time interval of 

integration. 

This program was tested by calculating values of the output of 

a first order system as a function of time for a pulse disturbance. 

These values were then read into the program and the frequency response 

of the system calculated. The calculated value of frequency response 

was compared with the theoretical first order frequency response curve 

and was found to have good agreement out to frequencies greater than 
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one radian per second. The fi order time constant was so selected 

as to be of the order of the ac '.i.l experimental system. The sample 

time interval was varied also"~ c..etermine the effect on the calculated 

frequency response curve. It turned out as one would expect that as 

the interval became smaller the agreement also improved. Table LXXIV, 

page 204, contains the results of this test calculation with a data 

interval of 0.2 minutes. T~e interval used during tests 8 through 12 

was 0.25 minutes. As noted, this program has built into it a data 

subdivision routine which will subdivide the interval between data 

points into X equal intervals assuming a linear relation between data 

. points, where Xis specified by the programmer. Dividing by two or 

four was found to improve the results but increasing the number of 

subdivisions still further had no effect except to increase the 

computation time. The computation time increases directly with X, the 

number of subdivisions. 

Distillation Column Dynamics and Feedforward Control. 

This aspect of the investigation represents the major results 

and conclusions of this investigation concerning the linear model 

technique as applied by previous authors. The discussion will consider 

open loop distillation column dynamics and feedforward control. 

Column O~en LooD Dynamics. The open loop dynamics of the dis-

tillation column were experimentally determined for disturbances in 
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t:ne feed composition, boil up rate :, nd reflux rate. These are 

generally the strea..is which are oi' .. :ajor importance in distillation 

column control. Corr.rr.only, disturbances are introduced into the 

system by means of the feed composition and then the vapor and reflux 

rates are varied to return the output compositions to the required 

values. Special situations can be proposed where this is not the 

problem of interest but in those cases the distillation column is 

being operated in a manner to meet the constraints being set by some 

other operation occurring in the process. From a control standpoint, 

it would be difficult to investigate generally all these special 

cases. But on the other hand, results obtained for this more general 

case should be applicable to special cases. 

Open loop transfer functions were determined from eight pulse 

tests and are reported in this investigation. The dependent variables 

in all cases were the top and bottom compositions. This resulted in 

the calculation of sixteen open loop transfer functions. Three pulse 

tests involved changes in vapor rate while three tests involved changes 

in feed composition and the remaining two were reflux rate changes. 

Figures 3 and 4, pages 62 and 66, are typical experimental open 

loop transfer functions. In all tests the bottoms composition trans-

fer function is of higher order than the distillate transfer function 

and its response shows more or stronger nonlinear or higher order 

terms. 
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The linear l:',odel approxima.tior~ :ire also included on each figure 

of the open loop transfer functions , ,1.c comparison. It will be noted 

that for tests 6F, 6S, and 6V the cc,:·.cesp:mding linear models are all 

based on steady-state data from test 6F. At the second steady-state 

condition all the linear models are based on test llF. This was done 

to reduce the total number of times that the linear model program had 

to be solved. It has no eff~ct on the results since for each group of 

tests the steady-state conditions are approximately the same and the 

small variations between the tests in each group would have no effect 

on the column dynamics but would only slightly change the steady-state 

gains which are not considered accurate when determined in this manner. 

In general the linear model fails to predict the high order and 

distributed parameter effects which occur at higher frequencies. This 

results from the removal of the nonlinear terms from the model. Even 

if the linear model fails to predict the high-order and nonlinear 

effects which are present in the experimental data the linear model 

does predict the dynamics of the system to a first approximation. In 

most cases high frequency response data is not required for the system 

and the first order approximation is satisfactory. The actual error 

in the gain curves between the experimental tests and the linear model 

results are in general smaller than for the phase curves. This 

probably results from the fact that only approximate dead times were 

included in the model where on the other hand the actual equipment 
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had dead time which could not be precisely estimated. Better estimates 

would have probably improved the phase angle curves since dead time 

has no effect on the gain curve. 

To determine if the high order effects which appeared were. 

actual system responses and not the effect of sampling or data spacing, 

a regression analysis was used to fix a power series to the pulse test 

data resu~ting from test 6F.. This equation was used to calculate 

new data points at a smaller· interval f~r use in the frequency response 

program. Terms were.added to the_ regression equation until the co-

efficient of determination was increased to a value above 0.90. This 

·was to insure a good fit of the experimental data. Figure 14, page 149, 

shows the comparison of the system frequency response based on the 

regression model and the points determined from only the experimental 

data are plotted for comparison. The regression model data agrees 

with the experimental data out to frequencies.of 0.2 radians per 

second after which the model still predicts the same break points. 

The reduction in magnitude at the break points results probably from 

the smoothing of the actual data in the regression analysis. This 

result gives support to the validity experimental frequency response 

curves determined for the system during this investigation and rules 

out effects of data sampling on the response curves. 

The open loop experimental transfer functions which were deter-

mined during this investigation definitely support the linear model 
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assUJuption and the transient response data which has been used to 

justify the linear model assumption in the past. It does point out, 

however, that this is only a first order assumption and great care 

must be used when the absolute system response is required, or very 

close control must be obtained due to some process requirement. In 

these cases the actual nonlinear model should result in data that is 

in closer agreement with exp~rimental results. 

Another point which should be mentioned with regard to the 

results is the speed of the disturbances for which the linear model 

agrees, with the experirJ.ental data. If the curves agree out to 

0.1 radians per minute, then one is considering disturbances which 

are occurring at a frequency of 1.6 cycles per minute. Generally, 

it would be better to design enough holdup capacity ahead of a unit 

to filter out disturbances which occur with such a high frequency. 

Generally, distillation colurrn control schemes-are only designed to 

remove disturbances which occur at very low frequencies compared to 

the response speed of the units. 

Another point which can be observed from the experimental trans-

fer functions is the nonlinear effects. Tests 9V and lOV are similar 

tests except for the direction of the pulse as were tests llF and 12F. 

If the column behavior was truly linear then one would expect the 

transfer functions for the similar tests to be the same in both cases. 

It will be noted that to a first approximation the curves are the same 
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but, at higher frequencies there is a general disagreement. This 

data supports the fact that generally the nonlinear effects will not 

be important except at high frequencies. 

Feedforward Control. Three sets of feedforward controllers 

were calculated and compared with the predicted controllers based 

on the linear model assumption. One feedforward controller was cal-

culated based on tests 6F, 6S, and 6V which were at the same steady-

state conditions and two controllers were calculated based on the 

tran_sfer functions determined at the second steady-state condition 

which encompassed the five remaining pulse tests. 

A very suprising result occurred from the design of the feed-

forward controller. In all cases the linear model predicted only a 

proportional controller with, maybe, dead time added over the 

frequency range of interest. The experimental feedforward controllers 

did not always predict a proportional controller but they did predict 

a controller ma.de up of only a first order lag followed by a first 

order lead which in effect is a proportional controller. This means 

that the feedforward controller is a very simple instrument for every 

case considered in this study. This result may help explain the good 

results that have been reported with feedforward controllers which 

were only simple functions and were designed by very approximate 

methods. If this result could be shown to be general, then the 

linear model assumption for the design of a feedforw-ard controller 
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would not be a critical assumption. This would reduce the work 

required to design feedforward controllers for existing columns. 

Only very simple tests would :.;0 required to determine the constants 

for an acceptable feedforward controller. More weight is given to 

this p:>ssibility by the fact that Foxboro is presently marketing a 

feedforward controller instrument which has a very simple function 

and they appear to obtain sa~isfactory operation in most cases re-

ported. As far as can be determined there is no way of generally 

prov~ng that this simple relationship will hold for distillation 

columns and at present each case must still be considered separately~ 

.At the same time there is no reason to believe that the feedforward 

controller should be a complex function over the range of frequencies 

of interest providing high frequency resp:>nse is not required. 

The feedforward programs have been checked in detail for errors 

and were compared with the programs used at the University of Delaware 

and found to be the same. The results have also been compared with 

the results reported by Luyben (33, 35). Luyben1s feedforward con-

trollers show dynamic terms but these functions appear at higher 

frequencies. These were actually investigated in this study and are 

above the range generally of interest. 

Care should be used when reading the phase angle values for the 

feedforward controller transfer functions if they are large positive 

values. These values have had 180° added to them because of the way 

I, 
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the phase angle was calculated and corrected for the steady-state 

gain value. The program was set up to accept positive real and 

imaginary numbers and in that case calculate a positive angle. This 

was done due to the possibility of the controllers containing leads. 

Therefore, when the program calculates an uncorrected angle greater 

than -Z/0° it converts it to a positive angle and depending on the 

quadrant of the initial steady-state value it will add 180° to this 

value. Therefore, positive angles between 180° and Z70° should have 

180° subtracted from them to obtain the correct values. 

Recommendations 

In the course of this investigation several research areas 

have appeared which should add further insight into the dynamics 

and feedforward control of binary distillation columns. These 

recommendations are reported in the following sections. 

Nonlinear lfodel. In this investigation it has been shown that 

the linear model is a good first order approximation of a binary 

distillation colwnn. To further substantiate the applicability of a 

linear model it would be of interest to solve the nonlinear model 

and determine the per cent improvement one could expect by going to 

the more difficult model. This could afford some economic data on 

the per cent improvement versus increased computational time required 

due to the increased complexity. 
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Ex-:Jerirnentc::.l Fecdforward Cor.trol. Based up:m the results of 

this investigation it appears tr;;c;.t the feedforward controller should 

be a very simple function. '··•''"·~ also appears to be a disagreement 

in the form of this function based upon the linear model and on the 

experimental data. Experimental testing of these feedforward con-

trollers would establish the actual difference between these controllers. 

The controller based on a nonlinear model could also be included in 

the experimental work. 

Feedforward Control. Due to the very simple feedforward con-

trollers which were predicted during this investigation, it would be 

. of interest to the industrial control engineer if some short cut 

method could be developed to estimate these controllers. It may be 

possible to correlate the physical aspects of the separation and 

equipment with the required feedforward controller functions and 

time constants. If it could be shown that in-most separations a very 

simple controller will give some percentage of perfect feedforward 

control then this problem would reduce down to estimating the re-

quired time constants for the controller. 

Analog Modelj_ng. The analog computer would present another way 

of solving the set of nonlinear distributed parameter equations for 

the comparison with the experimental results. This method would have 

some advantages over a digital approach to this problem. The analog 

computer would allow one to estimate the required system dead times 
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by comparing the response curves of the model with the experimental 

system. 

Limitations 

A list of the limitations imposed upon the operation of the 

distillation column used for this investigation along with the re-

strictions used in the linear model development are given in the 

following sections. 

Distillation Column. The distillation column used was an 

18 plate sieve tray tower, with an eight inch inside diameter. The 

primary material of construction was 1/8-inch copper sheet metal. 

The plates were spaced one foot apart. Each plate contained 

195, 9/64-inch holes located on a 3/8-inch equilateral triangular 

pitch. The trays were equipped with 1-1/4 - inch inlet weirs and 

3/4-inch outlet weirs. The heat for boilup was supplied by a thermo-

siphen reboiler consisting of 21, 3/4-inch diameter tubes 

containing an inside area of 18.75 square feet. The column was 

insulated with approximately 1-1/2 - inches of fiberglass insulation. 

System Used. The binary mixture used in the distillation 

column consisted of a mixture of n-heptane and benzene. These 

materials had a minimum purity specification of 99 mole per cent. 

Feed Flow Rates. The feed flow rates used during the dynamic 

tests were varied for the steady-state conditions between 0.0596 and 
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0.0635 ~oles per ~~nute and benzene concentrations varied between 

0.6186 and 0.6911 mole fraction benzene. 

Reflux Rates. The steady-:..; ...... .:.e reflux flow rates for tests 6F, 

6S, and 6V varied between 0.0704 and 0.0705 moles per minute. The 

reflux flows for tests 8R, 9V, lOV, llF, and 12F varied between 0.0686 

and 0.0690 moles per minute. For reflux flow rate pulse test 6S the 

reflux rate was increased from 0.0705 to 0.1075 moles per minute and 

maintained at this value for•a period of six minutes. The reflux 

flow rate for dynamic test 8R was increased from 0.0688 to 0.0854 

for a period of fifteen minutes. 

Vapor Rates. The reboiler steady-state vapor rates were main-

tained between 0.0274 and 0.0283 moles per minute for tests 6F, 6S 

and 6V. Likewise for tests 8R, 9V, lOV, llF and 12F the vapor rate 

varied from test to test between 0.1205 and 0.1234 moles per minute. 

For pulse test 6V the vapor rate was increased from 0.1143 to 0.1258 

moles per minute for a period of five minutes. For test 9V the vapor 

was decreased from 0.1277 to 0.1197 moles per minute for a fifteen 

minute period. Likewise for test lOV the vapor rate was increased 

from 0.1234 to 0.1271 for an interval of twenty minutes. 

Bottorr.s Flow Rates. The steady-state bottoms flow rates during 

tests 6F, 6s, and 6V varied between 0.0274 and 0.0283 moles per minute. 

For tests 8R, 9V, lOV, llF and 12F the steady-state bottoms flow rates 

varied between 0.0170 and 0.0205 moles per minute. 
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Dist:illa.te Flow ifates. The steady-state distillate flow rates 

for tests 6F, 6S, and 6V varie(: between 0.0340 and 0.0352 moles per 

minute. During tests BR, 9V, ;,N, llF and 12F the flows varied 

between 0.0439 ar.d 0.0464 moles per minute. 

Feed Composition Pulses. Three feed comp::>sition pulses were 

used du.ring this investigation. These pulses were rectangular waves 

to a first order approxi~ation. For test 6F the feed composition 

was decreased from 0.64 to 0.44 mole fraction benzene for a period of 

ten minutes. In test llF the feed composition decreased from 0.67 to 

0.30 mole fraction benzene for an eight minute period. Likewise 

during test 12F the feed composition was increased from 0.64 to 0.83 

mole fraction benzene for a period of six minutes. 

F-factors. The F-factors for the first group of tests were 

approximately 0.94 above the f~ed tray and 1.04 in the section below 

the feed tray. During the second set of tests the F-factor was 

approximately 1.04 in the rectification section and 1.175 in the 

stripping section. 

Colurr~ Pressure. The column absolute pressure for the first 

group of tests was controlled in the range of 950 to 1050 millimeters 

of Hg. For the second group of tests the pressure was 

in the range of 875 and 975 millimeters Hg absolute. 

Sample Frequencies. During dynamic tests 6F, 6s, and 6V liquid 

samples were collected at one minute intervals. During dynamic tests 

8R, 9V, lOV, llF and 12F continuous refractive index data were 
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recorded and values read off from the chart records for analysis at 

0.25 minute intervals. The freq1.: ::.c:y responses of the dynamic data 

was considered to be accurate out ~o 0.6 radians per minute. 

Lineilr Model Assumntions. The following assumptions were in-

cluded in the linear model analysis: 

7 .... Operational changes in all column variables are assumed 

s:nall in relation to their steady-state values. 

2. Compositions and flow rates are the primary variables from 

which fluctuations in temperatures and pressures are derived. 

Therefore, energy equations for the trays are not required. 

J. The coluinn operates adiabatically, and at steady-state and 

the molal flow rates of vapor and liquid streams are con-

stant through the sections of the column above and below 

the feed tray. 

4. The vapor holdup is negligible. 

5. The liquid holdup on each tray is completely mixed so that 

the composition of liquid leaving is the same as that ob-

tained by mixing all the holdup. 

6. Fluctuations in column operation are caused by changes in 

feed flow rate, composition, reflux flow rate, and vapor 

boilup rates only. 
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VI. Cm!CLUSIONS 

This study involved the determination of the open loop transfer 

functions for a binary distillation column and the comparison of these 

transfer functions with the predicted transfer functions based on the 

linear rr~del assu.~ption. The feedforward controller transfer functions 

required for changes in feed composition were developed based on both 

the linear model and experimental open loop transfer functions. 

The pulse testing method was used to determine experimentally 

the system open loop transfer functions. Rectangular pulses were 

introduced into the feed composition, vapor boilup rates and the re-

flux flow rates for determining the open loop transfer functions. A 

total· of eight pulse tests were conducted on the system; three feed 

composition pulses, three vapor boil-up rate pulses and two reflux 

rate pulses. The distillate and bottoms composition were sampled at 

one minute intervals for tests 6F, 6s, and 6V and were determined 

continuously for the remaining tests by the use of continuous process 

refractometers. The actual composition values were determined from 

the refractive index readings by the use of a regression equation 

developed for this purpose. The conclusions of this investigation are 

also subject to the limitations of the investigation. As a result of 

this investigation the following conclusions are drawnl 
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1. Distillatior. column open loop dynamics can be represented by 

a linear model as a first order approximation for frequencies 

out to 1.6 radians per dimensionless time. Where the dimen-

sionless time is defined as the tray liquid holdup divided 

by the stripping section liquid rate. 

2. Nonlinear and higher order effects do not affect distillation 

column dynamics be~ow 1.6 radians per dimensionless time. 

3. Simple feedforward controller functions should provide 

adequate control in the low frequency range generally of 

interest for distillation column control. Feedforward 

controllers consisting of proportional first order elements 

with dead time satisfy the requirements determined in this 

investigation. 

4. Linear models fail to predict the higher order effects · 

present at higher frequencies in distributed parameter 

systems. 

5. Pulse techniques and numerical integration are adequate for 

the determination of system dynamics. 

6. The use of linear models for the design of feedforward con-

trollers results in controller transfer functions which are 

of lower order than predicted from experimental data. 
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VII. SUMMARY 

This investigation involved the determination of the experimental 

open loop transfer functions for a binary distillation column and the 

comparison of these transfer functions to the transfer functions 

based on the solution of a set of linearized equations used to de-

scribe the system. The experimental transfer functions and the 

linear model transfer functions were then used to calculate the feed-

forward controller transfer functions for changes in feed composition. 

Then a comparison of these independently developed transfer functions 

was made to estimate the effect of the linear model assumption on the 

system controller functions. 

The experimental system consisted of an eight-inch diameter 

distillation column equipped with 18-sieve trays, a reboiler and a 

total condenser. The tray spacing was 12 inches. The tower was 

operated as an atmospheric column separating benzene from normal 

heptane. 

The experimental tests consisted of pulse tests conducted at two 

separate steady-state conditions. At each of the steady-states con-

ditions, the bottom and distillate composition responses were determined 

as functions of the feed composition, reflux rate and boilup rate. 

The pulse data was collected in the form of refractive index readings 

as a function of time. The refractive index data was converted to 
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mole fraction benzene and then converted from pulse data to frequency 

response data and plotted as a Bode diagram. These plots give the 

transfer function relationship between the distillate and bottoms 

compositions and each of the forcing functions: feed composition, 

reflux rate and boilup rate. 

For each steady-state condition, the open loop transfer functions 

for the distillate and bottoms compositions to disturbances in the 

feed composition, reflux rate and vapor or boilup rate were determined 

based on the linear model assumption. These calculations utilized 

the techniques developed by Lamb and Pigford for linearization and 

solution of the set of equations by stepping up the column in the 

frequency domain along with the required matrix inversion to obtain 

the required transfer functions. 

The transfer functions based on the linear model were then com-

pared to the experimental results to determine the effect or error 

resulting from the linear model assumption. 

The open loop transfer functions determined from both the linear 

model and experimental pulse tests were then used to determine the 

required feedforward controller transfer functions. These transfer 

functions were also then compared. 

Based upon this investigation it was concluded that the column 

transfer functions could be represented by the transfer functions 

based on the linear model to a first order approximation. The 
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experimental and linear model transfer functions were in close 

agreement up to frequencies in the vicinity of 1.6 radians per 

dimensionless time. where the dimensionless time is defined as the 

tray holdup divided by the stripping section liquid rate. The non-

linear and higher order effects do not become important or appreciably 

effect the distillation column dynamics in the frequency range below 

1.6 radians per dimensionless time. The linear model assumption does 

fail to predict the higher order and nonlinear effects present in 

the system at higher frequencies. 

The results of this study indicate that very simple feedforward 

controller transfer functions should provide adequate control for 

distillation columns in the low frequency range. The feedforward 

controller transfer functions predicted by the linear model assumption 

were generally of lower order than predicted by the experimental data. 
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XI. APP&'IDIX 

The Appendix has been divided into two sections: Additional Data 

and Results Section and the Digital Computer Programs Section. 

Additional Data and Results 

Data and results which have been determined and discussed during 

this investigation has been included here for completeness and con-

venience to the reader. This data includes the steady-state conditions, 

experimental and linear model open loop transfer functions for pulse 

tests 6F, 6s, 6v, 8R, 9V, 10V, and 12F. For ease of comparison the 

experimental and linear model open loop transfer function data for each 

test have been plotted together. 

Data Tables. For pulse tests 6F, 6s, 6v, 8R, 9V, 10V, and 12F 

the steady-state conditions at the start of each test are reported in 

Tables XXV, XXVI, XXXII, XXXIII, XXXVIII, XXXIX, XXXXVI, .XXXXVII, 

LIV, LV, LX, LXI, LXVIII, and LXVIV, pages 140, 141, 150, 151, 158, 

1.59, 168, 169, 178, 179, 186, 187, 196, and 197. The steady-state 

conditions at the completion of tests 6v, 8R, 9V, 10V, and 12F are 

reported in Tables XXXXIV, XJJ.XV, Lll, LIII, LVIII, LIX, LXIV, LXV, 

LXXII, and LXXIII on pages 166, 167, 176, 177, 184, 185, 192, 193, 

202, and 203. 
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The experimental frequency response open loop transfer function 

data for pulse tests 6F, 6s, 6v, 8R, 9V, 10V, and 12F are reported in 

Tables XXVII, XXIX, XXXIV, XXXVI, XX.XX, XXXXII, XXXXVIII, L, LVI, LVII, 

LXII, LXIII, LXX, and LXXI, pages 142, 145, 155, 160, 163, 170, 173, 

180, 182, 188, 190, 198, and 200. The corresponding open loop 

transfer functions based on the linear model assumptions are reported 

in Tables XXVIII, XXX, XXXV, XXXVIII, XXXXI, XXXXIII, IL, LI, LXVI, 

and LXVII on pages 143, 146, 1·53, 156, 161, 164, 171, 174, 194, and 

195. The open loop transfer functions based on the linear model 

asswnption used for comparison to experimental pulse test results 

for tests 6F, 6s, and 6v are based on steady-state data taken from 

test 6F. Likewise linear nodel transfer functions used for com-

parison to pulse test results for tests BR, 9V, 10V, and 12F are 

based on steady-state data from pulse test 11F. 

These transfer functions are plotted for ease of comparison in 

Figures 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 2.5, and 

26,on pages 142, 147, 149, 154, 1.57, 162, 165, 172, 175, 181, 183, 

189, 191, 199, and 201. 
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TABLE XXV 

BINARY DISTlllATION STEAD~-STATE TEST OATA 
HEAT ANO M4TERIAL BALANCES 

EXPERIMENTAL DATA SET 6F 

SltlEAf4 

FEED 

BOTTOMS 

CVERHIAO 

REFLUX 

MOLES/MINUTE 

0.0,11 

0.0283 

MOLES eeNZENE/PUNUTE 

TOTAL MASS ERROR -0.0018 

-.0002 

COLUMN INTERNAL FLOW RATES 
TCP VAPOR 0.111150 

TCP LIQUID 

BOTTOM VAPOR 

BOTTOM LIQUID 

0.0765.\8 

0.115419 

G-VALUE FEED• 1.0709 

F-FACTOR TOP • o.,,e, 
FEED TRAY• 

HEAT 8AlANCE 

INPUT OUTPUT 
BTU/Mlh STU/MIN 

OVERALL 2665.7 2221.1 

CONDENSER 2739.3 2501.8 

TOWER 3467.'t 3260.3 

0.0388 

0.0085 

0.0305 

0.0621 

PERCEkT 3.0131 

PERCENT o.5775 

LIV TOP 0.681693 

LIV BOTT 1.229157 

REFLUX• 1.0874 

BOTTOM• t.0411 

11 

CATA 

ERROR PERCENT 
STU/MIN ERROR 

438.5 16.45 

231.! 8.45 

201.1 5.91 



TABLE XXVI 

BINARY OISTILLATION STEADY-STATE TEST CATA 
TRAY TO TRAY CALCULATION RESULTS 

EXPERIMENTAL DATA SET 6F 

fEEO TRAY• 11 

TRAY LIQUID TEMPERATURE EQUILIBRIUM EFFICIENCY PRESSURE 
MOLE FRACT DEGREES f CURVE SLOPE MURPHERE NM MG 

FEED 0.6349 180.0C 
~EFLUX 0.8824 l61t.OO 

1 o. 8644 196.50 o.111e o.1t839 1001.1 
2 o.8433 197.00 0.7044 0.5785 999.6 
3 0.8167 198.00 0.6962 o.7367 1003.6 I 
It o.soo<J 198.50 0.6922 0.4385 1004.lt ..... 

+:-
5 o.1e10 199.50 0.6819 o.ss1ta 1011.2 ..... 

I 
6 o.1sc,4 199.50 0.6845 0.6002 1001.1 
7 o.7367 200.50 0.6823 0.6247 1006.5 
e Q.7140 201.00 0.6817 0.6256 100.3.6 
9 0.6919 202.00 o.6827 0.6011 1009.0 

10 0.6755 202.50 c.6845 0.4326 1009.0 
11 0.6527 203.00 0.6887 0.4326 1005.9 
12 0.6412 204.00 o.6916 o.5274 1016.2 
13 0.6.241 205.00 c.6969 o.sss1 1023.7 
14 0.60/tl 205.20 0.1042 o.s1.tt1 1011.2 
15 0.5716 206.50 0.7207 0.6442 1021.1 
16 0.5058 208.00 o.7688 0.8485 1010.e 
17 0.4403 209.50 0.8393 0.6531 999.7 
18 0.3787 213.00 0.9285 1.0532 1021.2 

REBOILER 0.2990 217.50 1.oaoe 1.0532 1047.l 

TRAY HOLDUP TOP a 0.00950 MOLES BOTTOM= C.00876 .MOLES 

TIME CONSTANT, TRAY MCLOUP/LIQUIO RATE : 0.06175 MINUTES 
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TABLE XXVII 

REFLUX COMPOSITION/FEED COMPOSITION 
EXPERIMENTAL FREQUENCY RESPONSE RESULTS 

FOR PULSE TEST 6F 

STEADY-STATE. PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

0.0392 -0.0000 -2e.1313 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

1.0000 o.oo 0.0000 0.0000 
1.0000 -0.01 -0.0000 0.0001 
1.0000 -0.33 -0.0001 0.0005 
1.0000 -0.65 -0.0004 0.0-010 
o.9988 -3.25 -0.0101 0.0050 

o.9977 -4.54 -0.0197 0.0010 
o.9954 -6.48 -0.0400 0.0100 
o.9898 -9.65 -0.0892 0.01,0 
o.9821 -12.77 -0.1566 0.0200 
0.9121 -15.78 -0.2405 0.0250 

o.9617 -18.69 -0.3390 o.o,oo 
o.9367 -24.08 -0.5678 0.01+00 
o.,1os -28.82 -0.8141 o.osoo 
o.se12 -32.82 -1.0395 0.0600 
o.a110 -36.15 -1.2001 0.0100 

o.8654 -38.99 -1.2554 o.osoo 
o.a129 -41.64 -1.1810 0.0900 
o.8935 -44.48 -0.9780 0.1000 
o.9872 -54.05 -0.112, 0.1250 
1.0912 -67.75 o.1sa1 0.1500 

1.1507 -83.88 1.2194 o.11so 
1.1422 -100.10 1.1552 0.2000 
1.0028 -125.36 0.021+3 o.2soo 
o.9297 -143.32 -0.6334 o.3000 
o.7795 -164. 18 -2.1642 o.3500 

o.5588 -155.05 -5.0543 0.4000 
1.0002 -151.82 0.0011 0.4500 
1.3160 -186.63 2.3851 o.5000 
o.9'+25 -213.52 -0.5139 o.s,oo 
1.9102 -167.55 5.6218 0.6000 
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TABLE XXVIII 

REFLUX CO~P0$1TION/fEEO COMPOSITION 
OPEN LOOP TRANSFER FUNCTION BASED ON LINEAR MOOEL FOR 

EXPERIMENTAL DATA SET 6f 

STl:AOY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

0.0450 o.oo -26.9359 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

l 1.0000 -o.oo 0.0000 0.0000 
2 1.0000 -0.03 -0.0000 0.0001 
3 1.0000 -0.13 -0.0000 0.0005 
4 1.0000 -0.25 -0.0001 0.0010 
5 0.9997 -1.26 -0.0025 o.ooso 
6 0.9994 -1.76 -0.00lt8 0.0010 
1 O.9989 -2.51 -0.0098 0.0100 
8 0.9975 -3.75 -0.0218 o.01so 
9 0.9956 -lt.98 -0.0384 0.0200 

10 O.9932 -6.21 -0.0591 0.0250 

11 0.9904 -7.41 -0.0838 0.0300 
12 o.9837 -9.'16 -0.1432 O.OltOO 
13 0.9758 -12.03 -0.2132 o.osoo 
14 0.9611 -l't.21 -0.2904 0.0600 
15 0.9581 -16.31 -0.3719 0.0100 

16 o.9490 -18.33 -0.4550 0.0800 
17 0.9399 -20.28 -0.5381 o.o,oo 
18 o.9311 -22.16 -0.6197 0.1000 
19 0.9101 -26.68 -0.8127 0.1250 
20 0.8925 -31.00 -0.9877 0.1500 

21 0.8763 -35.21 -1.1471 0.1750 
22 o.8615 -39.37 -1.2951 0.2000 
23 o.8344 -47.58 -1.5727 0.2500 
21t 0.8087 -55.73 -1.8445 0.3000 
25 0.1131 -63.61 -2.1233 0.3500 

26 o.7573 -11.so -2.ltlSl 0.4000 
27 0.1310 -79.c9 -2.1220 0.4500 
28 0.1043 -87.46 -3.0445 o.sooo 
29 0.6775 -95.10 -J.3816 o.s5oo 
30 0.6507 -102.61 -3.7321 0.6000 
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Figure 12. Reflux Composition/Feed Composition Open Loop Transfer 

Function based on Experimental and Linear Model Results 
for Test 6i 
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TABLE XXIX 

BOTTOMS COMPOSITION/FEED COMPOSITION 
EXPERIMENTAL FREQUENCY RESPONSE RESULTS 

FOR PULSE TEST 6F 

STEAOY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

1.2911 -0.0000 2.2190 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

1.0000 o.oo -0.0000 0.0000 
1.0000 -0.11 -0.0000 0.0001 
1.0000 -0.56 -0.0002 o.ooos 
0.9999 -1.11 -0.0009 0.0010 
0.9975 -5.57 -0.0216 0.0050 

o.9951 -7.80 -0.0423 0.0010 
0.9901 -11.13 -0.086-4 0.0100 
o.9778 •16.66 -0.1948 0.0150 
o.9608 -22.16 -0.3474 0.0200 
0.9392 •27.60 -0.5449 0.0250 

0.9132 -32.97 -0.7884 o.oloo 
o.8493 -43.43 -1.4184 0•0400 
0.111a .... 53.35 -2.2502 o.osoo 
o.6840 -62.43 -3.2988 0.0600 
o.5904 -10.23 -4.5778 0.0100 

o.4963 -10.01 -6.0849 o.osoo 
0.4091 -78.89 -7.7630 0e0900 
o.3386 -77.42 -9.4073 0.1000 
0.2972 -60.55 -10.5399 o.12so 
o.:;a10 •61.92 -8.3350 o.1soo 
0.435S -79.85 -1.2201 0.1150 
o.1+062 -102.20 -7.8241+ 0.2000 
o.1898 -127.84 -14.4337 o.2soo 
0.2160 -103.71 -13.2783 o.3OOO 
0.2260 -148.31 -12.9173 o.35OO 

0.0450 -154.81 -26.9439 0•40-00 
o.1s11 -119.07 -14.8120 o.4soo 
o.1445 -187.19 -16.8043 o.sooo 
0.1504 -69.21 -16.4529 o.ssoo 
o.6911 -164.91 -3.2095 0.6000 
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TABLE XXI 

BOTTOMS COMPOSITION/FEED COMPOSITION 
OPEN LOOP TRANSFER FUNCTION 8ASEO ON LINEAR MODEL FOR 

EXPERIMENTAL DATA SET 6f 

STEADY-STATE 
GAIN 

1.7522 

PHASE ANGLE 
DEGREES 
o.oo 

MAGNITUDE PHASE ANGLE GAIN 
OECIBELS RATIO 

1 1.0000 
2 1.0000 
3 1.0000 
4 1.0000 
5 0.9190 

6 0.9981 
7 0.9961 
8 0.9913 
9 0.9846 

10 0.976'3 

11 0.9663 
12 0.94-24 
13 0.9llt0 
14 0.8825 
15 0.8491 

16 0.8148 
17 0.7804 
18 0.71t67 
19 0.6672 
20 0.5970 

21 o.5365 
22 0.4846 
23 0.4020 
24 0.3403 
25 0.2930 

26 0.2557 
21 o.22s1 
28 0.2011 
29 0.1806 
30 0.1634 

DEGREES 

-o.oo -0.0000 
-0.06 -0.0000 
-0.30 -0.0001 
-0.60 -0.0003 
-2.98 -0.0085 

-4.17 -0.0167 
-5.94 -0.0340 
-8.89 -0.0762 

-11.a1 -0.1346 
-llt.70 -0.2086 

-17.53 -0.2973 
-23.05 -0.5156 
-28.32 -0.7813 
-33.31 -1.0860 
-38.02 -1.4213 

-42.43 -1.7793 
-46.57 -2.1533 
-50.44 -2.5375 
-59.06 -3.511t7 
-66.42 -4.4801 

-72.79 -5.lt092 
-78.39 -6.2921 
-87.91 -7.9141t 
-95.91 -9.3621 

-102.89 -10.6638 

-109.17 -11.8459 
-114.92 -12.9295 
-120.21 -13.9312 
-125.30 -14.8638 
-130.07 -15.7372 

STEADY-STATE 
DECIBELS 
4.8119 

FREQUENCY 
RADIANS/MIN 

0.0000 
0.0001 
o.ooos 
0.0010 
0.0050 

0.0010 
0.0100 
0.0150 
0.0200 
0.0250 

0.0300 
O.OltOO o.osoo 
0.0600 
0.0700 

o.oaoo 
0.0900 
0.1000 
0.1250 
0.1500 

0.1750 
0.2000 
o.2soo 
0.3000 
0.3500 

0.4000 
0.4500 
0.5000 
o.ssoo 
0.6000 
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TABLE llXI 

BOTTOMS COMPOSITION/FEED COMPOSITION 
EXPERIMENTAL FREQUENCY RESPONSE RESULTS 

FOR REGRESSION MODEL OF PULSE TEST 6F 

STEADY-STATE PHASE ANGLE STEADY-STATE 
GAJN DEGREES DECIBELS 

1.2958 -0.0000 2.2510 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

1.0000 o.oo -0.0000 0.0000 
1.0000 -0.11 -0.0000 0.0001 
1.0000 -0.55 -0.0002 0.0005 
o.9999 -1.11 -0.0009 0.0010 
o.9975 -5.53 -0.0216 o.ooso 
o.9951 -1.11+ -0.0423 0.0010 
o.9901 -11.05 -0.086-4 0.0100 
o.9778 -16.55 -0.1949 0.0150 
o.9608 -22.00 -0.3475 0.0200 
o.9392 -27.41 -0.5450 0.0250 

0.9132 -32.74 -0.7685 0•0300 
o.8493 -43.13 -1.4183 0.0400 
0.111a -52.97 -2.2495 0.0500 
o.6842 -61.98 -3.2970 0.0600 
o.5906 -69.73 -4.5735 0.0100 

o.4968 -75.53 -6.0763 o.osoo 
0.4099 -78.33 -7.7474 0.0900 
o.3395 •76.90 -9.3838 0.1000 
0.2912 -60.37 -10. 5404 o.12so 
o.3809 -61.96 -8.3848 0•1500 

o.4314 -80.42 -7.3014 0.11,0 
o.1+ooa -104.17 ... 7.9410 0.2000 
o.1660 -142.92 -15.5990 0.2500 
0.1252 -89.80 -18.0463 0.,000 
0.1221 -127.44 -18.2530 o.,soo 
o.0646 -55.14 -23.7899 o.ttooo 
o.1516 -95.78 -16.3856 o.4soo 
0.0011 -35.89 -42.9470 0.,000 
o.2961 -49.53 -10.5717 o.5500 
o.3421 -134.02 -9.3170 0.6000 
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TABLE XXXII 

BINARY OtSTILLATlCN STEADY-STATE TEST 0ATA 
HEAT ANO MATERIAL BALANCES 

EXPERIMENTAL DATA SET 6S 

STREAM 

FEEO 

BOTTOMS 

CVERHEAC 

REFLUX 

MOLES/MINUTE 

0.0612 

C.0214 

0.0352 

0.010, 

MOLES SENZENE/MINUTE 

0.0392 

o.oos3 
0.0312 

0.0624 

TOTAL MASS ERROR -0.0014 PERCENT 2.32-48 

8EtdENE ERROR -.0002 PERCENT 0.6253 

COLUMN INTERNAL FLOW RATES 
TOP VAPOR 0.112063 

TOP LIQUID 0.076822 LIV TOP 0.685524 

80tTOM VAPOR 0.116578 

BCTTOM LIQUID 0.lit251t4 LIV BOTT 1.222737 

Q-VALUE FEED• 1.0138 REFLU>C • 1.0899 

F-FACTOR TOP • o.9409 BOTTOM• 1.0lt26 

FEEC TRAY• 11 

HEAT BALANCE CATA 

l~PUT OUTPUT ERROR PERCENT 
BTU/MIN 8TU/IICIN BTU/MIN ERROR 

OVERALL 2686.7 2192.7 494.0 18.39 

CONDENSER 2758.5 2489.7 268.8 9.71t 

TOkER 3481.9 3262.6 225.2 6.46 



TABLE XXXIII 

BINARY tlSTlLLATION STEADY-STATE TEST DATA 
TRAY TO TRAY CALCULATION RESULTS 

EXPERIME~TAL DATA SET 6S 

FEEO TRAY= 11 

TRAY LIQUlC TEMPERATURE EQUILIBRIUM EFFICIENCY PRESSURE 
fll.OlE FRACT DEGREES f CURVE SLOPE MURPHEIU MM HG 

FEEO 0.6412 1eo.oo 
REFLUX o.ses1t 164.00 

l o.e,11 197.50 0.1106 0.6808 HH5.l 
2 0.8397 197.50 0.1032 0.6108 1006.0 
3 0.8180 198.50 o.6966 0.6281 1012.2 
It o.ec1, 199.20 0.6923 0.4768 1015.9 I 
5 o.1aoJ 199.80 o.6878 0.622lt 1015.1 -V\ 
6 o.7542 200.50 0.6838 0.1023 1014.7 -I 
7 o.7367 201.00 0.6823 o.soeo 1014.5 
8 0.11s, 201.so 0.6817 0.6156 1012.lt 
9 0.6936 202.50 0.6825 0.6362 1017.8 

10 0.6187 203.0C 0.6841 0.4124 1018.6 
11 0.6579 204.00 0.6876 0.4124 1024.5 
12 0.6456 205.00 0.6904 0.5708 1034.5 
13 0.6232 205.20 0.6972 0.11@3 1026.4 
lit 0.6075 206.00 0.7031 0.4119 1031.4 
15 o.s11, 206.80 0.1201 0.6789 1025.9 
16 o.so6s 208.00 o.7679 0.8259 1011.4 
17 0.4554 209.80 0.6209 o.s311 1012.6 
18 0.3914 213.0C 0.9082 1.1114 1028.3 

REBOILER 0.3026 218.00 1.0731 1.1114 1051.3 

TRAY HOLOVP TOP • o.00948 MOLES BOTTOM= 0.00877 MOLES 

TIME CONSTANT, TRAY HCLOUP/LIQUIO RATE = 0.06152 MINUTES 
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TABLE XXXIV 

SOTTOMS COMPOSITION/REFLUX RATE 
EXPERIMENTAL FREQUENCY RESPONSE RESULTS 

FOR PULSE TEST 65 

STEADY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

9.4414 0.0000 19.5007 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

1.0000 -o.oo -0.0000 0.0000 
1.0000 -0.07 -0.0000 0.0001 
1.0000 -o.37 -0.0000 0•0005 
l .0000 -0.11+ -0.0001 0.0010 
o.9996 -3.69 -0.0033 0.0050 

o.9992 -5.17 -0.0066 0.0010 
o.9985 -7.39 -0.0134 0.0100 
o.9965 -11.09 -0 .0303 o.01so 
o.9938 -14.80 -0.0542 0.0200 
0.9902 •18.51 -o.os5s 0.0250 

o.9858 -22.25 -0.1245 o.oJoo 
o.9742 -29.75 -0.2211 0•0400 
o.9587 -37 • .32 -o.3663 o.osoo 
o.9390 -44.95 -0.5468 Oe0600 
o.9148 -s2.65 -0.7739 0.0100 

o.sasa -60.39 -1.0533 o.osoo 
o.s520 -68.17 -l.3909 0.0900 
o.8135 -75.94 -1.7924 0.1000 
Oe6987 -95.08 -3.1147 o.12so 
o.5651 -113.02 -4.9577 o.1soo 
o.4281 -128.18 -7.3688 0.1110 
o.3074 -136.03 -10.2452 0.2000 
o.1a19 -136.55 -14.8037 o.2soo 
0.1543 -137.66 -16.2336 Oe3000 
0.130s -140.36 -17.6708 o.3500 

0.1322 -150.59 -17.5767 o.4000 
0.101a -176.65 -19.8465 o.4500 
0.0425 -178.03 -27.4343 o.sooo 
0.0459 -143.66 -26.2157 Oe5SOO 
0.0410 -152.94 -27.7412 0•6000 
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TABLE XllV 

BOTTOMS COMPOSITION/REFLUX RATE 
OPEN LOOP TRANSFER FUNCTION BASEO ON LINEAR MODEL FOR 

EXPERIMENTAL DATA SET 6F 

STEADY-STATE PHASE ANGLE STEADY-STATE 
CAIN DEGREES DECIBELS 

1.2569 o.oo 1.9863 

kAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES OECl8ELS RADIANS/MIN 

l 1.0000 -o.oo -0.0000 0.0000 
2 1.0000 -O.O6 -0.0000 0.0001 
3 1.0000 -O.3O -0.0001 o.ooos 
4 1.0000 -O.6O -0.0003 0.0010 
5 0.9990 -3.00 -O.OO86 o.ooso 
6 O.9981 -4.20 -0.0169 0.0010 
1 0.9960 -5.99 -O.O345 0.0100 
8 o.9912 -8.96 -0.0772 O.O15O 
9 0.9841t -11.91 -0.1364 0.0200 

10 O.976O -14.Sl -0.2113 O.O25O 

11 0.9659 -17.67 -O.3O13 0.0300 
12 0.9416 -23.24 -0.5226 O.OltOO 
13 O.9128 -28.55 -0.7923 O.O5OO 
14 o.sao9 -33.59 -1.1019 O.O6OO 
15 o.s1t10 •38.34 -1.4428 0.0100 

16 o.e121 -42.80 -1.8074 o.oeoo 
17 0.1112 -46.98 -2.1888 0.0100 
18 0.742CJ -50.89 -2.5813 0.1000 
19 O.6620 -59.61 -3.5830 O.125O 
20 0.5903 -67.06 -4.5780 0.1500 

21 O.5283 -73.50 -5.5419 O.1750 
22 O.4751 -79.16 -6.4645 0.2000 
23 O.3899 -ss.11 -8.1805 O.25OO 
21t o.3259 -96.71 -9.7396 O.3OOO 
25 0.2764 -to3.c9 -11.1688 O.35OO 

26 0.2373 -109.80 -12.4928 O.4OOO 
27 O.2O58 -115.30 -13.7309 O.45OO 
28 O.1799 -120.30 -14.8979 o.sooo 
29 O.1584 -124.68 -16.0048 o.ssoo 
30 O.14O3 -129.10 -17.0597 O.6O0O 
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TASLE XXXVI 

RE.FLUX COMPOSITION/REFLUX RATE 
EXPERIMENTAL FREQUENCY RESPONSE RESULTS 

FOR PULSE TEST 6S 

STEADY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

1.8081 0.0000 5.1447 

MAGNITUDE PHASE ANGLE !iAIN FREQUENCY 
RATIO DEGREES DECIBEL$ RADIANS/MIN 

1.0000 -o.oo -0.0000 0.0000 
1.0000 -o.os -0.0000 0.0001 
1.0000 -0.24 -0.0000 0.0005 
1.0000 -0.49 -0.0001 0.0010 
o.9996 -2.44 -O.OO34 o.ooso 
0.9992 -3.42 -O.OO66 0.0010 
o.9984 -4.88 -0.0135 0.0100 
o.9965 -7.31 -0.0304 o.01so 
o.9938 -9.74 -O.O538 0.0200 
o.99O4 -12.17 -0.0836 0.0250 

o.9863 -14.58 -0.1202 0.0300 
o.9759 -19.37 -0.2115 o.01too 
o.9631 -24. 12 -0.3265 o.osoo 
o.91tao -28.81 -O.4636 o.o,oo 
o.93O9 -33.45 -0.6215 0.0100 

0.9121 -3th03 -O.7994 o.oaoo 
o.8916 -42.55 -O.9968 0.0900 
o.8696 -47.04 -1.2138 0.1000 
o.aoa1 -58.04 -1.8509 0.12,0 
o.7370 -68.69 -2.6504 o.1soo 
o.6571 -78.64 -3.6479 0.11,0 
o.5726 -87.20 -4.8~31 0.2000 
o.4288 -97.54 -7.3552 o.2soo 
o.3610 -103.21 -8.8510 0.,000 
0.311s -113.91 -10.1303 o.Jsoo 
0.2382 -122.78 -12.4615 0,.4000 
o.1858 -121.11 -14.6190 Oe4SOO 
o.1675 -119.76 -15.~203 o.5000 
o.1s10 -121.aa -16.0646 o.5too 
0.1,11 -127.90 -11.2615 0•6000 
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TABLE XXXVII 

REFLUX COMPOSITION/REFLUX RATE 
OPEN LOOP TRANSFER FUNCTION BASED ON LINEAR MODEL FOR 

EXPERIMENTAL DATA SET 6f 

STEADY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

O.Oltl4 o.oo -27.6682 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

l 1.0000 -o.oo 0.0000 0.0000 
2 1.0000 -0.02 0.0000 0.0001 
3 1.0000 -0.12 -0.0000 0.0005 
.... 1.0000 -0.23 -0.0001 0.0010 
5 0.9998 -1.11 -0.0021 0.0050 

6 0.9995 -1.64 -0.0041 0.0010 
7 0.9990 -2.3't -0.0084 0.0100 
8 0.9979 -3.SO -0.0187 0.0150 
9 0.9962 -lt.65 -0.0328 0.0200 

10 0.9942 -5.80 -O.C506 0.0250 

11 o.9918 -6.92 -0.0718 0.0300 
12 0.9860 -9.l't -0.1228 0.0400 
13 0.9791 -11.2e -0.1832 o.osoo 
l.\ 0.9116 -13.35 -0.2,02 0.0600 
15 0.9637 -15.36 -0.3214 0.0100 

16 0.9556 -17 • .30 -0.391t7 o.oeoo 
17 0.9415 -19.18 -0.4688 0.0900 
18 0.9395 -21.02 -0.5425 0.1000 
19 0.9203 -25.4'+ -0.1211 0.1250 
20 o.,021t -29.70 -0.8924 O.150O 

21 0.8855 -33.87 -1.0565 0.1750 
22 0.8692 -37.97 -1.2174 0.2000 
23 o.837.ft -46.07 -1.5414 0.2500 
24 o.aos2 -54.02 -1.8818 0.3000 
25 0.1121 -61.84 -2.21t66 0.3500 

26 o.13eo -69.-48 -2.6383 O.ltOOO 
27 o.1011t -76.91t -3.0565 0.4500 
28 0.668/t -ett.19 -3.4992 o.sooo 
29 0.6336 -91.23 -3.9636 0.5.500 
30 0.5993 -98.05 -4.4468 0.6000 
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T AILE XXXVIII 

BINARY DISTILLATION STEADY-STATE TEST DATA 
HEAT AND MATERIAL IALANCES 

EXPERIMENTAL DATA SET 6V 

STREAM 

FEED 
BOTTOMS 

OVERHEAD 

REFLUX 

MOLES/MINUTE 

0.0596 

0.0212 

0.0340 

0.010s 

MOLES BENZENE/MINUTE 

TOTAL MASS ERROR -0.002l 

BENZENE ERROR .... 0015 

COLUMN INTERNAL FLOW RATES 
TOP VAPOR 0.110072 

TCP 1.HlUIO 

BOTtOfl VAPOR 

8CTTOM llCUIO 

0.016036 

O. ll1t330 

o.1ataa6 

Q•VALUE FEED• 1.0115 

fl-FACTOR TOP • C.9335 

,eeo TRAY. 

HEAT BALANCE 

INPUT OUTPUT 
STU/MIN BTU/MIN 

OVERALL 2619.7 2149.lt 

CONDENSER 2687.9 2434.5 

TOWER 3486.5 3209.5 

0.0369 

o.ooa2 
0.0302 

0.0625 

PERCENT 4.4510 

PERCENT 3.9924 

LIV ro, 0.,90113 

l/V BOTT 1.223524 

REPLUX • 1.0791 

BOTTON• 1.0419 

11 

CATA 

ERROR PERCENT 
BTU/MIN ERROR 

530.lt 19.79 

253.4 CJ •• , 

277.0 l.94 



TAeLE XXXIX 

BINARY CIST!LLATION STEAOl-STATE TEST DATA 
TRAY TC TRAY CALCULATICN RESULTS 

EXPERIMENTAL DATA SET 6V 

fEEO TRAY= 11 

TRAY LlQIJIO TEMPERATURE EQUILI8RIUfo\ EFFICIENCY PRESSURE 
MOLE FRACT DEGREES f CURVE SLOPE MURPHERE MM HG 

fEEO 0.6186 180.00 
REFLUX 0.886.\ 166.SO 

1 o.&633 196.0C o.1111t 0.6554 992.6 
2 0.8313 196.50 0.7024 o.1s1s 989.0 
3 0.8134 197.50 C.6954 o.6937 994.2 
It 0.1915 198.0C o.cCJl4 0.-4639 994.9 

I 
5 o.7746 198.50 0.6868 0.6678 992.3 ..... 
6 o.7519 199.50 0.6836 0.6560 997.7 \.n 

'-0 

1 0.1259 200.00 0.6818 0.7478 993.'+ I 

e o.1oul 200.so 0.6821 0.7064 989.6 
9 o.6160 201.sc 0.6845 0.7056 993.4 

10 0.6588 202.so 0.687.lt 0.3255 1000.q 
11 0.6349 2C3.00 0.6934 0.3255 997.2 
12 0.62'il 20.ft.OO 0.6969 0.3531 1001.1 
13 0.6094 204.50 0.1023 0.3969 1008.3 
14 o.se31 205.00 0.1144 0.5471 1003.1 
15 0.5521 206.50 0.132s o.s103 1011.1 
16 0.4640 2ce.oc o.7896 0.1861 999.4 
17 o.1t129 209.50 0.8762 0.6'+97 985.1 
18 0.3529 213.0(; 0.9731 o.9054 1006.7 

RE801LER 0.2895 217.50 1.1021 0.9054 lOltl.4 

TRAY tiOLC\JP TCP = o.occ;49 MOLES BOTTOM = 0.00867 NOLES 

TIME CONSTANT, TRAY HCLOUP/LlQUIO RATE = 0.061()5 MINUTES 
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TABLE llll 

BOTTOMS COMPOSITION/VAPOR RATE 
EXPERIMENTAL FREQUENCY RESPONSE RESULTS 

FOR PULSE TEST 6V 

STEADY-STATt:: PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

6.4870 0.0000 16.2409 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

1.0000 -o.oo -0.0000 0.0000 
1.0000 -0.04 0.0000 0.0001 
1.0000 -0.18 0.0000 0.0005 
1.0000 -0.37 0.0001 0.0010 
1.0004 -1.83 0.0035 o.ooso 
1.0008 -2.56 0.0008 0.0010 
1.0016 -3.67 0.0137 0.0100 
1.0035 -5.53 0.0303 0.0150 
1.0060 -7.43 0.0524 0.0200 
1.0091 -9.37 0•0789 0.02,0 

1.0126 -11.37 o.1oaa o.oJoo 
1.0200 •15.56 0.1723 0.04,00 
1.0269 -20.02 0.2303 0.0500 
1.0315 -24.78 0.2695 o.o,oo 
1.0324 -29.82 0.2111 0.0100 

1.02a2 •3~.ll 0.21+13 o.oeoo 
1.0176 -40.60 o.1s1a 0.0900 
0.9999 -46.26 -0.0001 0.1000 
o.921a -,o.66 -o.7066 0 • 1250 
o.7989 -74.34 -1.9499 Oel500 

o.6482 -85.37 -3.7652 o.11so 
o.5026 -90.74 -5.9762 0.2000 
0.1910 -a2.11 -8.1574 o.zsoo 
o.4-298 -92.92 -7.3354 0.,000 
o.3274 -115.26 -9.6993 o.3soo 
o.1s1+6 -99.05 -14.6731 0.4000 
o.3175 -89.61 -9.9660 o.4500 
o.3480 -126.36 -9.1680 0•5000 
o.os91 -221.12 -20.9990 o.ssoo 
o.9605 -26.86 -0.3505 Oe6000 
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TABLE XXXXI 

BOTTOMS COkPOSITION/VAPOR RATE 
OPEN LOOP TRANSFER FUNCTION BASED ON LINEAR MOOEL FOR 

exPERIMENTAL DATA SET 6F 

STEADY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

2.2192 o.oo 6.9241 

MAGNITUDE PtiASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

1 1.0000 -o.oo -0.0000 0.0000 
2 1.0000 -0.06 -0.0000 0.0001 
3 1.0000 -0.32 -0.0001 o.ooos ... 1.0000 -0.64 -0.0004 0.0010 
5 0.9990 -3.22 -0.0089 o.ooso 
6 0.9980 -4.51 -0.0115 0.0010 
1 0.9959 -6.'t3 -0.0357 0.0100 
8 0.9908 -9.62 -0.0799 0.0150 
9 0.9839 -12.79 -0.1411 0.0200 

10 0.9151 -15.91 -0.2187 0.0250 

11 0.9647 -18.99 -0.3119 0.0300 
12 o.9396 -24.99 -0.5414 0.0400 
13 o.9097 -30.74 -0.8216 o.o,oo 
14 0.8766 -36.20 -1.1439 0.0600 
15 0.8414 -'tl.38 -l.lt999 0.0100 

16 0.8052 -46.26 -1.8816 0.0800 
17 o.7689 -50.65 -2.2823 0.0900 
18 o.7331 -55.17 -2.6962 0.1000 
19 o.6486 •64.88 -3.7599 o.12so 
20 0.5736 -73.26 -lt.8284 0.1500 

21 o.soe1t -80.58 -5.8758 0.1750 
22 0.4523 -87.06 -6.8909 0.2000 
23 0.3626 -98.09 -8.8126 0.2500 
2it o.2CJ,2 -101.21t -10.5966 0.3000 
25 0.21t38 -115.02 -12.2603 o.3soo 
26 0.2037 -121.75 -13.8201 O.ltOOO 
27 0.1120 -121.04 -15.2895 0.4500 
28 0.11t66 -132.84 -16.6187 0.5000 
29 0.1260 -137.45 -17.9958 o.ssoo 
30 0.1091 -141.56 -19.2it72 0.6000 
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TABLE XXXIII 

REFLUX COMPOSITION/VAPOR RATE 
EXPERIMENTAL FREQUENCY RESPONSE RESULTS 

FOR PULSE TEST 6V 

STEAOY•STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

0.8205 0.0000 -1.7187 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RAOIANS/MIN 

1.0000 -o.oo 0.0000 0.0000 
1.0000 -o.os -0.0000 0.0001 
1.0000 -o.2s -0.0000 0.000, 
1.0000 -0.49 -0.0000 0.0010 
0.9999 •2.45 -0.0009 0.0050 

o.9998 -3.44 -0.0011 0.0010 
o.9996 -4.91 -0.0035 0.0100 
o.9991 -1.37 -o.ooeo o.01so 
o.9983 -9.83 -0.0144 0.0200 
o.9974 -12.30 -0.0229 0.0250 

o.9961 •14.77 -o.o,35 o.o,oo 
o.9928 •19.74 -0.0624 0•0400 
o.9882 -24.75 -o.102a 0.0500 
0.9121 •29.80 •0.1571 0.0600 
o.9741 -34.88 -0.2211 0.0100 

o.9642 -40.00 -0.3171 o.osoo 
Oe9Sl9 -45.14 -0.4279 0.0900 
o.9373 -50.29 -o.5625 0.1000 
o.aa91 -63.10 -1.0167 o.12so 
o.a2,, -75.53 -1.6571 o.1soo 
o.7509 -87.15 -2.4879 Oell50 
o.6696 •97.46 -:J.4841 0.2000 
o.5189 -112.11 -~.6990 o.zsoo 
0.412s -121.23 -7.6852 0.,000 
o.11too -123.41 -9.3705 o.,soo 
o.3322 -11s.1s -9.5708 0e4000 
o.1ts11 -114. 12 -6.9142 o.4soo 
o.6003 -127.96 -4.4323 o.sooo 
0.1011 -139.19 -3.0767 o.ssoo 
1.3706 -126.40 2.7385 0.6000 
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TABLE XXXXIII 

REFLUX COMPOSITIO~/VAPOA fUTE 
OPEN LOOP TRANSFER FUNCTION BASED ON LINEAR MODEL FOR 

EXPERIMENTAL DATA SET 6F 

STEADY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

0.0445 o.oo -27.0260 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

l 1.0000 -o.oo 0.0000 0.0000 
2 1.0000 -O.C3 -0.0000 0.0001 
3 1.0000 -0.16 -0.0000 0.0005 
4 1.0000 -0.33 -0.0001 0.0010 
5 0.9996 -1.63 -0.0034 o.ooso 
6 0.9992 -2.29 -0.0067 0.0070 
7 0.9984 -3.26 -0.0135 0.0100 
e 0.9965 -lt.88 -0.0302 0.0150 
9 0.9939 -6.49 -0.0532 0.0200 

10 0.9906 -8.08 -0.0822 0.0250 

11 0.9867 -9.bS -0.1167 0.0300 
12 0.9772 -12.12 -0.2006 0.0400 
13 0.9660 -15.08 -0.3007 0.0500 
14 0.9536 -18.53 -O.4129 0.0600 
15 o.91to1t -21.21 -0.5336 0.0100 

16 0.9269 -23.91 -0.6595 o.oeoo 
17 0.9132 -26.45 -0.7881 0.0900 
18 0.8997 -28.91 -0.9182 0.1000 
19 o.8669 -31t.76 -1.2410 0.1250 
20 0.8359 -40.30 -1.5565 0.1500 

21 0.8067 -45.63 -1.8656 0.1150 
22 o.11se -50.tiO -2.1120 0.2000 
23 0.1253 -60.78 -2.7896 0.2500 
24 0.6739 -70.34 -3.4276 0.3000 
25 0.6243 -79.47 -4.0916 0.3500 

26 o.5767 -88.18 -4.7803 0.4000 
27 0.5316 -96.46 -5.'t890 0.4500 
28 0.4891 -104.33 -6.2125 0.5000 
29 0.4495 -111.ao -6.9456 0.5500 
30 0.4129 -118.90 -7.6837 0.6000 
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TABLE IllXIV 

BINARY DISTILLATION STEADY-STATE TEST DATA 
HEAT AND MATERIAL BALANCES 

EXPERIMENTAL DATA SET 6VA 

STREAM 

FEED 
BOTTOMS 

OVERHEAD 

REFLUX 

MOLES/MINUTE 

0.0622 

0.0201 

0.0431 

0.0696 

MOLES BENZENE/MINUTE 

TCTAl MASS ERROR -0.0016 

BENZENE ERROil -.0012 

COLUMN INTERNAL FLOW RATES 
TOP VAPOR 0.118536 

TOP LIQUID 

8CITTOM VAPOR 

!OlTOM LIQUID 

O.Ollt862 

0.123329 

0.141831 

Q•VALUE FEED• 1.0111 

F-FACTOR TOP • 1.0013 

FEEC TRAY• 

HEAT BALANCE 

INPUT CUlPUT 
BTU/MIN BTU/klN 

OVERALL 2863.1 2279.7 

CONDENSER 2982.l 2694.lt 

TOWER 3684.lt 3388.7 

0.0395 

0.0031 

0.0376 

0.0599 

PERCENT 2.5975 

PERCENT 2.9296 

l/V TOP 0.631S62 

L/V BOTT lel50021 

REFLUX• 1.0150 

BOTTOM• 1.1376 

11 

DATA 

ERROR PERCENT 
8TU/MIIV ERROR 

583.lt 20.38 

287.7 9.65 

29,.l 8.03 



TRAY 

FEED 
REFLUX 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
l't 
15 
16 
17 
lS 

RE801LER 

TABLE XXXXV 

BINARY ClSTitLATICN STEAOV-STATE TEST OATA 
TRAY TC TRAY CALCULATION RESULTS 

EXPERI~ENTAL CATA SET 6VA 

LICUIO 
MOLE FRACT 

0.6349 
0.8600 
C.8342 
0.6029 
0.1103 
c.1s12 
0.121, 
0.6944 
0.67it3 
C.6518 
o.6322 
0.6112 
0.60lt7 
0.5658 
0.5322 
0.4787 
0.4106 
0.3180 
o.21t21 
0.1907 
0.1529 

TE,iPERATliRE 
OEGREES F 

180.00 
170.50 
198.00 
198.50 
199.50 
2CO.OG 
200.sc 
2C l. 5C 
202.sc 
203.00 
204.0C 
2C4.50 
2C5.0C 
206.50 
201.20 
209.20 
211.2c 
214.50 
217.50 
223.00 
221.00 

fEEC TRAY= 11 

ECUILIBRIUN 
CURVE SLOPE 

0.1014 
0.6927 
0.6561 
0.6835 
0.6817 
0.6625 
0.6847 
0.6889 
0.691t2 
0.1016 
0.7042 
o.121t1 
o.7469 
o.7950 
0.8793 
1.0406 
1.2115 
1.3626 
1.4833 

EFFICIENCY 
MURPf-lERE 

0.5322 
0.6<,44 
0.1142 
0.4714 
o.7664 
0.7640 
0.5867 
0.6949 
0.6416 
0.494't 
0.4944 
0.7155 
0.5040 
o.6342 
0.6613 
o.7809 
0.6308 
0.5589 
0.5589 

TRAY HOLCUP TOP= 0.00899 MOLES BOTTOM= 0.00793 MOLES 

Tl~E CONSTANT, TRAY HCLCUP/LIQUIO RATE= C.05592 MINUTES 

PRESSURE 
MM HG 

1011.6 
1005.3 
1006.2 
1005.3 
999.5 

1002.3 
1008.5 
1005.5 
1011.1 
1009.2 
1014.0 
1018.1 
1011.9 
1015.6 
1010.lt 
1010.5 
1013.2 
1069.4 
1110.7 
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TABLE XXXXVI 

BINARY CISTILLATION STEADV-STATE TEST DATA 
HEAT AhO MATERIAL BALANCES 

EXPERIMENTAL DATA SET 8R 

STREAN 

FEIC 

BOTTOMS 

OVERHEAD 

REFLUX . 

MOLES/MINUTE MOLES BENZENE/MINUTE 

0.0110 

o.01t57 

0.0688 

TOTAL MASS ERROR -0.0018 

-.0012 

CClUMH INTERNAL FLOW RATES 
TOP VAPOR 0.11~917 

TCP LIQUID 
BOTTOM VAPOR 

BOTTOM lltUIO 

O.O71216 

0.121704 

0.136926 

Q-VAt.UE FEfO • 1.0458 

F-FACTOR TOP • 1.0572 

FEEO TRAY • 

HEAT BALANCE 

INPUT OUTPUT 
8TU/Mlt< BTU/MIN 

OVERALL 2e2e.2 2134.0 

CONDENSER 2977.8 2596.O 

TOWER 3626.3 3314.O 

0.0413 

0.0026 

0.0398 

0.0600 

PERCENT 2.9185 

PERCENT 2.8278 

L/V TOP 0.615690 

LIV BOTT 1.125070 

REFLUX• 1.0634 

BOTTOM• 1.1932 

9 

DATA 

ERROR PERCENT 
BTU/MIN ERROR 

69't.1 24.54 

381.& 12.82 

312.4 8.61 



TRAY 

FEEO 
REFLUX 

l 
2 
3 
4 
5 
6 
7 
a 
9 

lC 
11 
12 
13 
14 
15 
16 
17 
18 

REBOILER 

TABLE XXXXVII 

BINARY tISTILLATION STEAOY-STATE TEST DATA 
TRAY TC TRAY CALCULATlCN RESULTS 

EXPERIMENTAL CJTA SET 8R 

LIQUIC 
'40lE FRACT 

0.6777 
0.6720 
0.8342 
o.sc22 
o.11e1 
o.7616 
o.7391 
0.1112 
0.7002 
0.681~ 
0.6682 
0.6514 
0.6304 
0.5954 
0.5511 
0.4S4C 
0.4206 
C.3156 
0.2372 
0.1885 
C.1529 

TE~PERATURE 
OEGREES F 

un.oo 
l67.5C 
191.013 
lfil.5C 
1<32.50 
193.20 
193.80 
194.80 
195.2C 
196.00 
196.20 
197.00 
197.20 
1Ci8.50 
l'-1~.sc 
201.sc 
2G3.50 
206.2C 
2C<J.2u 
214.0(.. 
218.SC 

FEEC TRAY z 9 

EQOILIBRitJM 
CUR\JE SLOPE 

0.7014 
C.6925 
0.6874 
0.68'48 
o.ta2tt 
0.6817 
C.6821 
0.6837 
0.6857 
C.6890 
o.6948 
0.7084 
o.733'9 
C.7896 
0.8653 
1.C455 
1.2304 
l.36CJ3 
1.4833 

EFFICIENCY 
MURPHERE 

0.9105 
0.8594 
o.7Cl9 
o.s112 
o.1s1s 
o.7932 
0.6583 
o.7685 
0.5090 
0.5090 
0.5090 
0.6446 
0.6301t 
0.7287 
o.ss11 
0.8372 
0.6288 
0.4981 
0.4981 

TRAY t!CLOUP TOP= O.OC9C2 MOltS 8CTTO~ = o.ccec7 ~OLES 

Tl~E CCNSTA~T, TRAY HCLOUP/LlQUlD R~TE = C.C5896 ~INUTES 

PRESSU~E 
~fol HG 

903.6 
897.7 
902.3 
905.6 
CJ04.S 
cno.o 
908.5 
912.2 
9C8.0 
913.3 
906.q 
910.0 
904.l 
901.4 
e<Jq.s 
885.4 
886.8 
929.C 
975.1 

' .... 
°' '-0 
I 
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TABLE llllVIII 

BOTTOMS COMPOSITION/REFLUX RATE 
EXPERIMENTAL FREQUENCY RESPONSE RESULTS 

FOR PULSE TEST SR 

STEAOY-STATt. PH.ASE ANGLE STEAOY-STATE 
GAIN DEGREES DECIBELS 

ll.7213 0.0000 21 •. 3795 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

1.0000 -o.oo -0.0000 0.0000 
1.0000 -0.09 -0.0000 0.0001 
1.0000 -0.43 -0.0001 0.0005 
1.0000 -o.a5 -0.0003 0.0010 
0.9990 -4.27 -0.0085 0.0050 

o.9981 -5.98 -0.0166 0.0010 
o.9961 -8.54 -0.0339 0.0100 
o.9912 -12.a1 -0.0764 0.0150 
o.9845 -11.01 -0.1359 0.0200 
o.9758 -21.:n -0.2121 0.0250 

o.9653 •25.55 -0.3068 o.o:Joo 
o.9389 -33.96 -0.5479 0.0400 
o.9056 -42.28 -0.8610 o.osoo 
o.8661 -50.47 -1.2486 0.0600 
o.e210 -58.51 -1.7133 0.010-0 

0.1110 -M.>.33 -2.2586 o.osoo 
0.1111 -r,.aa -2.8881 Oe0900 
0.6603 -81.09 -3.6053 0.1000 
o.512a -96.95 -5.8017 o.12so 
o.3738 -101.11 -a.5463 o.1soo 
o.2671 -109.74 -11.4652 0.1150 
0.2141 -102.29 -13.3866 0.2000 
0.2225 ... 93.21 -13.0547 o.2soo 
o.2438 -98.83 -12.2578 o.3000 
o.2497 -105.39 -12.0522 o.3500 

o.3875 -57.90 -8.2345 0•4000 
o.4787 -201.13 -6.3993 o.4500 
0.2210 -206.63 -13.1119 o.sooo 
o.1681 -203.59 -15.4895 o.ssoo 
0.1,01 -204.35 -17.7154 0.6000 
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TABLE IL 

BOTTOMS COMPOSITION/REFLUX RATE 
OPEN LOOP TRANSFER FUNCTION BASEO ON LINEAR MODEL FOR 

EXPERIMENTAL DATA SET llf 

STEAOY-ST,\TE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

l.8049 o.oo 5.1293 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RAO I ANS/MIN 

l 1.0000 -o.oo -0.0000 0.0000 
2 1.0000 -o.oe -0.0000 0.0001 
3 1.0000 -0.38 -0.0001 0.0005 
4 0.9999 -0.11 -0.0006 0.0010 
5 0.9983 -3.83 -0.0150 0.0050 

6 0.9966 -5.35 -0.0293 0.0010 
1 0.9932 -7.63 -C.0596 0.0100 
8 o.9848 -11.39 -0.1331 o.01so 
9 0.9734 -15.08 -0.2339 0.0200 

10 0.9591t -18.69 -0.3603 0.0250 

11 0.91t30 -22.21 -0.5100 0.0300 
12 0.9047 -28.90 ... 0.1100 0.0400 
13 o.&616 -35.11 -1.2939 o.osoo 
lit 0.8163 -40.81 -1.71,30 0.0600 
lS 0.7708 -46.01 -2.2610 0.0100 

16 o.7265 -50.76 -2.7748 o.oaoo 
17 0.6843 -55.09 -3.291t6 0.0900 
18 0.6'tlt7 -59.04 -3.8133 0.1000 
19 0.5574 -67.58 -5.0760 o.12so 
20 0.4861 -74.63 -6.2646 o.1soo 

21 0.lt280 -80.62 -1.3103 0.1750 
22 0.3803 -85.83 -e.3910 0.2000 
23 0.3071t -94.67 -10.2464 0.2500 
24 0.2547 -102.10 -ll.8791t 0.3000 
25 o.21so -108.61 -13.3497 0.3500 

26 0.1842 -114.45 -14.6960 0.4000 
21 0.1595 -119.79 -15.9457 0.4500 
28 0.1393 -124.72 -17.1182 o.sooo 
29 0.1226 -129.30 -1e.221s o.ssoo 
30 0.1086 -133.58 -19.2839 0.6000 
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Figure 19. Bottoms Composition/Reflux Rate Open Loop Transfer Function 

based on JJcperimental and Linear Model Results for Test 8R 
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TABLE L 

DISTILLATE COMPOSITION/REFLUX RATE 
EXPERIMENTAL FREQUENCY RE!iPONSE RESULTS 

FOR PULSE TEST SR 

STEADY-STATE PHASE ANGLE STEADY-STATE 
GAIN OEGRE£S DECIBELS 

o.,nso 0.0000 -l.1600 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

1.0000 -o.oo 0.0000 0.0000 
1.0000 -0.06 0.0000 0.0001 
1.0000 -o.2s -0.0000 o.ooos 
1.0000 -0.55 -0.0000 0.0010 
0.9999 -2.77 -0.0007 0.0050 

0.9998 •3.88 -0.001~ 0.0010 
o.9997 -5.54 -0.0028 0.0100 
0.9993 -8.32 -0.0063 o.01so 
o.9987 -11.10 -0.0113 0.0200 
o.9979 -13.88 -0.0180 o.02so 
0.9970 -16.67 -0.0264 0.0300 
o.9943 -22.26 -0.0493 0.0400 
0.9907 •27.88 -0.0813 o.osoo 
o.9ess -33.52 -o.1245 0.0600 
o.9794 -39.19 -0.1807 0.0100 

o.9714 -44.88 -0.2520 o.oaoo 
o.9616 -;o.sa -0.3405 0.0900 
o.9497 -56.28 -0.4480 0.1000 
0.9110 •70.39 -o.ao91 o.12so 
o.8597 •84.06 -1.3133 o.1soo 
o.7992 -96.83 -1.9473 o.11so 
o.7360 -1oa.2e -2.6624 0.2000 
o.6377 -126.4-7 -3.9074 0.2,00 
o.6163 -142.20 -4.2041 o.3000 
0.6553 -162.28 -3.6711 o.Jsoo 
0.9221+ -189.28 -0.7014 0.4000 
0.2111 -167.41 -13.2669 o.4500 
0.2990 -196.32 -10.4879 o.sooo 
o.3315 -209.55 -9.5895 o.ssoo 
o.3414 -225.44 -9.3338 0.6000 
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TABLE LI 

REFLUX COMPOSITION/REFLUX RATE 
OPEN LOOP TRANSFER FUNCTION BASED ON LINEAR MODEL FOR 

EXPERIMENTAL DATA SET llf 

STEADY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

0.0211 o.oo -Jl.28llt 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES OECIIELS RADIANS/MIN 

1 1.0000 -o.oo 0.0000 0.0000 
2 1.0000 -0.03 -0.0000 0.0001 
3 1.0000 -0.11 -o.ooca o.ooos 
4 1.0000 -0.34 -0.0002 0.0010 
5 0.9992 -1.10 -0.0010 o.ooso 
6 0.9984 -2.38 -0.0136 0.0010 
1 0.9968 -3 • .39 -0.0276 0.0100 
8 0.9929 -5.05 -0.0615 o.01so 
9 0.9817 -6.68 -0.1013 0.0200 

10 o.9813 -8.26 -O.1641 0.0250 

11 0.9738 -9.78 -0.2303 O.O3OO 
12 o.9567 -12.64 -0.3841 O.O4OO 
13 o.9378 -15.24 -0.5581 0.0500 
lit 0.9184 -17.60 -0.7397 0.0600 
15 0.8994 -19.74 -0.9211 0.0100 

16 0.8814 -21.10 -1.0961 O.O8O0 
17 0.8647 -23.51 -1.2631 0.0900 
18 0.8493 -2s.20 -1.4188 0.1000 
19 o.&166 -29.09 -1.1598 0.1250 
20 o.7905 -32.73 -2.0417 0.1500 

21 0.1,91 -36.26 -2.2a01t O.175O 
22 o.1so1 -39.78 -2.4904 0.2000 
23 0.1191 -46.82 -2.8640 0.2,00 
24 0.6906 -53.90 -3.2157 o.3000 
25 0.6629 -60.97 -3.5705 0.3500 

26 0.6354 -67.99 -J.9395 O.4OOO 
27 0.6076 -74.92 -4.3272 0.4500 
28 o.5798 -81.-11 -4.7346 O.5OOO 
29 O.552O -88.36 -5.1611 O.55OO 
30 o.5245 -94.84 -5.6052 O.6OOO 
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Figure 20. Distillate Composition/Reflux Rate Open Loop Transfer Function 

based on Experimental and Linear Model Results for Test 8R 
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TABLE LII 

BINARY DISTILLATION STEADY-STATE TEST DATA 
HEAT AND MATERIAL BALANCES 

EXPERIMENTAL DATA SET 8RA 

STREAM 

FEED 
BOTTOMS 

OVERHEAD 

REFLUX 

MOLES/MINUTE 

O.0611 

0.0110 

0.0457 

O.O688 

MOLES BENZENE/MINUTE 

TOTAL MASS ERROR -0.0016 

BENZENE EJUtOR -.0006 

COLUMN INTERNAL FLOW RATES 
TOP VAPOR O.118911 

TOP LIQUID 

IQTTOM VAPOR 

BOTTOM LIQUID 

0.073216 

0.121102 

0.13101, 

0-VALUE FEED• 1.0456 

f-l'ACTOR TOP • l.057~ 

FEED TRAY• 

HEAT BALANCE 

INPUT OUTPUT 
ITU/Mlh BTU/MIN 

OVERALL 2827.l 2134.l 

CONDENSER 2977.8 2596.0 

TOWER 3625.3 3314.1 

o.01t1e 

0.0026 

O.O398 

o.O6OO 

PERCENT 2.6927 

PERCENT 1.1t1t57 

L/V TOP 0.615690 

LIV BOTT 1.126347 

REFLUX• 1.0634 

BOTTOM• 1.1957 

9 

DATA 

ERROR PERCENT 
BTU/MIN ERROR 

692.9 24.51 

3e1.e 12.82 

311.2 8.58 



TRAY 

FEfD 
REFLUX 

l 
2 
3 
4 
5 
6 
7 
;':! .., 
9 

lC 
11 
12 
13 
14 
15 
16 
17 
18 

REBCILER 

TRAY 

TIME 

LICIJIO 

TABLE LIII 

eINARY CISTILLATION STEADY-STATE TEST DATA 
TRAY TC TRAY CALC~LATICN RESULTS 

EXPERIMENTAL CATI SET SRA 

ft:EC TRAY :: g 

TE~PERATvRE E(;;uJLIBRltJM EFFICIENCY 
MCLE FRACT DEGREES F CURVE SLOPE MURPHERE 

0.6844 1€1.0J 
0.872C 167.5() 
0.8336 1'91.00 c.1012 C.9272 
0.8C56 191.50 0.6933 o.7452 
0.113<, l92.5C C.6866 0.9369 
0.7591t 193.2G 0.6845 0.4511 
o.7367 193.6G C.6823 0.761G 
o.11ao 194.SC 0.6817 C.6787 
o.1cc2 195.2C. G.6821 C.6892 
0.6828 196.0G G.683t 0.1302 
0.6694 196.2(; G.6855 C.6360 
C.6483 197.CG 0.689i: 0.6360 
0.62C4 l97.2C C.6981 0.636C 
o.se:n l'Hl.50 o.7144 0.6463 
C.5342 199.Sl c.7454 0.6514 
C.4796 201.sc c.7939 o.5892 
0.3995 203.50 C.6958 o.112t 
0.3121 206.2(; 1.0529 c.1001 
0.2323 2C'1.2C 1.2436 0.6463 
G.1848 214.ou 1.3807 C.491-'t 
0.1503 218.50 1.4919 o.1+q14 

HOLDUP TOP = C.OG90l MOU:S 8CTTOI" = O.C0800 

CONSTANT, TRAY 1--CLCUF/LIQUID RATE = iJ.05836 fv!I~IJTE:S 

PR!:SSURE 
P,,f,!: HG 

903.3 
89S.l 
900.5 
';104.6 I 
903.8 

_.. 
---J 

91G.4 ---J 
I 

908.5 
912.6 
908.C 
912.C 
902.4 
9C4.3 
egc.2 
699. t, 
869.1 
883.5 
8€4.2 
926.9 
973.5 

,.,,OU:S 
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TABLE LIV 

BINARY DISTILLATION STEADY-STATE TEST DATA 
HEAT ANO MATERIAL BALANCES 

EXPERIMENTAL DATA SET 9V 

STREAM ,.OLES/MINUTE MOLES BENZENE/MINUTE 

FEED 0.0,21 

BOTTOMS O.O182 

OVERHEAD O.O458 

REFLUX O.O69O 

TOTAL MASS ERROR -0.0017 

BENZENE ERROR -.0008 

COLU"N INTERNAL FLOW RATES 
TOP VAPOR 

TOP LIQUID 

BOTTOM VAPOR 

BOTTOM LIQUID 

Q-VAlUE 

F-FACTOR 

O.119466 

O.O73695 

O.122133 

O.139268 

TOP • 1.01too 

0.0lt29 

0.0036 

O.OltOl 

0.0604 

PERCENT 2.6892 

PERCENT 1.8484 

LIV TOP 0.616866 

LIV BOTT 1.13~725 

REFLUX• 1.0687 

BOTTOM• 1.1641 

FEED TRAY• 9 

HEAT BALANCE DATA 

INPUT OUTPUT ERROR 
BTU/MIN BTU/MIN 8TU/fUN 

OVERALL 2851.7 2llt2.9 708.8 

CONDEr.tSER 2987.O 2589.6 397.lt 

TOWER 3650.2 3331.8 311.4 

PERCENT 
ERROR 

24.86 

13.30 

8.53 



TABLE LV 

BINARY OlSTILLATION STEADY-STATE TEST OATA 
TRAY TO TRAY CALCULATION RESULTS 

EXPERIMENTAL DATA SET 9V 

FEEO TRAY== 9 

TRAY LIQUID TEMPERATURE EQUILIBRIUM EFFICIENCY PRESSURE 
MOLE FRACT DEGREES F CURVE SLOPE MURPHERE MM HG 

FEED 0.6886 181.00 
REFLUX 0.8162 168.00 

1 0.8-415 193.50 o.7038 0.8716 94.lt.2 
2 0.8147 194.00 0.6957 0.7380 940.3 
3 0.1901 194.80 0.6899 0.1220 942.l 
4 0.1132 195.20 0.6865 0.5616 940.5 I 
5 o.7519 196.00 0.6836 0.7344 943.3 ... 

-.J 
6 0.1113 196.50 0.6820 0.1110 CJlt 1. 7 '° I 
1 o.7156 197.20 0.6817 0.6293 945.3 
8 0.6953 198.00 0.6824 0.8863 946.2 
9 0.6844 198.5G 0.6834 0.4607 952.8 

10 0.6725 199.10 0.6850 O.lt607 954.5 
11 0.6579 199.50 0.6876 0.4607 953.9 
12 0.6349 200.sc 0.6934 o.5662 958.3 
13 0.6047 201.00 0.1042 0.5778 951.7 
14 0.5521 202.so 0.7328 0.7358 949.l 
15 0.4965 204.00 0.1774 0.6158 944.4 
16 0.lt084 206.00 0.8826 0.1110 929.9 
17 o.3251 208.80 1.0263 0.6527 927.8 
18 0.2550 213.00 1.1843 0.6701 951.8 

RE80ILER 0.1974 218.00 1.3426 0.6707 994.2 

TRAY HOLDUP TOP = O.Ov913 MOLES BOTTOM= o.ootna MOLES 

TIME CONSTANT, TRAY HOLDUP/LIQUID RATE = 0.06017 MINUTES 
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TABLE LVI 

BOTTOMS <OMPOSITION/VAPOR RATE 
EXPERIMENTAL FREQUENCY RESPONSE RESULTS 

FOR PULSE TEST 9V 

STEADY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

45.5919 0.0000 33.1778 

MAGNITUDE PHASE ANGLE GAIN FREQUfNCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

1.0000 -o.oo -0.0000 0.0000 
1.0000 -0.07 -0.0000 0.0001 
1.0000 -0.35 -0.0001 0.0005 
1.0000 -0.10 -0.0004 0.0010 
o.9989 -3.48 -0.0096 o.ooso 
o.9978 -4.88 -0.0188 0.0010 
o.9956 -6.96 -0.0384 0.0100 
o.9901 -10.43 -0.0864 0.0150 
o.9825 -13.88 -o.1536 0.0200 
0.9121 -17.32 -0.2402 0.0250 

o .• 9609 -20.12 -0.3463 0.0300 
o.931'+ -27.43 -0.6170 0.01+00 
o.8947 -33.96 •0.9666 o.osoo 
o.8516 -40.24 -l.3957 0.0600 
0.8031 -46.21 -1.9046 0.0100 

o.7506 •51.76 -2.4920 o.oaoo 
o.6955 -56.80 -3.1S44 0.0900 
o.6394 -61.19 -3.8843 0.1000 
o.soao -68.36 -5.8820 o.12so 
o.4101 -69.0l -7.6164 0.1500 

o.,sso -66.41 -8.2901 0.1150 
o.J966 -67.89 -8.0334 0.2000 
0.3930 -87.98 -a.11:;o o.2soo 
0.2390 -115.0l -12.4325 o.3000 
0.1030 -38.91 -19.7468 o.3soo 
o.5736 -51.19 -4.8273 0.4000 
0.2921 -50.69 -10.6881 0•4500 
o.3729 -104.88 -8.5686 o.sooo 
0.2511 -137.49 -12.0041 o.5soo 
o.1196 -124.49 -18.4461 0e6000 



0 

-5 
(./) 
_J 
w -10 a:i ...... 
u w 
Cl 

-15 .. 
z ...... 
ex: 
<..!) -20 

-25 

50 

(./) 0 w 
w 
0::: 
<..!) 
w 
Cl -50 
w 
_J 
<..!) -100 z ex: 
w 
(./) 
ex: -150 :c c.. 

-200 

-181-

0.005 0.01 

FREQUENCY, 

0.05 0.1 0.5 

RADIANS PER MINUTE 
Figure 21. Bottoms Composition/Vapor Hate Open Loop Transfer Function 

based on Expe:.i."!lental and Linear Model Results for Test 9V 
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TABLE LVII 

DISTILLATE COMPOSITION/VAPOR RATE 
EXPERIMENTAL FREQUENCY RESPONSE RESULTS 

FOR PULSE TEST 9V 

STEADY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

1.2751 0.0000 2.1109 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

1.0000 -o.oo -0.0000 0.0000 
1.0000 -0.06 -0.0000 0.0001 
1.0000 -0.32 -0.0000 0.0005 
1.0000 -0.65 -0.0001 0.0010 
0.9997 -3.25 -0.0029 o.ooso 
o.9994 -4.54 -0.00~6 0.0010 
o.9987 -6.49 -0.0115 0.0100 
0.9970 -9.73 -0.0259 0.0150 
o.9947 -12.96 -0.0460 0.0200 
o.9918 -u,.19 -0.0111 o.02so 
o.9sa2 -19.41 -0.1031 0.0300 
o.9792 -25.82 -0.1826 0.0400 
o.9679 -32.17 -0.2837 o.osoo 
o.9544 -38.46 -0.40!)7 0e0600 
o.9389 -44.66 -0.5475 0.0100 

o.9217 -50.11 -0.1080 o.osoo 
0.9031 -56.78 -0.8854 0.0900 
o.8833 -62.67 -1.0781 0.1000 
o.8306 -76.84 -l.6116 0.12~0 
0.1115 -90.16 -2. 1861 0.1,00 

o.12s1 -102.11 -2.7558 0.1150 
o.6853 -114. 75 -3.282.2 0.2000 
o.6175 -138.99 -4. 1873 o.2soo 
o.5483 -166.46 -5.2197 0.,000 
o.4426 -201.25 -7.0797 o.3500 

o.3709 87.19 -8.6139 Oe4000 
0.1006 -184.06 -3.0900 Oe4SOO 
o.3129 -196.04 -10.0909 o.sooo 
o.3160 -200.11 -10.0010 o.ssoo 
0.1390 -218.57 -9.3969 0.6000 
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TABLE LVIII 

BINARY DISTILLATION STEADY-STATE TEST DATA 
HEAT AND MATERIAL IALANCES 

EXPERIMENTAL OATA SET 9YA 

STREAM 

FEEC 

IOTTONS 

OVERHEAD 

REFLUX 

MOLES/MINUTE 

0.0623 

0.0112 

0.0458 

0.0690 

MOLES BENZENE/MINUTE 

TOTAL MASS ERROR -0.0017 

BENZENE ERROR -.0009 

COLUMN INTERNAL FLOW RATES 
TOP VAPOR 0.119513 

TCP LIQUID 

BOTTOM VAPOR 

BOftOM LIQUID 

0.01312, 

0.122110 

0.139277 

Q-VALUE FEED• 1.0525 

F-FACTOR TOP • 1.0195 

FEED TRAY• 

HEAT BALANCE 

INPUT OUTPUT 
BTU/MIN BTU/MIN 

OVERALL 2851.8 2142.8 

CONDENSER 2987.1 2589.3 

TOWER 3650.2 3338.9 

0.0428 

0.003, 

o.01to2 

o.060S 

PERCENT 2.7520 

PERCENT 2.1538 

L/V TOP 0.616857 

LIV BOTT 1.134359 

REFLUX• 1.0687 

BOTTOM• 1.1,12 

9 

DATA 

ERROR PERCENT 
STU/MIN ERROR 

709.1 24.86 

397.8 13.32 

311.2 8.53 



TRAY 

FEED 
REFLUX 

l 
2 
3 
4 
5 
6 
7 
8 
9 

1() 
11 
12 
13 
14 
15 
16 
17 
18 

REBOILER 

TRAY 

TIME 

LIQUID 

TABLE LIX 

BINARY O{STILLATION STEADY-STATE TEST DATA 
TRAY TC TRAY CALCULATION RESULTS 

EXPERIMENTAL CATA SET 9VA 

FEED T~AY , .... 9 

TEMPERATuRE EQUILI8RIU1", EFFICIENCY 
MOLE FRACT DEGREES F CURVE SLOPE MURPHERE 

0.6878 181.0u 
0.8772 168.00 
0.8439 193.50 o.7046 0.8445 
C.8121 194.00 0.6950 0.8996 
0.7866 194.80 0.6690 0.7958 
0.7732 195.20 0.6865 0.4379 
0.7497 196.0C 0.6834 o.e3ao 
0.7321 196.50 O.Ml20 0.6721 
o.11so 197.20 0.6&17 0.5739 
0.6936 198.00 0.6825 1.1021 
0.6823 198.50 0.6836 0.4734 
0.6694 1~9.10 0.6855 0.4734 
0.6536 199.50 C.6885 0.4734 
0.6.304 200.5(; 0.6948 0.5432 
0.5963 20 l. Ov 0.7080 0.6132 
o.5609 2C2.50 0.1211 0.5163 
0.4965 204.00 0.7774 0.1122 
0.3849 206.00 0.9185 0.9359 
0.3321 208.80 1.0124 0.4155 
0.2588 213.0G 1.1750 0.7008 
0.1974 218.00 1.3426 0.7008 

HOLDUP TOP = 0.00913 MOLES BCTTO~ "' 0.00635 

CONSTANT, TRAY HCLOUP/LIQUIO RATE = C.C5999 MINUTES 

PRESSURE 
MM HG 

945.2 
939.2 
94C.3 
94C.5 I -g42.3 (X) 

V, 

942.l I 

946.3 
947.5 
951.3 
953.l 
<J51.e 
956.2 
947.7 
953.3 
944.4 
917.(} 
931.5 
953.9 
'194.2 

P.,,OLES 
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TAILE LX 

BINARY DISTILLATION STEADY-STATE TEST DATA 
HEAT AND MATERIAL BALANCES 

EXPERIMENTAL DATA SET lOV 

STREAM 

FEED 

BOTTOMS 

OVERHEAD 

REFLUX 

MOLES/MINUTE 

o.o,35 
0.0182 

0.0464 

0.0689 

MOLES 8ENZENE/f4INUTE 

TOTAL HASS ERROR -0.0011 

BENZENE ERROR 

COLUMN INTERNAL FLOW RATES 
TOP VAPOR 0.120123 

TOP LIQUIC 

BOlTOM VAPOR 

BOTTOM LIQUID 

0.073770 

0.123353 

Q-VALUE FEED• 1.0509 

F-FACTOR TOP • 1.0461 

FEED TRAY • 

HEAT BALANCE 

INPUT OUTPUT 
BTU/MIN BTU/MIN 

OVERALL 2866.6 2149.5 

CONDENSER 3002.7 2595.9 

TOWER 3661t.2 3353.9 

0.0439 

0.0037 

0.0406 

0.0603 

PERCENT 1.7305 

PERCENT 0.8lt88 

LIV TOP 0.614120 

L/V BOTT 1.139003 

REFLUX• 1.0101 

80TTOM • 1.1111 

c; 

DATA 

ERROR PERCENT 
BTU/MIN ERROR 

111.1 25.01 

406.9 13.55 

310.2 8.47 



TRAY 

FEED 
REFLUX 

1 
2 
3 
4 
'5 
6 
7 
e 
9 

10 
ll 
12 
13 
14 
15 
16 
17 
18 

REBOILER 

TRAY 

TIME 

LIQUID 

TABLE LXI 

BINARY CISTllLATION STEADY-STATE TEST OATA 
TRAY TG TRAY CALCUlATICN RESULTS 

EXPERIMENTAL OATA SET lOV 

FE: Efj TRAY -= '9 

TEMPERATURE EQUILI8RIIJM EFFICIENCY 
MOLE FRACT DEGREES f CURVE SLOPf ~URPl-iERE 

0.6911 1s1.00 
0.8751 167.50 
0.8403 193.5G 0.7034 o.8643 
0.f.ll34 1~4.00 0.6954 o.7333 
0.7859 194.50 0.688g 0.8328 
o. 7'739 1'15.00 C.6866 0.3786 
c.7623 195.50 C.6849 o.3818 
0.7321 196.00 0.6820 1.1210 
o.7195 197.0l; 0.6817 0.4916 
0.6961 19 7. 50 0.6824 1.0221 
0.t.865 198.00 0.6832 0.5C59 
0.6750 198.50 0.6846 0.5059 
0.6605 JC}9.CC 0.6871 o.50S9 
0.6412 1<;9.5C 0.6916 o.5345 
0.6010 2C0.5C o.1os9 0.1162 
0.5619 201.ev 0.7265 o.5905 
0.4923 2C3.50 0.7814 c.1131 
0.3950 205.20 C.9026 0.84C8 
0.3367 208.0C l.C033 0.4652 
0.2638 212.eu 1.1626 0.1062 
0.2024 217.50 1.3277 0.1062 

hCLOUP TCP = O.OG9ll MOLES BCTTOM = O.COB35 

CONSTANT, TRAY HCLDUP/LIQUIO RATE : 0.05942 MINUTES 

PRESSUP:E 
Mk HG 

94.3.o 
939.7 
cns.4 
ig:n.a I 
940.3 

_. 
0) 

934.5 ---..J 
I 

944.0 
941.C 
945.2 
946.:i 
947.'; 
946.l 
942.3 
943.2 
934.8 
Gll. 3 
922.2 
953.7 
989.5 

JlllCLES 
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TABLE LXII 

DISTILLATE COMPOSITION/VAPOR RATE 
EXPERIMENTAL FkEQUENCY RESPONSE Rt5ULTS 

FOR PULSE TEST lOV 

STEADY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

0.9$88 0.0000 -0.3657 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/,-UN 

1.0000 -o.oo 0.0000 0.0000 
1.0000 -o.oo 0.0000 0.0001 
1.0000 -0.02 0.0003 0.000, 
1.0001 -0.04 0.0012 0.0010 
1.0033 -0.22 o.02a1 0.0050 

1.0065 -0.,2 o.osoo 0.0010 
1.0131 -0.52 0.1130 0.0100 
1.0290 -0.98 0.2431 o.01so 
1.oso, -1.66 0.4263 0.0200 
1.0763 -2.60 o.6386 0.0250 

1.1061 -3.82 o.a161 0.0300 
1.1734 -1.11 l.3889 0.0400 
1.2448 -11.64 1.9023 0.0500 
1.3140 -11.oa 2.3722 0.0600 
1.3757 -23.31 2.7705 0.0100 

1.4258 -30.14 3.0810 o.oaoo 
1.4613 -37.42 3.2946 0.0900 
1.4802 -45.02 3.4066 0.1000 
1.4507 -64.61 3.2317 o.12so 
1.3195 -83.74 2.4083 0.1~00 

1.1199 -100.58 0.9834 o.11so 
o.9086 -112.a1 -0.8324 0.2000 
o.111t-o -122.ao -2.9260 o.2soo 
o.9491 -156.10 -0.4534 o.3000 
o.4429 -144.76 -7.0747 o.3500 

0.,025 -149.08 -10.3868 0.4000 
o.4604 -152.47 -6.7378 0.4500 
o.52oa -187.93 -5.6661 o.sooo 
o.J:351 -207.48 -9.4966 o.5500 
0.1121+ -111.21 -2.2432 0e6OOO 
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TABLE LXIII 

BOTTOMS COMPOSITION/VAPOR RATE 
EXPERIMENTAL FREQUENCY RESPONSE RESULTS 

FOR PUlSf TEST lOV 

STEADY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

30.3720 0.0000 29.6495 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

1.0000 -o.oo -0.0000 0.0000 
1.0000 -0.06 -0.0000 0.0001 
1.0000 -0.30 -0.0001 0.0005 
1.0000 -0.61 -0.0003 0.0010 
0.9990 -3.03 -0.0085 0.0050 

o.9981 -4.23 -0.0166 0.0010 
o.9961 -6.04 -0.0339 0.0100 
o.9913 -9.04 -0.0761 o.olSO 
o.9846 -12.02 -0.1348 0.0200 
o.9761 -14.96 -0.2097 0.0250 

o.9660 -17.86 -0.3004 o.oloo 
o.9412 -2le49 -0.5267 0.0400 
0.9112 -28.86 -o.8077 0e0500 
o.s11s -33.91 -1.1350 0•0600 
o.8416 -38.57 -1.4981 0.0100 

o.aos1 -42.83 -1.8835 o.osoo 
o.7694 -46.68 -2.2765 0.0900 
o.7361 -50.}3 -2.6614 0.1000 
o.6678 -57.54 -3.5077 o.12so 
o.6195 -64.50 •4.1587 o.1soo 
o.5764 -72.16 -4.7852 0.1150 
o.s219 -ao.01 -5.6479 0.2000 
o.,aaa -as.1a -8.2060 0.2500 
o.~746 -58.14 -4.8121 o.Jooo 
o.2s1, -120.61 -10.8331 o.3500 

o.2883 -119.48 -10.8025 0.4000 
o.3034 -115.84 -10.3603 0.4500 
o.4046 -133.58 -7.8593 0.5000 
0.,111 -110.39 -8.4570 o.5!>oo 
0.1•01 -160.01 -11.0370 0.0000 
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TABLE LIIV 

BINARY DISTILLATION STEADY-STATE TEST DATA 
HEAT ANO MATERIAL BALANCES 

EXPERIMENTAL DATA SET lOYA 

STREAM 

FEED 
BOTTOMS 

OVERHEAD 

REFLUX 

MOLES/MINUTE 

0.0634 

0.0178 

0.0470 

0.0678 

MOLES BENZENE/MINUTE 

TOTAL MASS ERROR -0.0014 

BENZENE ERROR -.0012 

COLUMN INTERNAL FLOW RATES 
TOP VAPOR 0.119400 

TOP LJQUIO 

BOTTOM VAPOR 

BOTTOM LIQUID 

O.O72433 

O.122632 

0.139064 

Q-VALUE FEED• 1.0,10 

f-FACTOR TOP • 1.0441 

FEEO TRAY • 

HEAT BALANCE 

INPUT OUTPUT 
BTU/MIN BTU/MIN 

OVERALL 2857.3 2135.1 

CONDENSER 298~.a 2576.7 

TOWER 3640.9 3326.9 

0.0436 

0.0036 

0.0412 

o.os91t 
PERCENT 2.1667 

PERCENT 2.8658 

LIV TOP 0.606642 

L/V BOTT 1.133999 

REFLUX• 1.0687 

BOTTOM• 1.1621 

9 

DATA 

ERROR PERCENT 
BTU/MIN ERROR 

122.2 25.27 

408.2 13.67 

314.0 8.62 



TRAY 

FEEO 
REFLUX 

l 
2 
3 
4 
5 
6 
7 
€ 
9 

10 
11 
12 
13 
14 
15 
le 
17 
18 

REBOILER 

TRAY 

TI~E 

LIQlHO 

TABLE LXV 

BINARY CISTILLATION STEADY-STATE TEST DATA 
TRAY TC TRAY CALCULATION RESULTS 

EXPERIMENTAL OATA SET lOVA 

Fcco TRAY ;: g 

TEt,i;PERATuRE ECUILIBRIUM EFFICIENCY 
MOLE FRACT DEGREES F CURVE SLOPf MURPHERE 

C.6869 181.00 
0.8762 16 7. 50 
o.a3<n 193.0v 0.703C 0.9388 
0.8141 193.5G O.iJ955 0.6996 
o.7659 194.00 0.6889 0.8€93 
0.1132 194.5G 0.6865 0.4229 
0.7557 195.00 0.6840 0.6302 
o.7360 }<}5. 70 0.6822 0.111a 
0.121c; 196.20 o.te11 0.5966 
0.699lt 197.0(, 0.6822 1.0861 
0.6666 198.00 0.6832 0.4201 
0.6759 198.20 0.68't5 c ... 201 
0.6631 199.00 0.6866 C.42Cl 
0.6447 199.5{; C.6907 0.4886 
0.6140 2CC.50 0.100s o.0201t 
0.571t5 201.50 0.1191 0.6147 
o.so1+1 203.00 o.76CJ7 o.7885 
0.3973 205.20 0.8992 0.9158 
0.3379 208.20 1.0011 0.4672 
0.2656 212.50 1.1582 0.6891 
0.2049 211.20 1.3204 0.6891 

HOLDUP TOP = C.Oc<H l MCLES BOTTOM ;: 0.008'43 

CO~STANT, TRAY HGLDUP/LIQUIO RATE = c.o6osc; MINUTES 

PRESSURE 
MM HG 

935.5 
932.4 
927.9 
929.9 I 
92<;.8 

.... 
'-0 

931.7 \...,J 
I 

933.0 
934.9 
945.6 
942.4 
948.7 
947.7 
948.5 
944.8 
933.5 
912.5 
g2s.7 
950.2 
986.4 

t-:CLES 
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TABLE LXVI 

REFLUX COMPOSITION/VAPOR RATE 
OPEN LOOP TRANSFER FUNCTION BASED ON LINEAR MODEL FOR 

EXPERIMENTAL DATA SET llF 

STEADY-STATE PHASE ANGLE STEADV-STATE 
GAIN DEGREES DECIBELS 

O.O34O o.oo -29.3686 

MAGIUTUOE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

1 1.0000 -o.oo 0.0000 0.0000 
2 1.0000 -O.O5 -0.0000 0.0001 
3 1.0000 -0.24 -0.0002 0.0005 
4 1.0000 -0.47 -0.0004 0.0010 
5 0.9989 -2.37 -O.O095 O.OO5O 

6 0.9979 -3.31 -0.0185 0.0010 
1 0.9957 -4. 71 -O.O376 0.0100 
8 0.9904 -7.03 -O.O836 O.O15O 
9 0.,133 -9.30 -O.l't63 0.0200 

10 o.9745 -11.50 -0.2242 O.O25O 

11 0.9643 -13.64 -O.3157 O.O3OO 
12 0.9407 -17.C>8 -0.5311 O.O4OO 
13 0.9144 -21.37 -O.7769 o.osoo 
14 O.8872 -24.74 -1.0392 0.0600 
15 O.86O3 -21.eo -1.3068 0.0100 

16 0.8345 -30.60 -1.5116 o.oaoo 
17 0.8102 -33.18 -1.8283 0.0900 
18 0.111, .. 35.57 -2.0739 0.1000 
19 o.7385 -41.00 --2.6332 o.12so 
20 0.6982 -45.94 -3.1206 0.1500 

21 0.6643 -50.62 -J.5526 O.175O 
22 0.6349 -55.U> -3.9463 0.2000 
23 o.,a1t2 -64.02 -4.6695 0.25OO 
21t O.5396 -72.66 -5.3578 O.3OOO 
25 0.4988 -81.04 -6.0413 O.35OO 

26 O.46O7 -89.14 -6.lJllt O.ltOOO 
27 O.4251 -96.92 -7.lt310 O.45OO 
21 0.3918 -104.38 -8.1390 o.sooo 
29 O.36O9 -111.51 -8.8530 O.55OO 
30 O.3323 -118.34 -9.5704 O.6OOO 
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TABLE LXVII 

BOTTOMS COMPOSITlON/VAPOA RATE 
OPEN LOOP TRANSFER FUNCTION BASED ON LINEAR MODEL FOR 

EXPERIMENTAL CATA SET llf 

STEADY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES oectBELS 

3.2250 o.oo 10.1706 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES OECI8ELS RADIANS/MIN 

l 1.0000 -o.oo -0.0000 0.0000 
2 1.0000 -0.08 -0.0000 0.0001 
3 1.0000 -0.41 -0.0002 0.0005 
4 0.9999 -o.a1 -0.0006 0.0010 
5 0.9982 -4.07 -0.0153 0.0050 

6 0.9966 -5.o9 -0.0299 0.0010 
1 0.9930 -e.12 -0.0609 0.0100 
8 0.9845 -12.12 -0.1359 0.0150 
9 0.9729 -16.06 -0.2389 0.0200 

10 0.9585 -19.92 -0.3681 0.0250 

11 0.9418 -23.67 -O.5212 0.0300 
12 0.9026 -30.86 -0.8899 O.O4OO 
13 o.8585 -37.54 -1.3249 0.0500 
lit 0.,121 -~3.72 -l.8076 O.O6OO 
15 o.7655 -49.40 -2 • .3214 0.0100 

16 0.1200 -54.62 -2.8534 o.oeoo 
17 0.6766 -59.-41 -3.3937 0.0900 
18 O.6357 -63.82 -3.931t9 0.1000 
19 o.51t55 -73.46 -5.2635 o.12so 
20 o.4715 -e1.s1 -6.5301 0.1500 

21 o.4109 -88.56 -7.7247 O.175O 
22 0.3610 -94.70 -8.81t98 0.2000 
23 0.2845 -105.18 -10.9192 0.2500 
21t O.2293 -113.96 -12.7937 0.:3000 
25 O.188O -121.54 -14.5171 0.3500 

26 O.1563 -128.18 -16.1197 0.4000 
27 0.1315 -134.07 -17.6223 0.4500 
28 0.1111 -139.34 -19.0397 0.5000 
29 0.0951 -lltlt.08 -20.3826 o.ssoo 
30 0.0826 -148.37 -21.6592 0.6000 



TABLE LXVIII 

BINARY DISTILLATION STEAOV-STATE TEST CATA 
~EAT AND MATERIAL BALANCES 

EXPERIMENTAL DATA SET 12F 

STREAM 

FEED 

BOTTOMS 

OVERHEAD 

REFLUX 

MOLES/MINUTE 

0.0623 

0.0186 

0.0455 

0.0686 

MOLES BENZENE/MINUTE 

TOTAL MASS ERROR -0.0018 

BENZENE ERROR -.0014 

COLUNN INTERNAL FLOW RATES 
TOP VAPOR 0.118384 

TOP LIQUIO 

BOTTOM VAPOR 

BOTTOM LIOUIO 

0.072861 

0.121250 

0.138068 

Q-VALUE FEED• 1.0460 

F-FACTOR TOP • 1.0634 

FEEO TRAY• 

HEAT BALANCE 

INPUT OUTPUT 
8TU/MIN STU/MIN 

OVERALL 2859.6 2139.6 

COHOE NS ER 2972.9 2566.l 

TOWER 3659.7 3346.lt 

0.0400 

0.0022 

0.0392 

0.0591 

PERCENT 2.8635 

PERCENT 3.5370 

L/V TOP 0.615465 

L/V BOTT 1.138706 

REFLUX• 1.0624 

BOTTO"• 1.1931 

9 

CATA 

ERROR PERCENT 
BTU/MIN ERROR 

120.0 25.18 

406.8 13.68 

313.2 8.56 



FEEO 
REFLUX 

1 
2 
3 
4 
5 
6 
1 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

REBOILER 

TABLE LXIX 

BINARY OISTILLATION STEADY-STATE TEST DATA 
TRAY TO TRAY CALCULATION RESULTS 

EXPERIMENTAL DATA SET 12F 

LIOUIO 
MOLE FRACT 

0.6421 
o.8622 
O.tH60 
0.11$8 
o.7467 
o.129e 
0.6994 
0.6777 
0.6570 
0.6394 
0.6252 
0.6035 
0.5764 
0.5332 
0.4808 
O.lf228 
0.3610 
0.2751 
0.2062 
0.1553 
0.1179 

TEMPERATURE 
DEGREES F 

un.oo 
167.50 
190.50 
191. 50 
192.00 
192.50 
193.50 
19-'t.OO 
195.00 
195.20 
196.00 
196.50 
197.80 
198.50 
199.50 
201.so 
204.00 
207.50 
210.50 
215.20 
219.20 

FEED TRAY• q 

EQUILIBRIUM 
CURVE SLOPE 

0.6961 
0.6875 
0.6831 
o.6819 
0.6822 
0.6842 
0.6878 
0.6921 
0.6965 
0.104a 
o.11eo 
o.7462 
o.7929 
0.8623 
0.9587 
1.1355 
1.3168 
1.4752 
1.6058 

EFFICIENCY 
MURPHERE 

1.0239 
o.9182 
0.8733 
0.4824 
0.9577 
o.7385 
o.7645 
o.7099 
0.5351 
0.5351 
o.5351 
0.6524 
0.6290 
o.5852 
o.5531 
0.1229 
0.6053 
0.5898 
o.se9s 

TRAY HOLDUP TOP= 0.00886 MOLES BOTTOM= 0.00781 MOLES 

TIME CONSTANT, TRAY HOLDUP/LIQUID RATE= 0.05655 M[NUTES 

PRESSURE 
~M HG 

888.8 
eas.o 
861.8 
681.9 
883.4 
881.3 
866.7 
881.9 
886.2 
881t.6 
891.1 
881.4 
871.3 
872.1 
877.l 
882. 8 
888.5 
9Z1.5 
964.4 

I .... 
'-0 
--.J 
I 
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TABLE LXX 

DISTILLATE COMPOSITION/FEED COMPOSITION 
EXPERIMENTAL FREQUENCY RESPONSE RESULTS 

FOR PULSE TEST 12F 

STEADY-STATE PHASE ANGLE STEAOY-STATE 
GAIN DEGREES DECit,ELS 

o.2461 0.0000 -12.1779 

MAGNJTUOE PHASE ANGLE GAlN FREQUENCY 
RATIO DEGREES OECISELS RADIANS/MIN 

1.0000 -o.oo 0.0000 0.0000 
1.0000 -o.oa -0.0000 0.0001 
1.0000 -0.41 -0.0000 0.0005 
1.0000 -0.83 -0.0001 0.0010 
o.9996 -4.13 -0.0034 o.ooso 
0.9992 -5.78 -0.0068 0.0010 
o.9984 -8.27 -0.0139 0.0100 
o.9963 -12.42 -o.o,1a 0.0150 
0.9934 -16.60 -0.0578 0.0200 
o.9894 -20.a1 -0.0930 o.02so 
o.9842 -2S.06 -OelJ86 o.o,oo 
o.9696 -33.69 -Oe2680 o.o•oo 
o.9481 -42.51 -0.4628 o.osoo 
o.9178 -51.50 -o.7447 0.0600 
o.s111 •60.60 -1.1391 0.0100 

o.a21t9 -69.62 •l.6719 o.oaoo 
o.7617 -1s.,2 -2.3639 0.0900 
0.,900 •86.33 -3.2234 0.1000 
0.10,2 -100.33 -5.9307 o.12so 
o.3858 -102.07 -8.2724 o.1soo 
o.,11s -99.79 -8.5999 o.11so 
o.4098 -10,.01 -7.7486 0.2000 
o.4263 -139.09 -7.4047 o.2soo 
o.2a,1 -110.21 -10.9441 o.Jooo 
0.2048 -166.62 -13.7749 o.3500 

0.2629 -182.67 -11.6050 0.4000 
0.2255 -219.73 -12.9372 Oe4500 
o.11aa -211.11 -10.5031 o.sooo 
0.1552 -215.42 -16.1816 o.5500 
o.1960 -251.65 -14.1539 0.6000 
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Figure 25. Distillate Composition/Feed Composition Open Loop Transfer 

Function Based on .-).'xperimental and Linear }:odel Results for 
Test 12 F 
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TABLE LXXI 

BOTTOMS COMPOSITION/FEED COMPOSITION 
EXPERIMENTAL FREQUENCY RESPONSE RESULTS 

FOR PULSE TEST 12F 

STEADY-STATE PHASE ANGLE STEADY-STATE 
GAIN DEGREES DECIBELS 

1.2490 0.0000 1.9312 

MAGNITUDE PHASE ANGLE GAIN FREQUENCY 
RATIO DEGREES DECIBELS RADIANS/MIN 

1.0000 -o.oo -0.0000 0.0000 
1.0000 -0.09 -0.0000 0.0001 
1.0000 -0.47 -0.0001 0.0005 
1.0000 -0.94 -0.0003 0.0010 
o.9992 -4.72 -0.0067 o.ooso 
o.9985 -6.60 -0.0132 0.0010 
o.9969 -9.44- -0.0210 0.0100 
0.9930 -14.19 -0.0614 0.0150 
o.9873 -1s.97 -0.1109 0.0200 
o.9798 -23.80 -0.1768 0.0250 

o.9704 -28.68 -0.2609 o.o:Joo 
o.9448 ... 3a.62 -0.4929 0.0400 
o.9oaa -48.86 -o.8302 o.osoo 
o.s6o5 -59.40 -l.3050 0.0600 
o.7982 -10.19 -1.9582 0.0100 

0.1211 -81.08 -2.8398 o.oaoo 
o.6303 -91.82 -4.0090 0.0900 
o.s2ss -101.95 -5.5349 0.1000 
o.2658 -111.·1e -11.5089 o.12so 
o.1316 -77.75 -17.6174 0.1500 

0.2415 -55.75 -12.3399 0.1150 
o.3415 -71.13 -9.3331 0.2000 
o.3454 -116.70 -9.2336 o.2soo 
o.1sos -142.18 -16.4324 o.3000 
o.1698 -103.91 -15.4034 o.3500 

0.2231 -138.66 -13.0319 0.4000 
0.1035 -167.28 -19.7035 o.4500 
o.1432 -101.40 -16.8831 0.5000 
o.2616 -145.83 -11.6474 o.5500 
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Figure 26. Bottoms Composition/Feed Composition Open Loop Transfer 

Function based 0:1 Experimental and Linear Model Results for 
Test 12F 
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TABLE LXXII 

BINARY DISTILLATION STEADY-STATE TEST DATA 
HEAT AND MATERIAL IALANCES 

EXPE~IMENTAL DATA SET 12FA 

STREAfil 

FEED 
BOTTOMS 

OVERHEAD 

REFLUX 

MOLES/MINUTE 

0.0626 

o.01a1 

0.0455 

0.0685 

MOLES 81:NZENE/MINUTE 

TOTAL MASS ERROR -0.0016 

-.0008 

COLUMN INTERNAL FLOW RATES 
TOP VAPOR 0.118J35 

TOP LIQUID 

BOTTOM VAPOR 

BOTTOM LIQUID 

0.0121,2 

0.12119• 

0.118323 

Q-VALUE FEED• 1.01t5l 

F-FACTQR TOP • 1.0605 

FEED TRAY• 

HEAT BALANCE 

INPUT OUTPUT 
BTU/MIN BTU/MIN 

OVERALL 2857.6 2139.0 

CONDENSER 2972.7 2566.4 

TOWER 3657.9 3345.5 

o.01t10 

0.0026 

0.0392 

o.os9o 
PERCENT 2.5671 

PERCENT 1.9362 

LIV TOP 0.615474 

LIV BOTT 1•141315 

AEFLUX • 1.0625 

BOTTOM• 1.1121t 

9 

DATA 

ERROR PERCENT 
BTU/MIN ERROR 

111., 25.15 

406.3 13.67 

312.4 8.54 



TRAY 

FEED 
REFLUX 

l 
-, ,:;_ 

3 
4 
5 
0 
7 
8 
9 

IC 
11 
12 
13 
14 
15 
16 
17 
18 

REBOILER 

Tl<AY 

TIME 

LIQUID 

TA Bl E LXXIII 

BINARY DISTILLATION STEADY-STATE TEST DATA 
TRAY T~ TRAY CALCULATICN RESULTS 

EXPERIMENTAL CATA SET 12FA 

FEEO TR.AV = 9 

TEMPERATURE E<;;UILIBRIU~ EFFICIENCY 
MOLE FRACT DEGREES f CURVE SLCPE MURPHERE 

G.6544 181.0L 
0.8611 167.50 
0.8224 1go.st, 0.6979 0.8293 
0.7921 191.Su C.6902 0.7093 
0.7586 192.0t, 0.6844 0.8610 
0.7398 1<;2.50 C.6825 0.5107 
o.7164 193.5(; 0.6617 0.6844 
0.6961 194.00 0.6824 0.6322 
0.67S5 195.00 C.6841 0.5820 
0.6588 1'}5.20 0.61:174 0. 7077 
C.6447 196.0C 0.6907 o.5361 
0.6270 196.5(.) 0.6959 0.5361 
0.6047 197.8G 0.7042 0.5361 
o.5754 198.50 C.7186 o.5575 
0.5342 lq9.51., 0.7454 0.6115 
0.4766 201.50 0.7972 0.6682 
0.4073 2()4.0v 0.8842 0.6628 
0.3192 207.5L l .0382 o.7419 
0.2471 210.sc 1.2047 0.5997 
0.1856 215.20 1.3782 0.6547 
0.1387 219.20 1.5317 0.6547 

hGLDUP TGP = 0. 0t}892 MOLES 13CTTOM = a.COBOS 

CONSTANT, TRAY HCLCUP/LIQUIO RATE = C.C5840 MINlJTES 

PRt:SSURt: 
~M HG 

691.4 
893.5 
886.8 
686.l 
890.7 I 

N 
889.2 0 

'v.) 

696.l I 

890.4 
895.8 
895.l 
90't.O 
qoc. ~-
896.2 
897.9 
900.l 
905.8 
910.7 
945.C 
977.l 

~OLES 



PULSE DATA TO FREQUENCY RESPONSE 
PROGRAM TEST DATA RESULTS 

STEADY-STAT!::. PHASE ANGLE STEAOY-STATE 
GAIN DEGREES DECIBELS 

o.9996 0.0000 -0.0035 

MAGNITUDE. PHASE ANGLE. GAIN FREQUENCY 
RATIO DEGl-<EES DECI6ELS RADIANS/MIN 

1.0000 -0.uo o.ouuo 0.0000 
1.0000 -0.06 -0.0GOO 0.0001 
1.0000 -0.28 -0.0001 0.0005 
1.C(;'JO -0.57 -0.0004 0.0010 
o.9996 -1.70 -0.0038 0.0030 

o.9988 -2.83 -0.0106 0.0050 
o.9976 -3.95 -0.0201 0.0010 
o.9961 -5.08 -0.0342 0.0090 
o.9952 -'.) .64 -0.0422 0.0100 
o.9892 -8.42 -0.0945 0.0150 

0.9810 -11.17 -0.1669 0.0200 
0.9707 -13.87 -0.2586 0.0250 
o.9585 -16.51 -0.3684 0.0300 
c.9446 -19.08 -0.4953 o.o3so 
0.9292 -21.57 -0.6377 0.0400 

c.9126 -23.98 -0.7942 0.0450 
o.s950 -26.30 -0.9632 o.osoo 
o.8767 -28.52 -1.1430 0.0550 
o.t>578 -30.64 -i.3319 0.0600 
o.s193 -34.61 -1.7308 0.0100 

o.1so9 -38.20 -2.1484 o.oaoo 
o.7434 -41.46 -2.5757 Oe0900 
o.7074 -44.41 -3.0068 0.1000 
o.5548 -55.47 -5.1176 o.1soo 
o.3715 -66.75 -8.6017 o.2soo 
o.3164 -69.88 -9.9953 o.3000 
o.2426 -73.68 -12.3028 o.4000 
0.2112 -74.92 -13.2642 o.4soo 
C. 196 3 -75.81 -14.1428 o.sooo 
o.1647 -77.11 -15.6682 Oe6000 

o.1416 -77.91 -16.9790 0.1000 
0.1241 -78.31 -18.1241 o.sooo 
0.1106 -78.45 -19.1235 Oe9000 
C.0999 -76.57 -20.0110 1.0000 
o.u846 -81.:.99 -21.4571 1.2500 

0.0668 -77.47 -23.5066 1.sooo 
0.0574 -76.66 -24.8169 1.7500 
0.0504 -7':J.71 -25.9524 2.0000 
0.0408 -77.65 -27.7786 2.5000 
0.0339 -70.94 -29.3861 3.0000 
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Digital Computer Programs 

The following are the digital computer programs written in 

Fortran IV for the IBM 7040 computer used during this investigation. 

Steady-State Program SSDDR. The purpose of this program was 

to reduce to useful form the experimental data collected during this 

investigation. An overall heat and mass balance, the individual tray 

efficiencies and the values of the constants required for the dynamic 

programs were calculated by this program. 

The equilibrium relationship between the vapor, 1, and the 

liquid,!., is expressed as a polynomial in!• This correlation was 

developed based on 760 mm of Hg pressure data. The empirical correla-

tions of heat capacity data, specific gravity, and vapor pressures 

are expressed as polynomials in temperature, T. Liquid composition, 

expressed as mole fraction benzene, is correlated as a function of 

liquid refractive index reading determined at 30 °c. All empirical 

correlations appear at the start of the program as arithmetic state-
' 

ment functions. 

This steady-state program consists of a group of programs written 

for the particular column used during this investigation and would 

have to be modified for any other distillation column. F.ach major • 

·section will be briefly explained in the following paragraphs. 
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Refractive Index Data Reduction. This section converts the 

raw refractive index data for each tray and process stream to, 

the mole fraction benzene. This section also calculates the 

weight fraction and the equilibrium vapor composition in mole 

fraction benzene for each tray. 

Flow Meter Correction. This .section corrects the calibration 

curve for each transmitting rotameter for changes in density of 

the actual stream. The calibration curves were developed for 

benzene at 80 °F and must be corrected for changes in density 

caused by variations in temperatur,e and composition. 

Material Balance. A material balance is calculated for the 

overall column along with the per cent error based on input to 

the column. 

Benzene Balance. In a similar manner an overall benzene 

balance is calculated for the system along with the per 

cent error. 

Q-Values for the Feed and Reflux. The Q-values or the 

thermal condition of the feed and reflux streams are calculated 

for use in the system heat balance and in the tray calculations. 

These calculations are based on the stream temperatures and 

compositions. 

F-Factor Calculation. The F~factor above and below the feed .. 
tray for the column is calculated. The F-factor is a measure of 

the column loading or approach to flooding. 
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Heat Balance. An overall heat balance plus condenser and 

tower heat balances are calculated for the process. The per 9ent 

error is computed based on the heat input to the section. 

Tray to Tray Calculations. The tray to tray calculations 

;;re 11sed to <lr•t-,,,.,...,-; rir- the individual tray efficiencies in the 

column. For the two trays where liquid samples are not available 

the program assumes that the tray in question and the tray below 

it have the same efficiency. A logical routine is used to 

determine in what operating section of the column these two 

trays are located for each test. 

Overall Efficiency. The Murpheer tray efficiencies are 

converted to an overall column efficiency and averaged for the 

sections above and below the feed tray. This estimate of the 

column operating efficiency is used in the dynamic programs. 

Feedforward Controller Program Constants. Constants for 

use in the dynamic linear model program are calculated and 

punched out in the correct format for use in program FFCLM. 

Program Input 'nata. The required input data and format 

for this program consists of the following cards: 

Card 1 

Card 2 

JOB, where JOB is the number of complete sets of 
experimenta.ldata which follows. Format I2 

Description Card, this card is used for identifi-
cation and will appear as a header card for the 
data output. This· card may be a blank card. 
Format 72H 

' \) 

.. 
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Card 3-5 · Refractive index and temperature of the reflux, 
refractive index and temperature of the feed and 
the refractive index and temperature of the bottom 
product. Temperature in degrees Fahrenheit. 
Format 2Fl0.4 

Cards 6-15 Refractive in~ex and temperature of each tray 
starting with tray 1 and going through tray 9. The 
trays are numbered from the top down. Temperature 
in degrees Fahrenheit. Format 2Fl0.4 

Cards 16-22 Refractive index and temperature of each tray 
starting with tray 11 and ending with tray 17. 
Format 2Fl0.4 

Card 23 

Card 24 

Temperature of trays 10 and 18. Format 2Fl0.4 

Process flow rates for streams feed, reflux, 
distillate and bottoms given in pounds per minute. 
Values taken from calibration curves of trans-
mitters. Format 4Fl0.4 · 

Card 25 Process heat balance data. Heat input by the steam 
to the reboiler, heat removed by the cooling water 
to the ·overhead condenser and the temperature of 
the overhead vapor. Heat balance data given in 
BTU/min. Format JFl0.2 

Card 26 

Card 27 

Feed tray location. Trays are numbered from the 
top down. The reboiler being tray 10. Format I2 

Second set of data starting with card 2. 
' 

,. 
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STEADY-STATE DATA REDUCTION RF JANIS JR CHEM ENGR 

DIMENSION RI(l8)t XM(20), XW(20), YM(20)t P(20), 

1YMT(20), Y(20), X(20)t SLOPE(20), Cl(20), C2(20), 

2 T(ZO), EFF(20) 

C 

C REFRACTIVE INDEX CONVERSION 

C 

RICONV(X) = 58.64761 - 127.84375*X + 29.0lS63*(X**2) 

1 + 62.78125*(X**3) - 28.26270*(X**4) 

C 

C CONVERT MOLE FRACTION TO WEIGHT FRACTION 

C 

WFCONV< X ) = (78.ll*X)/(78.ll*X + (1.-X)*l00.2) 

C 

C SPECIFIC GRAVITY OF BENZENE 

C 

SGB< r > = o.91612 - o.00052*T 

C 

C SPECIFIC GRAVITY OF N-HEPTANE 

C 

SGH( T ) = o.71538 - o.o0046*T 

C 

C FLOW METER CORRECTION FOR DENSITY CHANGE 

C 
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FLCORR( FL, SG ) = FL*(SG/0.8745)*SQRT<O•l2238* 

1 (8.02 - SG)/SG) 

C 

C AVAEAGE MOLECULAR WEIGHT 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

AVGMW( XM ) = 78.ll*XM + 100e2*(1.-XM) 

ENTHALPY LIQUID BENZENE• BTU/LBS T = F 

HBL( T) = 64.28691 + Oe42988*T 

ENTHALPY BENZENE VAPOR, BTU/LBS T = F 

HBV( T ) = 265.9368 + o.19~85*T + o.oo042*(T**2) 

ENTHALPY N-HEPTANE LIQUID, BTU/LBS T = F 

HHL( T ) = 86.99278 + o.52914*T + o.oOOl6*(T~*2) 

ENTHALPY N-HEPTANE VAPOR BTU/LBS T = F 

HHV( T ) = 258.18898 + o.2800*T + o.00083*(T**2) 

C 

C VAPOR LIQUID EQUILIBRIUM DATA 

C 
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YEQM( X l = 0.00049 + 2el0229*X - 2e3922l*(X**2) 

l + le68481*CX**3) - 0.39923*CX**4) 

C 

C VAPOR PRESSURE OF BENZENE 

C 

VAPPB(T) = EXP(2e302585*C6.90&65-l211.033/ 

l ( 220.760 + (T-32.0)/1.8))) 

C 

C VAPOR PRESSURE OF N-HEPTANE 

C 

VAPPH(T) = EXP(2.302585*C6e90240-l268.ll5/ 

l ( 216.900 + (T-32.0)/1.8))) 

C 

C DATA INPUT 

C 

READ(5,1020) JOB 

DO 100 JJ = 1, JOB 

READ(5,1033) 

2 READCS,1000) RIR, TR, RIF, TF,RIB, TB 

READ(5,lOOO)(Rl(Il, T(Il, I= 1, 9) 

REA0(5,1000)(RI(Il, T(I),I = 11, 17 

READ(5,1000) T(lO), T(l8) 

READC5,1001) F, R, D, B 

READ(S,1010) BTUIN, BTUOUTt TDV 

READ(5,1020) M 
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WRITE(6,1029) 

WRITE(6,1000) RIR, TR, RIF, TF, RIB, TB 

WRITE(6,1000)(Rl(l), T<I>, 1=1•9> 
. '. . t .t ·• 

WRITE(6,1000) T(lO), TC18) 

WRITE(6,1001) F, R, Dt 8 

WRITEC6,1010) BTUIN, BTUOUT, TDV 

WRITE(6,1015) M 

C REFRACTIVE INDEX DATA REDUCTION 

C 

C 

XMR = RICONV(RIR) 

XWR = WFCONV(XMR) 

XMF = RICONV(RIF) 

XWF = WFCONVC-XMF) 

XMB = RICONV(RIB) 

XWB = WFCONV<XMB) 

DO 10 I = 1, 9 

XM(I) = RI CONV ( RI ( I ) ) 

YMT(I) = YEQM( XM (I) ) 

10 XW(I) = WFCONV(XM(I)) 

DO 11 I = 11, 17 

XM(I) = RICONV(Rl(I)) 

YMT( I) = YEQM( XM (I) ) 

11 XW(l) = WFCONV(XM(I)) 
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C 

C FLOW METER CORRECTION 

C 

C 

TT= ao. 
ASG = XWF*SGB(TT) + (le - XWF)*SGH(TT) 

FC = FLCORR(F, ASG) 

ASG = XWB*SGB(TB) + (le - XWB)*SGH(TB) 

BC= FLCORR(B,ASG) 

ASG = XWR*SGB(TR) + (le - XWR)*SGH<TR) 

RC= FLCORR<R,ASG) 

DC= FLCORR(D,ASG) 

XWD = XWR 

XMD = XMR 

TO= TR 

FM= FC/AVGMW(XMF) 

BM= BC/AVGMW(XMB) 

DM = DC/AVGMWCXMD) 

RM= RC/AVGMW(XMR) 

C MATERIAL BALANCE 

C 

ERTM = FM - BM - OM 

PCERT = ((ABS( ERTM ))/FM)*l00e 

VAPBS = BTUIN/C78ell*XMB*(HBV(TB) - HBL(TB)) + 

1 100e2*(le-XMB)*(HHV(TB) - HHL(TB))) 
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C 

C BENZENE BALANCE 

C 

XFM = XMF*FM 

XBM = XMB*BM 

XDM = XMD*DM 

XRM = XMR*RM 

ERCM = XFM - XBM - XDM 

PCERC = ( ABS(ERCM) / XFM )*l00. 

WRITE(6,1002) 

WRITE(7,1002} 

WRITE(6,1047} 

WRITE(7,1047) 

WRITE(6,1033) 

WRITE(7,1033) 

WRITE(6,1003} 

WRITE(7,1003) 

WRITE(6,1004) FM, XFM 

WRITE(7,1004) FMt XFM 

WRITE(6,1005) BMt XBM 

WR I TE ( 7, 1005) -BM• XBM 

WRITE(6,1006) DMt XDM 

WRITE(7,1006) DMt XDM 

WRITEC6,1007) RMt XRM 

WRITE(7,1007) RMt XRM 



C 

C 

C 

C 
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WRITE(6, 1008) ERTMt PCERT 

WRITE(7, 1008) ERTM, PCERT 

WRITE(6, 1009) ERCM, PCERC 

WRITE(7, 1009) ERCM, PCERC 

CALCULATE Q-VALUE FEED 

TFP = T(M) 

QF = (78.ll*XMF*(HBV(TFP) - HBL(Tf)) + 100•2* 

l(le0-XMF)*(HHV(TFP) - HHL(TF)))/(78ell*XMF* 

2 (HBV(TFP) - HBL(TFP)) + 100•2*(1.0-XMF)* 

3(HHV(TFP) - HHL(TFP))) 

C CALCULATION O-VALUE REFLUX 

C 

QR= (78.ll*XMR*(HBV(T(l)) - HBL(TR)) + 100.2* 

1 (le0-XMR)*(HHV(T(l}) - HHL(TR)) )/(78.ll*XMR* 

2 (HBV(T(l)) - HBL(T(l))) + l00.2*(le0-XMR) 

3*(HHV(T(l)) - HHL(T(l~))) 

XL.IQT = OR*RM 

VAPT = QR*RM + DM 

XLIQB = QF*FM + XLIQT 

VAPB = VAPT + (QF lel*FM 

VAPBE = (ABS(VAPBS - VAPB)/VAPB}*l00. 

XVRT = XLIQT/VAPT 
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XVRB = XLIQB/VAPB 

WRITEC6,1024) VAPT 

WRITEC7,1024) VAPT 

WRITE(6,1O25) XLIQT, XVRT 

WRITE(7,1025) XLIQT, XVRT 

WRITE(6,1026) VAPB 

WRITE(7,1026) VAPB 

WRITE(6,1027) XLIQB, XVRB 

WRITEC7,1027) XLIQB, XVRB 

WRITEC6, 1014) QF' QR 

WRITEC7, 1014) QF, QR 

C 

C F-FACTOR CALCULATION 

C 

DO 13 I= 1, 17 

IF(lO•I) 12, 13• 12 

12 P(I) = XM(I)*VAPPB(T(I)) + <l• - XMCI))*VAPPH(T(I)) 

13 CONTINUE 

PB= XMB*VAPPB(TB) + (1. - XMB)*VAPPH(TB) 

FFT = ((VAPT*555.0*CT(l) + 460.))/ 

2 (PC1)*60.0*0•339))*SQRT(CP(l)* 

lAVGMW(XM(l)))/(555.0*(T(l) + 460•>>> 

FFB = (( VAPB*555.0*(T(17) + 460.))/ 

2 (P(l7)*0e339*60.0))*SQRT((P(l7)* 

1AVGMW(XM(l7)))/(555.0*CT(17) + 460.))) 



C 
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WRITE(6,1021) FFTt FFB 

WRITE(7,1021) FFTt FFB 

WRITE(6,1048) M 

WRITE(7,1048) M 

C HEAT BALANCE OVERALL 

C 

C 

BTUF = FM*(78.ll*XMF*HBL(TF) + 100.2*(1. - XMF)*HHL(TF)) 

BTUD = DM*(78.ll*XMD*HBL(TD) + 100•2*(1. - XMD)*HHL(TD)) 

BTUB = BM*(78ell*XMB*HBL(TB) + 100.2*(1. - XMB)*HHL(TB)) 

BTUER = BTUIN + BTUF - BTUOUT - BTUD - STUB 

BTUTI = BTUIN + BTUF 

PBER = ( ABS(BTUER) / BTUTI)*ioo. 

BTUTO = BTUOUT + BTUD + BTUB 

WRITE(6, 1011) 

WRITE(7, 1011) 

WRITEC6, 1012) BTUTI, BTUTO, BTUER, PBER 

WRITE(7, 1012) BTUTI, BTUTO, BTUER, PBER 

C CONDENSER HEAT BALANCE 

C 

BTUDV = (DM + RM)*(78.ll*XMR*HBV(TDV) + 

l 100.2*(1.0-XMR)*HHVCTDV)) 

BTUR = RM*(78ell*XMR*HBL(TR) + 100•2*(1. - XMR)*HHL(TR)) 

BTUCO = BTUR + BTUD + BTUOUT 
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BTUCER = BTUDV - BTUCO 

PBCER = (ABS(BTUCER)/BTUDV)*lOO• 

WRITEC6,1013) BTUDV, BTUCOt BTUCER, PBCER 

WRITE<7,1013) BTUDV, BTUCOt BTUCER, PBCER 

C 

C HEAT BALANCE TOWER 

C 

BTUTI = BTUIN + BTUF + BTUR 

BTUTO = BTUDV + BTUB 

BTUTER = BTUTI - BTUTO 

PBTER = (ABS(BTUTER)/BTUTI)*lOO• 

WRITE(6, 1022) BTUTI, BTUTO, BTUTERt PBTER 

WRITE(7, 1022) BTUTI, BTUTO, BTUTERt PBTER 

C 

C TRAY TO TRAY CALCULATIONS - TRAY EFFICIENCIES 

C 

C 

C 

C 

YM(2) = ( DM*XMR )/ VAPT + ( XLIQT/VAPT)*XM(l) 

YM(l) = XMR 

EFF(l) = YM(l) - YM(2) )/( YMT(l) - YM(2) ) 

DO 50 I = 2; 18 

IF ( I - M ) 20, 50, 30 

TOP SECTION 

20 IF( I - 10) 21, 22t 23 

• 



C 
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21 YM(I+l) = YM(l} + XVRT*(XM(I) - XM(l-1)) 

EFF(I) = (YM(I) - YM(l+l))/(YMT(I) - YM(I+l)) 

GO TO 50 

22 YM(I+2) = YM(I) + XVRT*(XM(I+l) - XM(l-1)) 

GO TO 50 

23 IF( I - 11) SO, 50, 24 

24 YM(I+l) = YM(l) + XVRT*(XM(I) - XM(I-1)) 

EFFCI) = (YMCI) - YMCl+l))/CYMT(l) - YMCI+l)). 

GO TO 50 

C STRIPPING SECTION 

C 

30 K = 19 + M - I 

IF( 18-K ) SO, 31, 32 

31 YM(K) = XVRB*XM(K-1) - XMB*(BM/VAPB) 

GO TO 50 

3 2 I F ( 11-K ) 3 3 , 5 0 , 5 O 

33 YM<K) = YM(K+l) + XVRB*(XMCK - 1) - XM(K)) 

EFF(K) = (YM(K) - YM(K+l))/(YMT(K) - YM(K+l)) 

50 CONTINUE 

C 

C CALCULATION OF MISSING TRAY EFF VALUES 

C 

C 

C REBOILER 



C 
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AEFFS = EFF(17) 

61 YM(l9) = XMB + AEFFS*(YEQM(XMB) - XMB) 

XMC18) = XMB*BM/XLIQ + (VAPB/XLIQB)*YMC19) 

YM(l8) = AEFFS*(YEQM(XM(l8)) - YM(l9)) + YM(l9) 

Xl7 = CVAPB/XLIQB)*CYMC18) - YM(l9)) + XM(l8l 

ERROR= (XM(l7) - Xl7)/XM(l7) 

IF(ABSCERROR) - 0.001) 63, 63, 62 

62 AEFFS = AEFFS + 0•5*ERROR*AEFFS 

GO TO 61 

63 EFF(l8) = AEFFS 

EFF(l9) = AEFFS 

IF(M-9) 76, 66, 64 

64 IF(ll-M) 76, 72, 80 

C 

C FEED TRAY M = 9 

C 

66 AEFFF = EFF(l2) 

67 DO 68 J = l, 2 

K = 12 -J 

YMCK) = AEFFF*CYEQM(XM(K)) - YMCK+l)) + YM(K+l) 

68 XM(K-1) = (VAPB/XLIQB)*(YM(K) - YM(K+l)) + XM(K) 

YM(M) = AEFFF*(YEQM(XM(M)) - YM(M+l)) + YM(M+l) 

X8 = (VAPT/XLIQT)*YM(M) + (X~IQB/XLIQT)*XM(M) 

1 - (VAPB/XLIQT)*YM(M+l) - (FM/XLIQT)*XMF 
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ERROR= (XMC8) - X8)/XM(8) 

IF(ABSCERROR) - o.oOl) 70t 70, 69 

69 AEFFF = AEFFF + Oe5*ERROR*AEFFF 

GO TO 67 

70 DO 71 J = 9, 11 

71 EFF(J) = AEFFF 

GO TO 85 

C 

C FEED TRAY M = 11 

C 

C 

72 AEFFF = EFF(l2) 

XM(ll) = (VAPB/XLIQB)*(YM(l2) - YMC13)) + XM(l2) 

73 YM(ll) = AEFFF*(YEQMCXM(ll)) - YMC12)) + YM(l2) 

XM(lO) = (VAPT/XLIQT)*YM(ll) + CXLIQB/XLIQT)*XM(ll) 

l - (FM/XLIQT)*XMF - (VAPB/XLIQT)*YM(l2) 

YM(lO) = AEFFF*(YEQM(XM(lOl) - YM(ll)) + YM(ll) 

X9 = (VAPT/XLIQT)*(YM(lO) - YM(ll)) + XM(lO) 

ERROR= (XM(9) - X9)/XM(9) 

IF(ABS(ERROR) - 0.001) 75t 75t 74 

74 AEFFF = AEFFF + 0.5*ERROR*AEFFF 

GO TO 73 

75 EFF(lO) = AEFFF 

EFF(ll) = AEFFF 

GO TO 85 



C 

C 

C 
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FEED TRAY ABOVE TRAY 9 

76 AEFF = EFF(l2) 

XM(lO) = (VAPB/XLIQB)*CYM(ll) - YM(l2)) + XM(ll) 

77 YM(lO) = AEFF*(YEQM(XMClO)) - YM(ll)) + YM(ll) 

X9 = (VAPB/XLIQB)*CYM(lO) - YM(ll)) + XM(lO) 

ERROR= (XM(9) - X9)/XM(9) 

IF(ABS(ERROR) - 0.001) 79, 79, 78 

78 AEFF = AEFF + Oe5*ERROR*AEFF 

GO TO 77 

79 EFF(lO) = AEFF 

EFF(ll) = AEFF 

GO TO 84 

C FEED TRAY BELOW TRAY 11 

C 

80 AEFF = EFFC8) 

XM(lO) = (VAPT/XLIQT)*(YM(ll) - YM(l2)) + XM(ll) 

81 YM(lO) = AEFF*CYEQM(XM(lO)) - YM(ll)) + YM(ll) 

X9 = (VAPT/XLIQT)*(YM(lO) - YM(ll)) + XM(lO) 

ERROR= (XMC9) - X9)/XM(9) 

IF(ABS(ERROR) - OeOOl) 83, 83, 82 

82 AEFF = AEFF + Oe5*ERROR*AEFF 

GO TO 81 

83 EFF(lO) = AEFF 
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WRITE(6,1045) HUPMT, HUPMB 

WRITE(7,1045) HUPMT, HUPMB 

WRITE(6,1046) CCl 

WRITE(7,1046) CCl 

WRITE(6,l029) 

WRITE(6,1030) 

WRITE(6,1031)( YM C I ) , YMT(ll, I = 1,9 

WRITEC6,1031)( YM C I ) , YMT ( I ) t I = 11, 17 

C 

C CONVERSION OF TRAY EFFICIENCY TO OVERALL EFFICIENCY 

C 

MM= M - 1 

DO 91 J = 1,MM 

XLDBA = SLOPE(J)*VAPT/XLIQT 

EFF(J) = ALOG(l. + EFF(J)*CXLDBA - le0))/ALOGCXLDBA) 

91 EFFO = EFFO + EFF(J) 

A= MM 

EFFO = EFFO/A 

DO 92 J = 1,M 

XLDBA = SLOPE(J)*VAPT/XLIQT 

92 EFF(J) = (XLDBA**EFFO - 1.0)/(XLDBA - 1.0) 

EFFO = o.o 
DO 93 J = M,19 

XLDBA = SLOPE(J)*VAPB/XLIQB 

EFF(J) = ALOG(l.0 + EFF(J)*(XLDBA - le0))/ALOG(XLDBA) 



93 EFFO = EFFO + EFF(J) 

A = M 
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EFFO = EFF0/(2o.o - A) 

DO 94 J = M,19 

XLDBA = SLOPE(J)*VAPB/XLIQB 

94 EFF(J) = (XLDBA**EFFO - 1.0)/(XLDBA - 1.0) 

C 

C CALCULATION OF CONSTANTS FOR FEEDFORWARD CONTROLLER 

C 

XMFA = (XMF*FM + (QF-1.0)*FM*YM(M+l))/(QF*FM) 

XLIQFA = OF*FM 

Rl = (XM(l8) - XMB) 

R2 = (YM(l9) - XMB) 

R3 = XM(l9)/XLIQB 

R4 = BM/XLIQB 

ASG = XWB*SGB(TB) + (1.0-XWB)*SGH(TB) 

HRB = (4.0*8.33*ASG)/AVGMW(XMB) 

R5 = HRB/XLIQB 

DO 95 L = lt 18 

95 Cl(L) = (XM(L) - XM(L+l)) 

(1(19) = o.o 
VLRB = VAPB/XLIQB 

VLRT = VAPT/XLIQT 

XLRBT = XLIQB/XLIQT 

VRBT = VAPB/VAPT 
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EFF ( 11) = AEFF 

84 EFF(M) = (YMCM) - YM(M+l))/CYEQM(XM(M)) - YM(M+l)) 

85 CONTINUE 

P(lO) = XM(lO)*VAPPB( T(lO)) + (l.O-XM(lO))*VAPPH(T(lO)) 

P(l8) = XM(l8)*VAPPB(T(l8)) + <l•O-XM(l8))*VAPPH(T(l8)) 

XM(l9) = XMB 

EFFO = o.o 
DO 90 J = 1, 19 

90 SLOPE(J) = 2.10229 - 4.78442*XM(J) + 5.05443*(XM(J)**2l 

l - l.59692*(XMCJ)**3) 

C 

C TRAY HOLDUP 

C 

C TOP TRAYS 

C 

L = M/2 

ASG = XM(L)*SGB(T(L)) + (1.-XM(L))*SGH(T(L)) 

XL= 0.180*XLIGT*AVGMW(XM(L))/ASG 

zc = o.78375 - 0.2175*FFT + o.olO*XL 

HUPFT3 = 0.02825*ZC 

HUPMT = 62.4*HUPFT3*ASG/AVGMW(XM(L)) 

C 

C BOTTOM TRAYS 

C 

L = ( M+l8) /2 



1 

1 
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ASG = XM(L)*SGB(T(L)) + (1.-XM(l))*SGH(T(L)) 

XL= 0.180*XLIOB*AVGMW(XM(L))/ASG 

zc = o.78375 - o.2175*fFB + o.OlO*XL 

HUPFT3 = 0.02825*ZC 

HUPMB = 62.4*HUPFT3*ASG/AVGMW(XM(L)) 

WRITE(6tl002) 

WRITEC7,1002) 

WRITE(6,1032) 

WRITEC7,1032) 

WRITE(6,1033) 

WRITEC7,1033) 

WRITE(6,1015) M 

WRITEC7tl015) M 

WRITE(6t1016) 

WRITE(7,1016) 

WRITEC6,1023) XMFt TF 

WRITE(7,1023) XMF, TF 

WRITE(6,1017) XMR, TR 

WRITEC7,1017) XMR, TR 

WRITE(6,1018)( I ' XM( I), T(l), SLOPE(Il, EFF(Il, 

p ( I )t I= lt 18 

WRITE(7,1018)( I t XM ( I l t T ( I ) t SLOPE ( I ) t E FF ( I ) , 

P ( I ) , I= 1, 18 

WRITE(6t1019) XMB, TB, SLOPE(l9), EFF(l9), PB 

WRITE(7t1019) XMB, TB, SLOPE(l9), EFF(l9), PB 
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FMl = YM(M+l)*VLRB*XLRBT 

FM2 = YM(M)*VLRT 

FM3 = FM/XLIQT 

FM4 = (XMF - XM(M)*OF)*XLRBT 

BETA= o.0031729 

CCl = HUPMB/XLIQB 

CC4 = BETA*HUPMB/XLIQT 

CC5 = HUPMT/XLIQT 

Tl= (YM(2)-YM(l))/(OR*(XM(ll - YM(l))) 

T2 = VAPT/(OR*(XM(l) - YM(l))) 

WRITE(6,1002) 

WRITE(6,1037) 

WRITE(6,1033) 

WRITE(6,1015) M 

WRITE(6,1038) 

WRITE(6,1039)CI, XM(I), YM(I), SLOPE(!), EFF(I),I=l,18) 

WRITE(6,1040) XM(l9), YM(19), SLOPE(l9), EFF(l9) 

WRITE(6,l045) HUPMT, HUPMB 

WRITE(6,1046) CCl 

WRITE(6,1029) 

WRITE<6,1049) 

WRITE(7,1049) 

WRITE(6,1033) 

WRITE(7,1033) 

WRITE(6,1044) M 
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WRITE(7,1044) M 

WRITE(6,1050)CEFF(I), SLOPE(!), Cl( I), I = l, 19 

WRITE(7,1050)(EFF(Il, SLOPE(!), Cl ( I ) , I = 1 ' 19 

WRITE(6,1050) XLRBT, VRBT, FMlt FM2, FM3, FM4 

WRITE(7,1050) XLRBT, VRBT, FMl, FM2, FM3, FM4 

WRITEC6,1043) Rl, R2, R4, R5 

WRITEC7,1043) Rl, R2, R4, R5 

WRITE(6,1043) VLRB, VLRT, QF, Tl, T2 

WRITE ( 7 t1043) VLRB, VLRT, OFt Tl, T2 

WRITE(6,1043l CClt CC4, CC5, QR 

WRITE(7,1043) CCl, CC4, CC5, QR 

100 CONTINUE 

C 

C FORMAT STATEMENTS 

C 

1000 FORMAT<2Fl0.4) 

1001 FORMAT(4Fl0.4) 

1002 FORMAT( lHl, //37X, 5HTABLE, ///19X, 

l 42HBINARY DISTILLATION STEADY-STATE TEST DATA 

1003 FORMAT(///15X,13HSTREAM 

1 20HMOLES BENZENE/MINUTE 

, 22HMOLES/MINUTE 

1004 FORMAT(/15X, 4HFEED, l2X, F8.4, l4X, F8.4 

1005 FORMAT(/15X,7HBOTTOMSt 9X, F8.4, 14X, F8.4 

1006 FORMAT(/15X,8HOVERHEAD, ax, F8.4, 14Xt F8.4 

1007 FORMAT(/15X, 6HREFLUXt lOX; F8.4, 14X, F8.4 

' 
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1008 FORMAT(/15X,16HTOTAL MASS ERROR, F8.4, 7X, 

1 7HPERCENT, FB.4 

1009 FORMAT(/15X,18HBENZENE ERROR 

1 7HPERCENT, F8.4 

1010 FORMAT(3fl0.2l 

, F6.4, 7X, 

1011 FORMAT(///32X, 17HHEAT BALANCE DATA,//25Xt 5HINPUT, 

1 ax, 6HOUTPUT, 7X,5HERROR, 7X, 7HPERCENT,/24X, 

2 7HBTU/MIN, 7X, 7HBTU/MIN, 5X, 7HBTU/MIN, 7X, 5HERROR 

1012 FORMATC/llX, 7HOVERALL,5X, F8.1,5X,F8.1,5X,F8.l, 

1 5Xt F8.2 

1013 FORMAT( /11X,9HCONDENSER,3X,F8.l,5X,F8.1,5X,F8.1, 

1 5X, FB.2 

1014 FORMAT(//15X, 7HQ-VALUE, 6X, 7HFEED = , F7.4, 5X, 

l9HREFLUX = , F7.4 

1015 FORMAT(//33X, 12HFEED TRAY= , 12) 

1016 FORMAT( //2X, 4HTRAY, 6X, 6HLIQUID, 4X, llHTEMPERATURE, 

1 4X, llHEQUILIBRIUM, 4X, lOHEFFICIENCY, 6X, 8HPRESSUREt 

2 /lOX, lOHMOLE FRACT, 3X, 9HDEGREES F, 5X, 

4 llHCURVE SLOPE, 5X, 8HMURPHERE, 9X, 5HMM HG 

1017 FORMAT( 2X, 6HREFLUX, Fl0.4, Fl3.2 

1018 FORMAT< 3X, 12, Fl3.4t Fl3.2, 2Fl5.4, Fl4.l 

1019 FORMAT( 2X, 8HREBOILER, F8.4, Fl3.2,2Fl5.4, F14.1 

1020 FORMAT(I2 ) 

1021 FORMATC/15X, 8HF-FACTOR, 5X, 7HTOP =, F7.4, 

1 SX, 9HBOTTOM = , F7.4 
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1022 FORMAT( /llX, 5HTOWER, 7X, F8.l, 5Xt F8.lt 

1 5Xt F8.1, SX, F8.2 

1023 FORMAT( 2X, 4HFEEO, Fl2.4, Fl3e2 

1024 FORMAT( /15Xt 26HCOLUMN INTERNAL FLOW RATES, /15Xt 

1 9HTOP VAPOR, 7X, Fl0.6 

1025 FORMAT(/15X, lOHTOP LIQUID, 6Xt Fl0e6, 5X, 

1 7Hl/V TOP, Fl0.6 

1026 FORMAT(/15X, 12HBOTTOM VAPOR, 4X, Fl0.6) 

1027 FORMAT(/15X,13HBOTTOM LIQUID, 3X, Fl0.6, 5Xt 

1 8HL/V BOTT, F9.6 

1028 FORMAT(/15X, 13HB VAPOR STEAM, 3X, FlQ.6, 5X, 

1 7HPERCENT, F5.l 

1029 FORMAT( lHl 

1030 FORMAT( 9X, SHY-ACTUAL, lOX, 7HY-EQUIL 

1031 FORMAT( 9X, F8.4, lOX, F8.4 

1032 FORMAT( 24X, 32HTRAY TO TRAY CALCULATION RESULTS ) 

1033 FORMAT(72H 

l ' 
1034 FORMAT( lOX, 19HEFF TRIAL STRIPPING, lOX, Fl2.6 ) 

1035 FORMAT( lOX, 5HERROR, F20.6 ) 

1036 FORMAT( lOX, 23HEFF TRIAL RECTIFICATION, 6Xt Fl2e6 ) 

1037 FORMAT( 22X, 38HIOEAL TRAY TO TRAY CALCULATION RESULTS) 

1038 FORMAT(//9X,4HTRAY,6Xt 6HLIQUIO, lOX, 5HVAPOR, 7X, 

1 llHEQUILIBRIUM, 4X, lOHEFFICIENCY, /17X, lOHMOLE FRACT, 

2 5X, lOHMOLE FRACT, 5X, llHCURVE SLOPE, 5Xt 8HMURPHERE) 
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1039 FORMAT( lOX, 12, F13.4, 3F15.4 

1040 FORMAT< lOX, 8HREBOILERt F7.4t 3F15.4 

1041 FORMAT<4E15.8) 

1042 FORMAT(3El5e8) 

1043 FORMAT(5E15.8) 

1044 FORMAT(lOX, 12 

1045 FORMAT( /5X, llHTRAY HOLDUP, 5X, 6HTOP = , F7.5, 

1 6H MOLES, 5X, 9HBOTTOM = , F7.5, 6H MOLES 

1046 FORMAT( /5X, 14HTIME CONSTANT,, 

1 27H TRAY HOLDUP/LIQUID RATE= , F7e5, 8H MINUTES 

1047 FORMAT( 27X, 26HHEAT AND MATERIAL BALANCES 

1048 FORMAT< /33X, 12HFEED TRAY= t 12 

1049 FORMAT( lOX, 36HCONSTANTS FOR FEEDFORWARD CONTROLLER, 

l 30H PROGRAM BASED ON LINEAR MODEL 

1050 FORMAT( 3El5.8 ) 

STOP 

END 
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Pulse Data Conversion Program PDCONV. This program was used to 
I 

convert the refractive index data collected as a function of time· 

during the pulse tests to concentration data. The output data from 

th:i s , ,rc)cram was in the correct format for computer program PDTER, 

which was used to convert pulse data to frequency response data. 

This program uses the same regression equation for mole fraction 

benzene versus refractive index as was used in the steady-state 

program SSDDR. The input data to this program consists of refractive 

index data as a constant interval of time. The input pulse data as 

a function of time must also be provided. In the case of a compos-

ition forcing function the actual refractive index data may be 

supplied to the program where it will ~e converted for use in this 

program. If the forcing ~nction is a flow rate change, then the 

actual change from steady-state as a function of time must be 

supplied. 

The output data consists of the actual composition for the 

stream plus the change jrom steady-state at time zero for the stream 

as a function of time. The output data for use in program PDTFR 

consists of the change from steady-state or time zero from both 

the input forcing function and the output pulse data of the process •• 

Input Data for Program PDCONV. The input data for this 

program consists of the following cards: ,. 

'I •,) 



Card 1 

Card 2 

Card 3 

Card 4 
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Number of complete sets of data to be converted. 
Format I2 

~, where f tells the type of input forcing function 
data that will be read into the program. When 
K = O, no input data conversion will be attempted. 
It is assumed .. then that the input data is in the 
form of difference data. When K = 1, it is assumed 
that the input forcing function data is in the form 
of refractive index data which must be converted 
to composition data and the actual difference 
calculated. Format Il 

Gives the time interval in minutes between input 
forcing function data points and the total time in 
minutes of the input pulse data which is included 
in the input data. Format 2FlO.O 

M, where Mis the number of input data points 
which are-to be read. Format 13 

Cards 5-X+5 Input pulse data. Where Xis the number of cards 
required for~ data points. Format 8FlO.O 

Card X+6 · JOB, where JOB is the number of output streams to 
be analyzedfor the above input pulse data. 
Format 12 

Card X-¥'/ Data identification card for the first set of output 
for the above input pulse data. Format 72H 

Card X+8 JTYPE, where JTYPE is the type of output data which 
will be read into the program. JTYPE = 1, regression 
coefficients for the regression model of the output 
pulse data. Format Il 

Card X+9 XINT, where XINT is the time interval between data 
points givenin minutes. Format FlO.O 

Card X+lO !, where .!'i is the number of data points for the 
output pulse data or the number of points to be 
calculated at interval !ll£!: from the regression 
equation. Format I3 · 



Cards X+ll 
to X+ll+N/8 

POUT, where POUT is the output pulse data at 
intervals XINT. Format 8FlO.o. If the regression 
equation coefficients are to be read the forrna~ is 
5El5.8. A total of ten regression coefficients 
are required. 

This sequence is repeated for each set of output data called 
for on card X+6 starting 'With card X+7. 

The total sequence is repeated starting with card 2 for 
the total number of sets stated on call 1. 

,. 
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C DIGITAL COMPUTER PROGRAM POCONV 

C 

C PULSE DATA CONVERSION 

C 

C 

C INPUT DATA FORMAT 

C 

C JX TOTAL NO. OF JOSS STACKED, 12 

C K, I l 

C INPUT DATA DESCRIPTION CARD, 72H 

C XINTI, PTIME, 2Flo.o 

C M, 13 

C PIN, 8FlO.O 

C JOBt 12 

C DATA DESCRIPTION CARD, 72H 

C JTYPEt 11 

C XINT, Flo.o 

C N, 13 

C POUT, 8Fl0e0 OR COEFF, 5El5.8 

C REPEAT STARTING WITH DtSCRlPTION CARO FOR EACH SET IN JOB 

C 

DIMENSION PJN(800J, POUT(800), XM(800), T(800), 

1 P1Nlf800), COEFF(lO), OIFF(800), Z(200) 

RJCONV(X) • 58.64761 - 127.8437~*X + 29.0l563*(X**2) 

l + 62e78125*(X**3) - 28.26270*(X**4) 



C 

C JX TOTAL NUM6ER OF JOBS STACKED 

C 

REAOC5•101t JX 

DO 100 JJ • lt JX 

C 

C K • 0 00 NOT CALCULATE INPUT PULSE 

C K • 1 00 CALCULATE INPUT PULSE 

C XJNT JS THE TIME INTERVAL BETWEEN DATA POINTS 

C MIS THE NUMBER OF INPUT PULSE DATA POINTS 

C PIN IS INPUT PULSE 

C 

REA0(5t111) K 

REA0(5,112) 

READ(5tl04) XINTI, PTJME 

REAOC5,103) M 

REAOC5tl05)( PIN(l)t I• 1, M) 

IFCK • 1) 3, 1, J 

l DO 2 J • lt M 

ZCJJ • RICONVC PIN(J) I 

PINl(J) • PIN(J) 

A • J 

A• A - 1.0 

T(J) • XJNTl*A 

2 PJN(Jt • ZflJ - Z(J> 



-237-

WRJTEC6,109J 

WRITE(6,106) 

WRITE<7,106) 

WRITE(6tll2) 

WRITE(7,112) 

WRITE(6,107J 

WRITEC7,107) 

WRITE(6,108)( T ( I ) , Plt-H(l)t Z f I J, PIN(llt I • 1, M ) 

WRITEC7,108)C TCI), PINl(l), Z (I), PINCI), I • 1, M ) 

3 CONTINUE 

C 

C OUTPUT PULSE DATA SECTION 

C 

C JOB IS NUMBER OF DATA GROUPS STACKED FOR GIVEN 

C INPUT PULSE DATA 

C JTYPE IS TYPE OF INPUT PULSE DATA TO SE USED, 

C O FOR ACTUAL PULSE OATA, 1 FOR REGRESSION MODEL 

C XINT IS TIME INTERVAL BETWEEN OUTPUT DATA POINTS 

C N IS THE NUMBER OF POUPVT DATA POINTS 

C POUT IS OUTPUT PULSE DATA 

C COEFF IS THE REGRESSION MODEL COEFFICIENTS, MUST 

C SUPPLY PROGRAM WITH 10 VALUES, 2 CARDS, WHfN USING 

C THIS OPTION 

C 

REAOCS,101) JOB 
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DO 100 J • 1, JOB 

REA0f5,102) 

REA.0(5,111) JTYPE 

REA.0(5,104) XINT 

REA0f5,l03) N 

IF(JTYPE-lJ 5, 6,; 

5 READCS,105)( POUT(I), I • 1, N ) 

6 

1 

GO TO 7 

REAOC5,113)( COEFF(I), 

X • XlNTI/XlNT 

DO 25 I• l, N 

A • I 

A• A - laO 

T(It•XINT*A 

JFCJTYPE -1) 8, 9t 8 

8 XM(I) • RICONV(POUT(I)) 

GO TO 10 

I• 1,10) 

9 OlfF(l) • COEFF(l) + COEFF(2)*T(l) + COEFF(3)*(T(l)**2) 

1 + COEfF(4l*(T(I)**3) + COEFF(51*(T(I)**4) + COEFF(6) 

2*(Ttl)**5)+ COEFF(7)*(T(I)**6) + COEFF(8)*(T(Il**7) 

3 + COEFF(9)*lT(l)**8t + COEfF(lO)*(TCl)**9) 

10 IF(J-1) 20, 20, 11 

20 lF(I-1) 201, 201, 11 

201 DO 202 K • lt M 

202 PtNl(K) • PJN(K) 
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11 CONTINUE 

IFCT(lt - PTIME> 21, 21, 24 

21 Y • 1 

C • (Y + X - 1.0)/X 

M • C 

Cl• M 

lf(C - Cl) 22, 22, 23 

22 PlN(lt • PINl(Ml 

DEL• (PINl{M+l) - PINl(M))/X 

GO TO 25 

23 PIN(l) • PIN(I-ll + DEL 

GO TO 25 

24 PIN(I) • PIN(I-1) 

25 CONTINUE 

IFCJTYPE - l) 26, 16, 26 

26 A• 7e0/XINT 

K • A 

TEST• XM(K) - XM(l) 

IF( TEST ) 12, 14, 14 

12 DO 13 I• l, N 

13 DlfF(I) • XM(l) - XM(l) 

GO TO 16 

14 DO 15 I• l,N 

15 OIFF(l) • XM(l) - XMfl) 

16 CONTINUE 
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IF(JTYPE - 1) 27, 28, 27 

27 WRITE(6,l09) 

WRITEC6,106) 

WRITE(l,106) 

WRITEC6tl02J 

WRJTE(7tl02) 

WRITE(6,107) 

WRITEt7,107) 

WRITE(6,108)( T(l>t POUT(I), XMC II, OJFF(l>,I•l,N) 

WRITEC7,108)( T<I h POUT(I), XM( I h OIFF( I hl•l,N) 

28 WRITEC6,109) 

WRJTEC6,l06) 

WRITEC7,106) 

WRITEt6,102) 

WRITE(7,102) 

WRITE(6,llO)C PlNCl h OIFFCI)t T<Ih 1. J • 1, N ) 

WRITEC7,110)( PIN(lt, DIFF(l), TOI, l' I • l, N ) 

100 CONTINUE 

101 FORMAT( 12 ) 

102 FORMAT( 72H 

1 . ) 
103 FORMAT( 13, 

104 FORMAT( 2F10.o ) 

105 FORMAT( 8Fto.o t 

106 FORMAT(//20Xt 31HEXPERIMENTAL PULSE TEST RESULTS// ) 
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107 FORMAT(//13X, 4HTIME, 7X, lOHREFRACTIVE, 3Xt 

l 13HMOLE FRACTION• 2Xt lOHDIFFERENCE, /l2Xt 7HMINUTESt 

2 7Xt 5HlNDEXt 9X, 7H6ENZENE, 4Xt 13HMOLE FRACTION ) 

108 FORMAT(/5(12X, F6.2t Fl4.5, Fl5.4, Fl4e4/) ) 

109 FORMATClHl ) 

110 FORMATC 2F9.5, 12Xt F9.5, 38X, 13) 

111 FORMAT( 11 t 

112 FORMAT(72H 

l 

113 FORMAT(5El5e8) 

STOP 

END 
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Digital Computer Program PDTFR. Program PDTFR was used for 

conversion of pulse data to frequency response data. The basic ! 

mathematical develoµnent for this program is outlined in Section!II, 

Mathematical Development, pag<t. 13 • 

The program requires evenly spaced data points with the same 

interval for both the input and output pulse data. The program can 

improve on the numerical integration of the data by subdividing the 
' 

interval between data points. The number of subdivisions is 

specified by an input data card. The only restriction on the number 

of subdivisions is that the number of'subdivisions be an integral 

· factor of the time interval. A linear relationship is assumed 

between data points for this subdivision. 

Input Data Cards. The following are the data cards and 

format required for program PDTFR. 

Card 1 

Cards 2 to 
M+2 

Card M+J 

Card M+4 

Card M+5 

Number of sets of data to be converted and the 
number of frequency values to be read into the 
program. Format I2, BX, I3 

Frequency values to be analyzed in radians per 
minute. Format FlO.O 

Data description or identification card. 
Format 72H 

Number of subdivisions between data points. If 
no subdivision is required punch 1.0. Format FlO.O 

Number of pulse data points to be read into the 
program. Format IJ 



Card M+6 
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Time interval between pulse data points. 
Format FlO.O. 

Cards M+7 to Input and output pulse data points. Format 2F9.0 
M+N+'l 

This sequence of data carqs is repeated for each set of data 
specified on card 1 starting with card M+J. 

Input Data Nomenclature. The following variable names 

have been specified for the data input cards: 

JOB 

M 

N 

PIN(I) 

POUT(I) 

SUBINT 

W(J) 

XINT 

Number of sets of data to be converted. 

Number of frequency values to be analyzed. 

Number of pulse data points. 

Input pulse data at time ((I-1) XINT) 

Output pulse data at time ((I-1) XINT). 

Number of subdivisions between data points. 

Frequency values, radians/min. 

Time interval between data points, minutes. 

,. 
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C DIGITAL COMPUTER PROGRAM POTFR 

C 

C CONVERSION Of PULSE OATA TO FREQUENCY RESPONSE DATA 

C 

DIMENSION W(lOO), PIN(600), POUT(6oo,, TRFFR{l00J, 

lPHASE(lOO), GAINM(lOO), GAINO(lOO}, TRFFI(lOO) 

C 

C INPUT DATA 

C 

C NO OF SETS OF DATA, NO OF OMEGA VALUES, 12, ex. 13 

C OMEGA VALUES, Fto.o 

C DATA OES<RIPTIONt 72H 

C NUMBER OF SUBDIVISIONS PER TIME INTERVAL, Fl0.0 

C NUMBER OF DATA POINTS, 13 

C TIME INTERVAL BETWEEN DATA POINTS, Flo.o 

C INPUT DATA, OUT PULSE OATAt 2F9e0 

C 

REA0(5,l00) JOB, M 

REA0(5,10l)( W(J), J a 1, M) 

DO 99 JN • lt JOS 

REAOC5,105) 

REA.0(5,101) SUStNT 

READt5,102) N 

REAOC5,101) XINT 

REAOCS,104)( PIN(l), POUT(I), l a 1, N) 
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WR1TE(6tll6J 

WRITE(6tll4) XlNTt N 

WR1TE(6tll51( J, PlN(J)t POUT(J), J • 1, N ) 

C 

C SERIES SUMMATION 

C 

C INDEX J CHANGES OMEGA 

C 

C INDEX I CONTROLS THE DATA POINT LOCATION 

C 

XlNT • XlNT/SUt.HNT 

00 98 J • lt M 

SSIR • o.o 
SSII • o.o 
SSOR • o.o 
SSOl • o.o 
A• o.o 
NN • N - l 

00 10 1 • 1, NN 

C 

DELI• ( PIN(l+l) - PIN(l) )/SUBINT 

DELO• ( POUT(l+l) - POUT(I) )/SUBINT 

DELI 1 • PIN( It 

DELOl • POUT(!) 

IT • SU6HH 
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DO 9 K • 1, IT 

DELl2 • DELll + DELI 

DEL02 • DELOl + DELO 

FUNTI • (DELJl + OEL12t/2.0 

FUNTO • (OELOl + OEL02)/2.0 

A• A+ leO 

X • (( 2eO*A-leOJ/2.0 )*XINT*W(J) 

SSIR • SSIR + FUNTl*COSC X) 

SSlJ • SSII + FUNTI*SINC X 

SSOR • SSOR + FUNTO*COS( X) 

SSOI • SSOI + FUNTO*SIN( X) 

DELil • OELI2 

9 OELOl • OEL02 

10 CONTINUE 

C 

C CALCULATION OF TRANSFER FUNCTION FOR GIVEN OMEGA 

C TRFFR IS TRANSFER FUNCTION REAL PART 

C TRFFI IS TRANSFER FUNCTION lMANGARY PART 

C 

TRFFR(J) • (SSOR*SSIR + SSOl*SSII)/ 

1 CSSIR*SSIR + SSII*SSII) 

TRFFl(J) • CSSll*SSOR - SSOI*SSIR)/ 

1 CSSIR*SSIR + SSII*SSll) 

GAINM(JJ • SQRT(TRFFR(J)*TRFFR(J)+TRFFl(J)*TRFFI(J)l 

GAINO(J) • 20eO*ALOGlO( GAINM(J) ) 



-247-

PHASE(J) • 57.29578*(ATAN( TRFFI(J)/TRFFR(J) ) ) 

IF( TRFFR(J) ) llt 14t 17 

11 IFC TRFFI (J) ) 12t 13t 12 

12 TAN• PHASE(J) - 180. 

GO TO 20 

13 TAN• -uso. 
GO TO 20 

14 IF( TRFFI{.J} ) 

15 TAN • -90. 

GO TO 20 

16 TAN• -270. 

GO TO 20 

17 IF( TRFFl(J) J 

18 TAN• PHASE{J) 

20 PHASE(J) • TAN 

21 CONTINUE 

Uh 2lt 16 

21, 21, 18 

22 IF( J • l) 23t 23, 2~ 

23 SSPHAS • PHASECl) 

SSGAM • GAINM(l) 

SSGAO • GAlND(l) 

24 PHASE(J) • PHASE(Jt - SSPHAS 

GAlNM(J) • GAINM(JJ/SSGAM 

GAINO(J) • GAJNO(J) - SSGAO 

IF( J-1 ) 98t 25, 26 

25 WRITE(6tl06) 
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WRITE'7,106) 

WRJTE(6,lOS) 

WRJTEC7,105) 

WRITE(6,107) 

WRITE(7,107) 

WRJTE(6,108J SSGAM, SSPHAS, SSGAO 

WRITE(7,108) SSGAM, SSPHAS, SSGAO 

WRITE(6,109) 

WRITEC7,109) 

26 8 • J 

Bl • 815.0 

Jl • J/5 

82 • Jl 

IF(Bl-82) 27, 28, 27 

27 WRITE(6,110)CGAINM{J), PHASE(J), GAlND(J), W(JJ ) 

WRITE(7,ll0)(GAINM(J), PHASE(J), GAlNO(J), W(J), J ) 

GO TO 98 

28 WRITEC6,117)C GAINM(J), PHASE(J)t GAINOCJ)t W(J) 

WRITE(7,lll)CGAINMCJ), PHASE(J), GAINO(J), W(J), J) 

98 CONTINUE 

WRITE(7,112) SSGAM, SSPHAS, SSGAO 

WRITEl7,113)C TRFFR(J), TRFFitJJ, W(J), J, J•l,M t 

99 CONTINUE 

100 FORMAT( 12, 8X, 13 ) 

101 FORMAT( FlOeO ) 
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102 FORMAT( I 3 ) 

104 FORMAT( 2F9.0 ) 

105 FORMAT( 72H 

1 • ) 

106 FORMAT( lHl, 15X, 27HFREQUENCY RESPONSE RE~ULTS t 

1 14HFOR PULSE TEST// ) 

107 FORMAT(//17X, 12HSTEAOY-STATE, 3X, llHPHASE ANGLE, 

14X,12HSTEADY-STATE,/22X,4HGAIN,10X,7HDEGREES,7X, 

2 SHOECIBELS 

108 FORMAT(l8X, F8.4, 7X, F8.4, 7X, f8e4 

109 FORMAT( //9X• 9HMAGNITUDE, 5X, llHPHASE ANGLE, 7Xt 

14HGAIN, 9Xt 9HFREQUENCY, /llX, 5HRATIO, 9X, 

27HOEGREES, 7X, 8HOEClBELSt 6X, llHRAOIANS/MlN J 

110 FORMAT( 7X, F9.4, Fl6.2, Fl4.4, fl5.4,H,X, 13 ) 

111 FORMAT( 7X, F9.4, Fl6.2, Fl4.4, Fl5.4,16Xt 13// l 

112 FORMATC 3Fl0.5 ) 

113 FORMAT( 3Fl0.5t 40Xt I 3 ) 

114 FORMAT( Fl0.5, lOX, 13 ) 

115 FORMAT( lOX, 13, 2Fl5.6 , 
116 FORMAT( lHl 

117 FORMAT( 7X, F9.4, Fl6.2, Fl4.4, Fl5.4// ) 

STOP 

END 
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Digital Computer Program CEFFCM. Program CEFFCM was used to 

calculate the experimental feedforward controller matrix from the 

experimental open loop transfer functions. The matrix conversion 

is outlined in SectionIII,. Mathematical Development, page 13 • 

Digital computer program .E!2!lli card output can be used as the data 

input to this program without repunching. Care must be used to 

insure that the open loop transfer function data cards are properly 

arranged. 

This program is written in complex numbers and requires that 
.. 

the transfer function data be in the form of a real and imaginary 

number for each frequency value evaluated instead of in the form of 

the magnitude ratio and phase angle generally reported for the 

transfer function data. This method insures that the effects of 

normalization of the transfer functions does not affect these results. 

The final results of this program are corrected for steady-state 

gains before the final results are reported.· 

Input Data Cards. The following data cards are required 

for program CEFFCM: 

Card 1 

Card 2 

Card 3 

M, where Mis the number of frequency values to 
be evaluated. Format I3 · 

Identification card. Format 7~H 

Steady-state gain for the distillate composition/ 

• 

feed composition transfer .. function. .. 
Format FlO.O 



Cards 4 to 
M+4 

Card M+5 

Card M+6 

Cards M+7 
2M-t7 

Card 2M+8 

Card 2M+9 

Cards 2M+l0 
to JM+lO 

Card JM+11· 

Card JM+l2 

Cards JM+ D 
to 4M+l3 

Card 4M+l4 

Card 4M+l5 

Cards 4M+l6 
to 5M+l6 

Card 5M+l7 
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Real and imaginary parts of the distillate 
composition/feed composition transfer function 
and the corresponding frequency value. 

· Format JFlO.O 

Identification card. 

Steady-state·gain for the distillate 
composition/vapor rate transfer function. 
Format FlO.O 

Real and imaginary parts of the distillate 
composition/vapor rate transfer function. 
Format 2Fl0.0 

Identification card. 

Steady-state gain for the distillate 
composition/reflux rate transfer function. 
Format FlO.O 

Real and imaginary parts of the distillate 
composition/reflux rate transfer fun·ction. 
Format 2Fl0.0 · 

Identification card. 

Steady-state gain for the bottoms 
composition/feed composition transfer function. 
Format FlO.O 

Real and imaginary parts of the bottoms 
composition/feed composition transfer function. 
Format 2Fl0.0 · 

Identification card 

•Steady-state gain of the botto~ 
composition/vapor rate transfer function. 
Format FlO.O 

Real and imaginary parts of the bottoms 
composition/vapo~ rate transfer function. 
Format 2Fl0.0 · 

Identification card. 

\, ,. 

• 



Card 5M+l8 

Cards 5M+l9 
to 6M+l9 

-252-

Steady-state gain of the bottoms 
composition/reflux rate transfer function. 
Format FlO.O 

Real and imaginary parts of the bottoms 
composition/reflux rate transfer function. 
Format 2FlQ..O 

y. 

• 

.. 
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c OITIGAL COMPUTER PROGRAM CEFFCM 

C 

C CALCULATION OF EXPERIMENTAL FEEOfORWARD CONTROLLER 

C MATRIX 

C DIMENSION W(lOO), TRFFR(2,l00), TRFF1(2,lOO), 

lGAINMC 100) t GAi ND ( 100 J t PHASE ( 100) 

COMPLEX P(2,3,100,, T(2,l00lt PP 

C 

C CONTROLLER CALCULATION 

C 

C P(ltltNJ, DISTILLATE/FEED TRANSFER FUNCTION 

C P(l,2,N>, DISTILLATE/VAPOR TRANSFER FUNCTION 

C P(l,3,Nh OISTILLATE/REFLlJX TRANSFER FUNCTION 

C P(2,l,N), BOTTOMS/ FEEO TRANSFER FUNCTION 

C PC2,2,N), BOTTOMS/VAPOR TRANSFER FUNCTION 

C PC2,3,N), BOTTOMS/REFLUX TRANSFER FUNCTION 

C 

READ (5,100) JOB 

00 50 JJ = lt JOB 

REA0(5,115) 

READ(5tl00) M 

READ(5,101) Al 

REA0(5,102)( P{l,1,1), W(I), I• 1, M) 

RE AO ( 5 • 10 1) B 1 

REAO(Stl03)( P(l,2,1), I• ltM) 



C 
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REA0(5,101) Cl 

REA0(5,103)( P(l,3,I), I• ltM) 

REA0(5,10l) A.2 

REA0(5,103)( PC2tl,J)t I= ltM) 

REAOC5,101) 82 

REA0(5tl03)( Pt2,2,I), I• 1,M) 

REAOf5tl01) C2 

READ(5,103)( PC2t3,I), I• 1,M) 

C T(l,I) • REFLUX RATE/ FEED COMPOSITION 

C T(2,I) • VAPOR RATE/FEED COMPOSITION 

C 

00 1 I• l,M 

PP• Pf2,2,I)*P(l,3,l) - P(l,2,ll*PC2,3,l) 

T(ltl) • (Pf2,2,lt*P(ltl,I)-P(l,2,I)*P(2,1,l)J/PP 

l TC2,J) • -(PC2,3,l)*P(l,1,1)-P(l,3,I)*PC2,1,I))/PP 

C 

C DATA REDUCTION 

C 

00 50 J • 1, 2 

00 25 I• 1, M 

TRFFRCJ,I) • REAL(TCJ,1)) 

TRFFl(J,1) • AIMAGCT(J,I)) 

GAINMCI) • SQRT( TRFfR(J,1)**2 + TRFFJ(J,1)**2 ) 

GAINO(l) • 20.0*ALOGlO( GAINM(I) 
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PHASEC l) = 57.29S78*CATAN( TRFFitJ•IJ/TRFFR(J,I) )) 

IF( TRFFR(J,1) ) 11, 14, 17 

11 IF( TRFFICJ,I) 12, 13, 12 

12 TAN• PHASE(!) - 180.0 

GO TO 20 

13 TAN• -1eo. 

GO TO 20 

14 IF( TRFFJ(J,J) ) 15, 21, 16 

15 TAN• -90. 

GO TO 20 

16 TAN• -270. 

GO TO 20 

17 IFC TRFFICJ,l) J 21, 21, 18 

18 TAN• PHASE(It 

20 PHASE(J) • TAN 

21 CONTINUE 

22 IF(l-1) 23, 23, 24 

23 SSPHAS • PHASE(lt 

SSGAM • GAINM(l) 

SSGAO • GAtNO(lt 

24 PHASE(!) • PHASE(l) - SSPHAS 

GAJNM(l) • GAINM(IJ/SSGAM 

GAINOfit • GAINO(I) - SSGAO 

25 CONTINUE 

WRITEC6,106) 



WRITEf7•106) 

JF(.J-1) 26, 26, 27 

26 WRJTE(6tlll) 

WRJTE(7,lll) 

GO TO 28 

27 WRITEC6,112) 

WRITEf7,112) 

28 WRITE(6,ll5) 

WRITEt7,ll5) 

WRITEf6,107) 

WRITE(7,107, 

WRITE(6,108) SSGAM, SSPAS,SSGAO 

WRITE17,108) SSGAM, SSPAS,SSGAO 

WRITE(6,109) 

WRITEC7,109) 

WRITE(6,ll0)(1, GAINM(l), PHASE(I), GAIND{I), 

l W(l)t I• l, M 

WRITEC7,llO)tl, GAINM(I}, PHASE(lJ, GAlND(I), 

l WCI>, I • 1, M 

50 CONTINUE 

100 FORMAT( 13) 

101 FORMAT(/Flo.o 

102 FORMAT( 3FlO.o ) 

103 FORMAT( 2Fl0.0 

104 FOR.MAT ( 1 0 X , F 9 • S , 5 F 18 • 5 ) 
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105 FORMAT( TX, 13, 12F9.~, Fll.5 

106 FORMAT(lHl, ////30X, 5HTABLE, //17X, 

1 35HEXPERIMENTAL FEEDFORWARO CONTROLLER ) 

107 FORMAT(//17X,l2HSTEADY-STATE,3X,llHPHASE ANGLE, 4X, 

ll2HSTEAOY-STATE,/22X,4HGAIN,lOX,7HOEGREES,7X,8HOEClBELS) 

108 FORMATC18X, FB.4, 7X, F8.4, 7X, F8.4 ) 

109 FORMAT1//9X,9HMAGNITUOE,5XtllHPHASE ANGLE,7X,4HGAIN, 

l 9X,9HFREQUENCY,/llX,5HRATI0,9X,7HOEGREESt7X, 

2 8HDECIBELS,6X,11HRAOIANS/MIN 

110 FORMATC/5(5Xt 12, F9a4t Fl6e2, fl4.4, Fl5e4/)) 

111 FORMAT(l4X,24HREFLUX/FtEO COMPOSITION, 

1 19HCONTROLLER FUNCTION ) 

112 FORMAT(l5X,23HVAPOR/FEEO COMPOSITION, 

l 19HCONTROLLER FUNCTION ) 

113 FORMAT( SX, 13, SX, 2F20.6 

114 FORMAT( lHl, lSX, 9HREAL PART, lOX, l3HIMANGARY PART J 

115 FORMAT( 65H 

l ) 

STOP 

ENO 



Digital Computer Program FFCLM. This program was used to cal-

culate the open loop and feedforward controller transfer functions 

based on the linear model assumption for a distillation column con-

sisting of eighteen trays, a :z:eboiler and a total condenser. Details 

on the procedure followed is outlined in SectionIII, Mathematical 

Development, page 1 J • 

The program performs the required calculations at the given 

steady-state condition a~ a function of frequency. The program con-

sists of a data input section, calculation of complex constants 

required, procedure for setting the complex variables, calculation 

· up the tower, followed by the matrix inversion and data output 

section. These calculations are carried out in the complex variable 

domain. 

Input Data. The following data cards are required for 

the operation of this programs 

Card 1 NW, where NW is the number of frequency values 
to be readinto the program and used. Format I2 

Cards 2 to X The'frequency values to be used in this cal-
culation. The frequency is given in radians per 
minute. Format 8Fl0.6 

Cards X+l JOB, where JOB is the number-of steady-state con-
ditions to be investigated. Format I2 

Card X+2 

Card X+J 

Description card. Used for identification 
purposes. Format 72H 

~,where~ is the feed tray location. Trays are~ 
numbered starting from the top. Format lOX, I2 



Card X+4 to 
X+2J 
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Steady-state values of efficiency, equilibrium 
curve slope and the Cl constant for each tray. 
These are standard output cards from program 
SSDDR. Format JE15.8 

Cards X+24 
and X+25 

Values for XLRBT, .:lllfil'., F'Ml, FM2, FM3. and FM4 
from the steady-state calculations. Format JEl.5.8 

Card X+26 

Card X+Z/ 

Card X+28 

Values for constants Rl, !E, R4, and R5 from the 
steady-state calculations. Format 5El5.8 

Values for VLRB, VLRT, QF, from the steady-state 
program. Format JE15.8-

Values for constants QQ1, CC4, CC5, and from 
the steady-state program. Format 5E15.8 

This sequence of cards is repeated for each steady-state con-
dition starting with card X+2 as specified on card X+l. 

Nomenclature for Input Data Cards. The following variable 

names have been specified for the data input cards. 

BEI'A 

Cl(I) 

CCl 

CC4 

CC5 

EFF(I) 

FM 

FMl 

FM2 

FM3 

d(tray holdup)/d(XLIQB) 

Bottoms drawoff rate, moles/min. 

(X(I) - X(I 1))/XLIQB 

HUPMT/HUPMB 
'~ { 

BETA (2 - QF) HUPMT/XLIQT 
·, 

HUPMT/XLIQT 

Murpheer vapor efficiency for tray I 

Feed rate, moles/min. 

Difference between the energy ~nd mass transfer 
section composition on the feed tray divided by 
XLIQT 

' ·v 

QF FM/XLIQT 

X(M)/XLIQT 
,, 

,. 



... 

FM.4 

HUPMT 

HUPMB 

I 

JOB 

M 

NW 

QF 

QR 

Rl 

R2 

R4 
R5_ 

SL(I) 

VAPB 

VAPT 

VLRB 

VLRT 

VRBT 

XLIQB 

XLIQT 
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XLIQB/XLIQT 

Tray holdup above the feed tray, moles 

Tray holdup below the feed tray, moles 

Tray number,. trays are numbered from top down. 

Number of steady-state data sets 

Feed tray location.· Trays are numbered from the t,op. 

Number of frequency values. 

Thermal condition of the feed. 

Thermal condition of the reflux. 

X(18)/XLIQB . 
Y(19)/XLIQB 

BM/XLIQB 

Reboiler holdup/XLIQB 

Equilibrium curve slope evaluated at X(I). 

Vapor rate below the feed tray, moles/min. 
' -Vapor rate above the feed tray, moles/min. 

VAPB/XLIQB 

VAPT/XLIQT 

VAPB/VAPT 

Liquid rate below the feed tray, moles/min. 

Liquid rate above the feed tray, moles/min. 
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C DIGITAL COMPUTER PROGRAM FFCLM 

C 

C OPEN LOOP AND FEEDFORWARD CONTROLLER TRANSFER 

C FUNCTIONS BASED ON LINtAR MODEL 

C 

C 

DIMENSION EFF(20), SL,20), Cl(20), C2(20), W(lOO), 

1 TRFF IC l 00), GA INM (l 00), GAi NO( l 00), PHASE ( 100 )t 

2 TRFFR<lOO) 

COMPLEX VAPB, VAPT, l, XL(20), X(20), Y(20)t 8, CL, 

1 WT, R, DIST, Fl, WF, CLF, P{3,4,lOO), G(8,l00)t XLMAt 

2 WB, Ft XMA, CV, CLT, WR, VT, XR, OT, PP, RB 

C INPUT DATA 

C 

READC5,155) NW 

REA0(5,l56)t W ( l), I• l,NW) 

REA0(5,155) JOB 

00 120 JJ C lt.JOB 

10 REA0(5,150) 

REAOC5,151) M 

REA0(5,l52)( Eff(I), SL ( 1 ) , Cl f I ) , I • 1, 19) 

REAO( 5, 152) XLR8T, VRBT, FMl, FM2, FM3, FM4 

REA0(5,154) Rl, R2t R4, R5 

REA0(5,154) Vt.RB, VLRT, QF 

REA0(5,154) CCl, CO+, CC5, QR 
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C 

C CALCULATION OF COMPLEX CONSTANTS 

C 

20 DO 80 I• 1,NW 

A• o.oo,1129*WCIJ 

CL• CMPLX(l.0,A) 

A•CCl*Wfl) 

WB • CMPLX(l.0,A) 

A• CC4*W(l) 

WF • CMPLX(XLRBT,A) 

A• CC5*W(l) 

WT• CMPLX(l.0,A) 

A• 2.o•wc1, 
CV• CMPLX(l.O,A) 

A• l•0*W(I) 

CLT • CMPLX(l.0,A) 

A• (CC5/VLRT)*W(l)*6•0 

WR• CMPLX(le0,A> 

A• COS( Oe5*W(IJ ) 

B • -SIN( o.S*Wftl l 

OT• CMPLX(A,8) 

A• R5*W(IJ 

RB• CMPLX(R4,A) 

C 

C SET COMPLEX VAR18LES 



C 

C 

30 DO 80 L • lt 4 

A • L 
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VAPB • (l.0,0.0)*(2.0-A)*(3.0-A)*(~.O•AJ/6.0 

Z • ,1.o,o.O)*(A-l.0)*(3.0-A)*(4.0-A)/2.o 

X(l9) • ,1.o,o.0)*(A-l.0)*fA-2.0)*{4.0-A)/2.0 

8 • (1.o,o.o)*(A-l.O)*(A-2.0)*(A-3.0)/6.0 

C REBOILER 

C 

VAP8 • VAPB/CV 

XL(18) • CLT*B 

Y(l9) • EFF(l9)*SL(l9J*X(l9) 

X(l8) • - Rl*XL(l8) + R2*VLRB*VAP8 + VLR8*Y(l9) + 

1 RB*X(l9) 

C 

C STRIPPING SECTION 

C 

40 MM• 18 - M 

DO 41 J • l,MM 

K • 19 - J 

XL(K-1) • CL*XL(K) 

Y(K) • EFF(K)*SL(K)*X(K) + (1.-EfF(K))*Y(K+lt 

41 X(K-1) • Cl(K-l)*(VAPB - XL(K-1)) + VLRB*(Y(K) - Y(K+l)> 

l + WB*X(K) 
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C 

C FEED TRAY 

C 

C ENERGY SECTION 

C 

50 XL(M-1) • XLRBT*CL*XL(M) - XLRBT*QF*F 

VAPT • VRBT*VAPB - ((VRST*(QF-1.0J)/VLRbl*F 

C 

C MASS TRANSFER SECTION 

C 

C 

l • DT*Z 

Y(Mt • EFF(M)*SL(M)*X(M) + (l.O-EFF(M))*Y(M+l) 

X(M-1) • - Cl(K-l)*XL(M-1) - VLR6*XLRBT*Y(M+l) 

l - FMl*VAPB + VLRT*YCM) + FM2*VAPT- FM3*Z - FM4*F 

2 + WF*XCM) 

C RECTIFICATION SECTION 

C 

60 MM• M-2 

DO 61 J • 1,MM 

K • M - J 

XL(K-1» • CL*XL(KJ 

Y(K) • EFF(K)*Sl(K)*X{K) + (l.0-EFF(K))*Y(K+lJ 

61 XCK-1) • Cl(K-l)*(VAPT - Xl(K-1)} + VLRT*(Y(K) - Y(K+l)) 

1 + WT*X(K) 



-265-

C 

C TOP TRAY 

C 

70 R • <l•O/QR)*CLT*XL(l) 

YCl) • EFF{l)*Sl(l)*X(l) + (1.0-EFF(l))*Y(2) 

VT • VAPT - CleO/VLRT)*R 

XR • YCl)/WR 

XR • OT*XR 
Pfl,L,1) • XR 

P(2,L,l) • X(l) 

80 PC3tL,1) • R 

C 

C MATRIX TERMS 

C 

C 

C 

C 

C 

C 

C 

C 

C 

OPEN LOOP MATRIX TERMS 

G(ltl) • REFLUX COMP/VAPOR RATE 

G(2tll • REFLUX COMP/FEED COMP 

G( 3, U • REFLUX COMP/REFLUX RATE 

G(4tl) • BOTTOM& COMP/VAPOR RATE 

GC5,1J • 80TTOM5 COMP/FEED RATE 

G(6,J) • BOTTOMS COMP/REFLUX RATE 

C FEEOFORWARD CONTROLLER TRANSFER FUNCTIONS 

C G(7,1> • REFLUX RATE/FEED COMPOSITION 

C G(8,J) • VAPOR RATE/FEED COMPOSITION 
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C 

C OPEN LOOP TRANSFER FUNCTION CALCULATIONS 

C 

DO 81 1 • 1, NW 

G(l,I) • - CP(l,l,l) - PC2tltl)*Ptl,3,1)/PC2,3,1)) 

G(2,I) • PCl,2,I) • PC2,2,l)*P(l,3,I)/PC2,3,1t 

GC3,I) • PC1,4,lt/PC3,•,l) - (P(l,3,l)*P<2,4,l)t/ 

l CP(2,3,l)*PC3,4,1)) 

GC4,I) • PC2,1,I)/P(2,3,1) 

Gf5,I) • - PC2,2tl)/PC2t3tl) 

81 G(6,I) • - Pt2,4,l)/CPC2,3,lt*PC3,4tl)) 

C 

C FEEOFORWARO CONTROLLER TRANSFER FUNCTION CALCULATIONS 

C 

DO 82 I• 1, NW 

PP• GC4tlt*G(3,U - G(l,I>*Gt6,I) 

Gfltl) • - (GC4,ll*G(2,l) - G(ltl)*Gt5,l)J/PP 

82 GC8,I) • - CGC6,ll*G{2,1) - G(3,l>*G(5,I))/PP 

C 

C DATA REDUCTION 

C 

DO 120 L • lt 8 

DO 110 I• 1,NW 

TRFFRCI) • REAL(GCL,l)l 

TRFflClt • AIMAG(G(Ltl)) 



GAINM(I) • SQRT( TRFFR(l)**2 + TRFFl(lt**2 t 

GAINO(l) • 20.0*ALOGlO( GAINM(t) ) 

PHASE(II • S7.29578*( ATAN( TRFFICI)/TRFFRCtl J ) 

IF( TRFFR(I) ) 90, 93, 96 

90 IF( TRFFI(IJ) 91, 92t 91 

91 TAN• PHASE(!} - 1ao.o 

GO TO 98 

92 TAN• -1so.o 

GO TO 98 

93 IF( TRFFl(I)) 94, 99, 95 

94 TAN• -90.0 

GO TO 98 

95 TAN• -270.0 

GO TO 98 

96 IF( TRFFI(I)) 99, 99, 97 

97 TAN• PHASE(!) 

98 PHASE(IJ • TAN 

99 CONTINUE 

100 IF(l-1) 101, 101, 102 

101 SSPHAS • PHASE(l) 

SSGAM a GAINM(l) 

SSGAO • GAIND(l) 

102 PHASE(I) • PHASE(l) - SSPHAS 

GAlNM(I) • GAINMfl)/SSGAM 

GAIND(I) • GAIND(I) - SSGAO 
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110 CONTINUE 

C 

C DATA OUTPUT 

C 

WRITEC6•161) 

GO TO (lllt 112, 113, 114, 116, 117, 118, 119), L 

111 WRITEl6,168) 

GO TO 1141 

112 WRITE(6,169t 

GO TO 1141 

113 WRITE(6tl73) 

GO TO 1141 

114 WRITE(6,174) 

GO TO 1141 

116 WRITEC6tl75J 

GO TO 1141 

117 WRIT£t6,176) 

GO TO 1141 

118 WRITE(6,162) 

GO TO 1142 

119 WRJTE(6,163J 

GO TO 1142 

1141 WRJTEC6,172) 

GO TO 1143 

1142 WRITEC6,177) 



1143 WRITEt6,150) 

115 WRITEf6•164) 

WR1TE(6,165) SSGAM, SSPAS, SSGAD 

WRITEU,,166) 

I F ( L-6 ) 1151 , 1151, 1152 

1151 WRITEC6,167)( I • GAit~M ( l) t PHASl:.{1), 

1 GAIND(l), W ( I J, l • 1, 30 

GO TO 120 

1152 WRITE(6tl67)CI, GAINM(I), PHASE(l), 

1 GAINO(I), W(l)t I• 1, NW ) 

120 CONTINUE 

C 

C FORMAT STATEMENTS 

C 

150 FORMAT(72H 

1 

151 FORMAT( lOXt 12 ) 

152 FORMAT( 3El5.8 ) 

153 FORMAT( 3El5.8 , 
154 FORMAT( 5El5.8 

155 FORMAT{ I 2 ) 

156 FORMAT( 8Fl0.6 ) 

• , 

159 FORMAT{ lHl, 15X, 9HREAL PART, 

160 FORMAT( 5Xt 13, 5X, 2Fl7.6 ) 

161 FORMAT( lHl, //30Xt SHTABLE 

l0X, 13HIMANGARY PART ) 
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162 FORMAT( //21X, 28HREFLUX RATE/FEED COMPOSITION 

163 FORMAT( //21X, 27HVAPOR RATE/FEED COMPOSITION 

164 FORMAT( //17X, 12HSTEADY-STATE, 3X, llHPHASE ANGLE, 

l 4X, 12HSTEADY-STATE, /22X, 4HGAIN, lOX, 7HOEGREES, 

2 7X, 8HDEC18ELS ) 

165 FORMATC 18X, F8.41 7Xt F8.2, 7X, FS.4 ) 

166 FORMAT( /9X, 9HMAGNITUDE, SX, llHPHASE ANGLE, 

1 7Xt 4HGAIN, 9Xt 9HFREOUENCY, /llX, 5HRATIO, 9Xt 

2 7HDEGREESt 7X, 8HDECIBELS, 6X, llHRADIANS/MIN ) 

167 FORMAT( /5C~X, 12, F9.4, Fl6.2, Fl4.4, FlS.4/) t 

168 FORMAT(//20X, 29HREFLUX COMPOSITION/VAPOR RATE J 

169 FORMAT(//17X, 35HREFLUX COMPOSITION/FEED COMPOSITION ) 

170 FORMAT( 8Fl~.6, 13 ) 

171 FORMAT( lHl ) 

172 FORMAT( 8X, 28HOPEN LOOP TRANSFER FUNCTION, 

1 2~H8ASEO ON LINEAR MODEL FOR ) 

173 FORMAT(//20X, 30HREFLUX COMPOSITION/REFLUX RATE 

174 FORMAT(//20X, 30H80TTOMS COMPOSITION/VAPOR RATE ) 

175 FORMAT(//17Xt 36HSOTTOl-1S COMPOSITION/FEED COMPOSITION ) 

176 FORMATC//19X, 3lH80TTOMS COMPOSITION/REFLUX RATE ) 

177 FORMAT( l9X, 31HFEEDFORWARO CONTROLLER TRANSFER, 

l /18X, 34HFUNCTION SASEO ON LINEAR MODEL FOR ) 

STOP 

END 



FEEDFORWARD CONTROL OF BINARY DISTILLATION 

by 

Rudolph Francis Janis, Jr. 

ABSTRACT. 

The open-loop transfer functions relating distillate and bottoms 

composition to feed composition, reflux rate and boilup rate were 

determined from pulse tests of a binary distillation column. Similar 

transfer functions were determined by mathematical solution of the 

linearized differential equations describing the column. Comparison 

of these two sets of functions showed that the simple feedforward 

controller transfer functions based upon the linear model should 

provide adequate control for binary distillation columns in the low 

frequency range {below a frequency of 1.6 radians per dimensionless 

time -- dimensionless time is defined to be the tray holdup divided 

by the stripping section liquid ra·te). 

The experimental data were determined for the benzene-n-heptane 

system at atmospheric pressure. The column was 8 inches in diameter 

and contained 18 sieve trays spaced 12 inches apart. A total condenser 

provided the reflux, and a thermosiphon reboiler provided the stripping 

vapor. Analyses were made by refractive index measurements; 

The transient distillate and bottoms compositions were determined 

as responses to pulsed variations of feed composition, reflux rate 



and boilup rate. These tests were performed at each of two different 

steady state conditions. Fourier transform analysis was used to 

convert the pulse data to frequency response data, and Bode diagrams 

were prepared. 

The mathematical solution used the techniques of Lamb and Pigford 

for linearization and solution of the equations describing the column. 

This technique involves step-wise tray-to-tray calculations in the 

frequency domain. 

The transfer functions developed by the two approaches were 

compared. They were in close agreement up to frequencies of about 

1.6 radians per dimensionless time. Above this frequency the non-

linear and higher order effects have an appreciable effect on the 

dynamics of the distillation column. Use of the linear model at 

frequencies above 1.6 radians per dimensionless time is not recommended. 
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