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SUMMARY

This thesis concerns the effects of component separation efficiency upon 

distillation tower dynamic response. Matrix methods were used in formulating 

the solution and computer generated numerical solutions were compared to 

experimental results. The experimental unit was a ten tray, 4-inch diameter 

sieve tower distilling a mixture of benzene, toluene, and p-xylene at atmos­

pheric pressure.
«

Inclusion of a Murphree efficiency for each component and each tray was 

done in a rigorous way and not through the use of a modified K value, the 

matrices of coefficients become supertriangular rather than tridiagonal in 

the unsteady state component balances when this is done. Mathematical and 

numerical solutions for sets of equations of the form dXi = AiXi + F.

(i = 1,2.. I) were developed for the case where are supertriangular. Sargent's 

method was used in solving the equations along with Hyman's  ̂method for lo­

cating the eigcn values and vectors of the matrices. Solutions for both super- 

triangular and tridiagonal matrices were included for completeness and for 

comparison.

The method of incorporating efficiencies into the solution was tested 

numerically and found to be stable and reliable for a ten-stage system. Roth 

Sargent's method and Hyman's method were easily programmed. Time for a dynamic 

solution covering up to DO minutes of real time was 2 to 3 minutes of CPU time 

on an IBM-360 Model 65.

In all of the cases studied^speed of response on every tray decreased with 

a decrease in efficiency. For a hypothetical case the apparent time constant 

for change increased from 3.75 minutes, to 5.5 minutes, to 40 minutes for 

efficiencies of 100, 70, and 20 percent respectively.

When efficiencies are included in the proposed manner the characteristic 

roots of the solution may be complex numbers yielding sine and cosine solutions.
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This is impossible when using a modified K value to account of the effects of 

efficiencies.

The predictions of the model were compared to experimental response curves 

for relatively large (10 - 30%) step changes in feed composition. The model 

was found to be capable of predicting the response of the experimental unit.

For runs where a good match in initial and final compositions were computed 

the computed response deviates from the actual less than 3% over response 

curve.

- 2-
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I INTRODUCTION

The original idea of investigating the effects of component

separation efficiencies upon distillation tower dynamic response came
(9)

from Dr. Nathan Gilbert. After observing the efforts of a major 

industrial concern in developing dynamic models Dr. Gilbert concluded 

fundamental knowledge was lacking as a firm basis for description.

For large units distilling a range of components the present models 

predicted gross rates of change three and four times in excess of the 

observed rates.

Research was initiated to investigate two of the fundamental 

considerations which are usually disregarded in formulating a distil­

lation model. The importance of heat transfer as the rate controlling 

phenomena was studied by Mr. Robert Milam and the importance of component 

separation efficiencies fell to this author. The four primary considera­

tions to be answered by this thesis are:

1. Does mass transfer efficiency have a significant effect 

upon the response of distillation towers?

2. Can the effect be realistically simulated with the concept 

of a Murphree Tray Efficiency for each component?

3. What numerical techniques may best be used to incorporate 

this effect into the mathematical model?

4. Can the coiicept and the calculational methods be experimentally 

verified?

-3-
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For reasons to be presented later in this thesis a matrix method of 

formulation was chosen for the numerical solution. Midway through the. 

thesis it was discovered that through little additional effort the 

mathematics could be kept general enough to apply to quite a variety 

of chemical engineering problems. Beyond the usual distillation 

parallels of absorption and extraction the methods apply to staged 

processes with mass transfer or reaction where either by-pass or recycle 

occurs. Stated in its most succinct mathematical form the matrix 

methods apply to the steady-state and dynamic solutions Of sets of 

linear and non-linear equations which may be expressed according to the 

matrix equation:
j Y
-j£i = Al Xj + Fj 1*1,2..I

Ylhcre: A = A(t) an II by II coefficient matrix,

F = F(t) a column vector of length II 

t = the scalar independent variable, i.e. time,

X = X(t) a column vector of length II and the 

dependent variables.

Note that there are N times I total equations represented by the I_ 

sets of N equations. The limitation of this method is that the matrix 

A must be at least supertriangular. That is, A must contain all zero 

elements on either side of the three central top to bottom diagonals.

-4-
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Such a matrix is shown below.

w w
0 0 8V 2 8

zero elements

three central diagonals

While this nay seen a rather restrictive limitation it should be 

noted that matrix application to staged chemical engineering problems 

has teen previously limited to coefficient matrices containing elements 

only on the three central diagonals. In terns of stage processes this 

means a stage nay communicate with any number of stages behind it but 

only with the first stage in front of it, or vice versa.

Two such situations are shown in Figure 1 . The development of 

these matrix techniques was taken as an end in itself and a secondary 

purpose of this thesis.

The Distillation Tower as a Dynamic System

The prediction of tower dynamic behavior finds application to a 

variety of distillation problems. Process start-up and batch operations 

are two. familiar ones. Probably the widest application, however, is in 

the design of control systems. Vhatever the application, the physical 

arrangement on which the model is based is much the same.

Figure 2 depicts a typical distillation tower under operating
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FIGURE \

Two examples of the types of staged processes 
which could be modeled using the proposed matrix 
mathematics and numerical methods.

- 6 -
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conditions. Vapor from the reboiler passes upward through the perfora­

tions or slots on the trays where it contacts the liquid which is 

cascading down across the trays. Feeds and products are being added 

and withdrawn from various trays and the condensed vapor is returned 

to the tower as liquid reflux. The dynamic description of the tower 

consists of the simultaneous description of each tray of the tower 

plus the reboiler and condenser. Figure 2 shows the model tray and 

adjacent trays with the streams labeled L for liquid, and V for vapor.

Each tray contains liquid and vapor hold-up. The essential problem is 

to relate the variation of the exi ting streams and the hold-ups to the 

variation of the inlet streams. The relationships which are used to de­

termine this variation are; component mass balances, heat or enthalpy balance, 

liquid-vapor equilibrium, degree of approach to equilibrium, and the hydro- 

dynamic relations. Each of these relationships takes on special importance 

in certain problems and in certain phases of every problem. Figure 3 

shows the response of a single tray to a change in reflux ratio. The 

curve is broken into three regions. In region I (the initial response), 

the disturbance is propagated mainly by the liquid phase and the tray 

hydrodynamics play a dominant role in determining how fast the flow change 

becomes a concentration change. For control about a steady-state where 

small disturbances determine the corrective action this is the primary 

region of interest. In region II mass transfer becomes significant and 

liquid and vapor rates may change due to unequal heats of vaporization of 

the components. In region III mass transfer becomes completely controlling 

as the rates become fixed, hold-ups have stabilized and concentrations 

slowly approach their new steady state values.

- 8-
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Because of the complexity of the problem taken in its entirety, no 

general method of solution exists which proceeds from formulation, to 

computation to response prediction and control simulation. Nor is it 

the purpose of this thesis to do so. Whenever possible considerations 

other than mass transfer will be eliminated or their effects minimized 

to allow better examination of mass transfer considerations. This is 

particularly true in the experimental portion of the thesis.

Significant Past Work
(14)According to Mah —  the earliest chemical engineering invcsti-

(38)gation of column dynamics was that of Huffman and Urey —  on the 

separation of oxygen isotopes in 1935. Approximately fifteen years later 

detailed mathematical formulation of the model was proposed by a number

of authors differing only in their emphasis or their particular notational
(15) (6)

procedures. Marshal and Pigford , Davidson ~  , and Lapidus and
(13)

Amundson all published similar works which derive the basic mass and

heat balances which make up the model. Amundson's works are particularly

significant to this thesis since he emphasizes a matrix approach which

greatly simplifies the bookkeeping of large numbers of variables. His 
(2)more recent book provides an excellent summary of his method of 

formulation and shows how analytical solutions to the matrix equations 

may be developed (providing certain simplifying assumptions may be made).

The advent of the computer brought on a variety of solutions to 

these sets of equations. Since the problem is one of solving a large set 

of differential difference equations, it is not surprising that both analog 

and digital computer solutions have been proposed. Both techniques require 

a large machine for a practical problem. The non-linear nature of the

- 10-
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equations complicates the analog solutions and the sensitivity of 

the solutions makes the numerical integration of the digital solu­

tion a difficult undertaking. Analog solutions using active and(1)
passive circuits have been devised by Acrivos and Amundson ,

(21) (23)
Rijasdorp , and Rose and Williams to name but a few. The

analog solution is superior for analyzing control problems about a 

steady state where the equations may be linearized and controllers 

may be connected directly into the electrical model. Once programmed 

the parameters of the controllers may be varied and new solutions 

generated with little additional effort.

While the digital computer allows the non-linear nature of the 

problem to be preserved it does require the numerical integration 

of large sets of differential equations. This requires a large 

memory, an extremely detailed and well organized notational proce­

dure, and the choice of a suitable time interval of integration. 

Various numerical integration techniques such as Euler's Method,

Runge-Kutta, and prcdictor-corrector methods have been tried 
(26,14,16)

• These methods suffer from the common numerical malady 

of step length choice. Too large a step length in this highly non­

linear problem leads rapidly to an accumulating error and a meaning­

less solution. Another disadvantage is that these techniques reveal 

little other than a once through solution of the specific problem.

No fundamental measure of response is directly obtained. The main 

advantage of this method is the ability to incorporate new concepts 

into the solution regardless of the arithmetic complexity.

- 11-
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Probably the finest collection of recent work on unsteady state
no)processes may be found in Holland's t ex t — . Here all of the modern

numerical and matrix methods are presented. Until this work all of

the work which included efficiencies in the solution has been done

with the purely numerical approach rather than the matrix approach.
( 25)Rosenbrock v— 'included Murphree efficiencies in a numerical model 

for a binary system for the sake of completeness, however, he made no 

investigation of their effects. For multicomponent mixtures a simpli­

fied definition of efficiency has usually been used to incorporate 

efficiencies into the model. This consists of defining a modified K~ 

value and using the modified K value in the solution usually used for 

ideal trays. Thus the effect of efficiencies is accounted for in the 

tray equilibrium relations - through the K values. With matrix 

methods the only mention of tray efficiencies appears in Sargent's 

article — !  He suggested, in a post script, how efficiencies might 

be incorporated into the matrix solution using the modified K-value 

approach and assumed that a physical basis did not exist for the 

estimation of component efficiencies.

The modern matrix methods of Mah and Sargent are lacking in two

important respects. There is little numerical testing of the methods
(12)and no experimental verification. In fact, Holland — states that

s
as of 1966 they had been tried on only one problem. Solutions with 

the matrix method including efficiencies have, to this author's know­

ledge, never been attempted nor has any experimental verification of 

these methods been done.

- 12-
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A Plan of Attack

As will be shown later in Section II it was discovered that 

using the concept of a Murphree Efficiency for each component on each 

tray, the general matrix model of Amundson and of Mah could be 

modified to include efficiencies with no compromise as to mathematical 

rigor. The matrices, however, take on a more complex form containing 

many more elements than they would with ideal trays. Mah had already 

developed a numerical method of solution for the simpler matrix equations 

If his solutions could be modified to apply to the matrix containing 

tray efficiencies, a method yielding both numerical response and a 

fundamental measure of response in terms of the eigen values and eigcn 

vectors of these matrices could be obtained. Although this model was 

designed to solve the distillation problem in its most general form, 

heat and hydrodynamic calculations were eliminated whenever possible 

by holding vapor and liquid rates constant and column hold ups constant. 

In this way the mass-transfer should not be masked by these phenomena. 

This was true in both experimental and numerical investigations.

After developing this matrix model and the appropriate mathema­

tics for solution, the model was tested under steady-state conditions. 

Then the model was applied to simplified situations using simplified 

vapor-liquid equilibrium data and varying efficiencies to determine 

the gross effects efficiency might be expected to have on response.

The model was then tested under completely general vapor-liquid 

equilibrium relations to determine appropriate time intervals of inte­

gration and convergence properties. Finally the model was tested

-13-
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against a real system - a ten tray sieve tower distilling a mixture 

of benzene, toluene and p-xylenc.

-14-
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II PROBLEM FORMULATION

Introduction

The most general mathematical formulation for distillation tower 

dynamics consists of a component mass balance and a heat balance for 

each stage of the unit. For N stages, including the rcboiler and 

condenser, and I components this gives N times I simultaneous differ­

ential equations relating components; that is, a mass balance for each 

component on each stage. A differential heat (enthalpy) balance may 

be written about each stage yielding N additional equations. To these 

basic sets may be added the problem dependent relationships such as 

vapor-liquid equilibrium, tray hydrodynamics, and tray pressure drop 

including its influence on tray boiling temperature. The main idea 

in this case was to isolate the Nxl component balances and to explore 

ways of solving these equations simultaneously, including in the 

solution the added complexity of non-ideal trays.

Generalized Component Balance

For a tower containing N total stages (with the overhead condenser 

being stage 1) and I components the unsteady-state mole balance on a 

tray n for component i is:

d (g y +G x ) - L x -(L x +V y +P x )+V y +f (2.1)
dt n i,n n i,n n-1 i,n-l n i,n n i,n n i,n n+1 i,n+l i,n

where: g , G = Vapor and liquid holdup on tray n,
n n

V , L = Vapor and liquid rates leaving tray n, n n

-15-
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n* xi n = ^aPor an^ 1 iquid mole fractions of component i

leaving tray n.

Pn = Liquid Product rate leaving tray n. 

f^ n = Peed rate of component i onto tray n.>
Written for trays 1 thru N and for components 1 thru I, N times I 

differential equations may be obtained. How, or if, these equations may 

be solved depends upon how the vapor compositions on the tray arc related 

to the liquid compositions. Most equilibrium data is correlated in the 

form of K values defined by

and liquid composition. For a given pressure and liquid composition the 

^i,n arc Unctions of temperature and can be determined by the bubble 

point calculation

the molar liquid holdup is much larger than the molar vapor holdup and that

the liquid holdup variation may be taken as zero over a time interval of

integration. Replacing y^ n by Eq. (2.1) becomes

^xn = ^n-lxn-l - ^'n+^n*'n+^n^xn+^n+l^n+lxn+l+fn (2.4)
^  'Gn nn ^

where the (i) subscript has been omitted for simplicity. Combining the 

quantities before the xn into the terms an, bn, and cn respectively and

1 i,n " i,n i.n

where y*^ n is the equilibrium vapor composition for liquid composition 

xi,n* The Kj n are functions of the total pressure, temperature, component 

(2.3)

Let us first consider the mass balance for ideal trays which by 

definition are equilibrium stages where; y^ n = y*^ n - Further assume that

-16-
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defining f* = f/G Eq. (2.4) may be written in the more simplified 

form

= an xn-l " bn xn + cn xn+l + ^n (2.5)

Written for trays 1 thru N this set of equations for a single 

component may be conveniently put into the matrix form

9 X1 bl C1 0

O•oo ^1
x2 a2 t>2 c2

o•••oo

x2 f2
d x3 s • « +
tit xn 0.. an bn o o o xn fn

XN 0 0 0 0 •. â i bj XN fN

or more succinctly,

dX (2.7)ar a 7oc f
Note that the matrix of the coefficients contains all of its non-zero

elements on the three central diagonals. Thus the matrix 7T is termed

tridiagonal or a Jacobi matrix. The properties of this type of matrix

are well known and it is this unique form which makes the assumption of

ideal trays so attractive. The solution of Eq. (2.7) will be shown in

Sections III and IV for the tridiagonal form.

With the added complication of non-ideal trays the development is

identical to the above up to the point where the equilibrium relationship,

y. „ = y*. = K. x. is substituted into the component mass balance.
1 i,n i,n i,n 1

If the Murphrec tray efficiency is used to describe the degree of approach 

to equilibrium, the efficiency relation and the liquid-vapor phase equili­

brium together determine the variation.of vapor compositions with liquid 

compositions. The Murphree tray efficiency for component i on tray n is 

defined as

-17-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



En,i = yn,i ~ yn+l,i
Kn,ixn,i _ yn+l,i

(2 .8)

This relation may be used to relate the vapor composition leaving a tray 

to the liquid composition on that tray and the vapor composition from the 

tray below when re-arranged into the form

yn ~ r'nKnxn + f1-I'n̂  yn+l (2-9)
*

Writing this equation for trays 1 to N gives the series:

yx = EjKjX ^  (1-Ej) y2 (2.10)

y2 s ^2^2x2 + (^”^2) y3 (2.11)

y^ = Kĵ x̂  .. For the reboiler (2.12)

Equations (2.10) thru (2.12) may be substituted into the component mole 

balance (in succession) and each vapor composition made a function of the 

liquid on the tray and trays further down the tower. That is,

yn = yn^xn,xn+l,xn+2'*•*‘XN^*
Written in matrix form, the N differential equations become

X1 al,l al,2 al,3 al,4 *•,al,N X1 *1

x2 a2,l a2,2 a2,3 .......a2,N x2

d
dt

•

xn S=
•

0 *an,n-lan,nan,n+i:,an,N

«

xn ♦
•

XN 0 0  0 ‘ aN,N-l a n ,N XN fN

(2.13)

The matrix of coefficients is now supertriangular having non-zero 

elements on, above, and one position below the main diagonal. This 

type of matrix is also referred to as an upper Ilcsscnbcrg matrix or an 

almost-triangular matrix.

-18-
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The appropriate algorithm for generating the matrix of coefficients 

is as follows:

a *» L /G n=2,3,4....N (2.14)
n-l,n n-1 n

a o -(V K E +L +P )/G------ n=l,2,3--- N (2.15)
n’,n n n n n n n

a = (V -V (1-E ))E K /G (1-E ) (2.16)
n,n+p n+1 n n n+p n+p n r=p-l r

where n=l,2,3..n-l and p=n+l...N for each value of n.

The efficiencies and the K values are understood to have the subscript 

i indicating component. For I components there are I matrices identical in 

form. That is I matrix equations of the form

dX = A X  + F  i=l,2,3..I (2.17)
dt i

In the following section the solution of these equations will be 

explored.

-19-
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Heat Balance

Liquid and vapor rates through the tower are determined by the 

heat balance, which for stage n, may be written as

dt^^n®n+^nSn^n^" ^n-l^n-1**(knHn+Vnhn)Hd.n+;jHn+2-PnHn+FnlJn'tQn (2.19)
*

where

T^” The heat content of the tray material,

Un« the molar liquid enthalpy for the liquid on tray n, 

hn“ the molar vapor enthalpy for the vapor on tray n,

Qn» the rate of heat addition to tray n,

Ilf* the molar enthalpy of the feed to tray n,

Fn“ the molar feed rate to tray n

Gn, gn" liquid and vapor holdups respectively.

An equation of this form may be written for each stage of the process, 

n**l,2..N. This set of heat balances is related directly to the 

component balances since the composition on the tray determines the 

molar enthalpies in Eq. (2.19).

- 20-
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Ill SOLUTION OF THE MATRIX EQUATIONS

Introduction

In Section II the component mass balances for a tray were derived 

and it was shown how these equations could be put into the convenient 

matrix form.

dX » A X + F i*l,2. .1 (3.1)
dt1 1 1

In this section the methods used to solve these equations for the 

dynamic and steady-state cases will be presented. Methods for ideal and 

non-ideal trays are included for comparison and completeness.

Steady-state Solutions

At steady state the equations representing the component balances 

become; (i»l,2..I) where the elements of the coefficient

matrices are functions of the liquid and vapor rates, equilibrium constants, 

and ultimately of the Xj[, For fixed feed rates, reflux ratio and product 

rates, Amundson ( Q  has developed an iterative method of solution to these 

equations. The basis of his solution is presented below, where the details 

of the computational techniques have been postponed until Section IV, 

"Numerical Methods."

As a first approximation, constant molar overflow is assumed and 

liquid and vapor rates computed accordingly. A rough guess of the top 

and bottom stage temperatures and the assumption that tray temperature 

varies linearly with tray number assigns a temperature to each tray of 

the tower. With the flow rates and temperatures in handjK values may be

- 21-
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computed for each component on each tray and the coefficient matrix formed

for each component. The equations A^X^* “^i, (1*1,2..I) are solved

individually for the mole fraction of each component on each tray. Having
\

the compositions, revised estimates of tray temperatures may be made along 

with revised estimates of liquid and vapor rates. Now new coefficient 

matrices may be computed and the whole process repeated until convergence 

is reached. Convergence is achieved when the sum of the X^ (1*1,2..I) 

as computed from the separate matrix equations equals the identity vector 

and the sum of the KjiXi (1*1,2..I) on every tray equal 1.0 (plus or minus 

a tolerance of convergence).

Many authors write the steady-state solution of Eq. (3.1) in the form 
_  _-l _
xi " ”Ai (1*1,2..I). This is believed to be somewhat misleading in

that it implies the way to compute the X^ is to invert the Ai. While 

mathematically accurate this is a poor technique numerically. With or 

without tray efficiencies, the matrices (Aj, 1*1,2..I) contain large 

numbers of zero elements and the equations AjXj. * -Fj_ may be more easily 

solved using elimination algorithms.

For ideal trays A. is tridiagonal with all of its non-zero elements 

lying on the three central diagonals. With non-ideal trays A. is super- 

triangular and contains all of its non-zero elements on and above the 

three central diagonals. Solving with the elimination algorithm proceeds 

in much the same way as one would solve the N linear, simultaneous equa­

tions represented by each matrix equation by hand computation. Starting 

with the last equation (the Nth row), x^ may be made a function of

- 22 -
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and fjj. The variable xjj may then be eliminated in each of the other 

equations which contain it. Working up through the rows x^_i, xn-2, 

xN-3**x2 are clioinatecl (in sequence) and the value of x^ computed. Back 

substitution into the equations used to eliminate each Xĵ  gives X2 to Xjj.

Elimination Algorithm for Tridiagonal A

For the set of N linear equations represented by the equation, AX ■ -F, 

where A is tridiagonal the following algorithm holds for solution:

. 0 

. 0 

. 0 

0 aN-1 bN

As the coefficients of the matrix are operated upon, the old values are 

destroyed. Let the starred quantities stand for the new values and unstarred 

for the old.

Define: c$ - I b ^  , fj - /b± (3,2)

Now operate upon each row of the matrix^letting:

*1 C1 0 0

a2 b2 c2 0

0 a3 b3 c3

ci+l ” ci+l/(bi+l“ai+lci ) 

and, fj+1 - (*i+i~ai+lf /(bi+l-ai+lci) 

from i"l to i » N-l.

Now back-substitute to obtain each x by:

r**N "fN

and, x^ “ fi~cixi+l » N”1 to ^

(3.3)

(3.4)

(3.5)

(3.6)
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Elimination Algorithm for Supertriangular A

The solution for the supertriangular matrix is entirely analogous to

the solution presented for the triangular matrix. The only difference is

in the number of operations which must be performed. This method is easily

visualized by thinking of the matrix terms as coefficients in a system

of linear'equations. Each row of the A matrix contains the coefficients

of a single equation. For the set of N linear equations given by the

matrix equation___________ __
AX = -F (3.7)

where X and F are column vectors of length N, and A is a supertriangular

matrix of order NxN, the very last row contains only two non-zero elements,

a„ , and a . The second last row contains only three non-zero elements N,N-1 N,N
and they are in the last three row positions, aM . M 9, a , and

a . And so it goes up the rows of the matrix, with each preceding row
n - i , n

containing one more element to the left-hand side of the matrix than the

previous row. Using the last row, the equation

a x + a x » -f (3.8)
N.N-l N-l N,N N N

or x = -f /a - a x /a (3.9)
N N N,N N.N-l N-l N,N

may be used to eliminate x in each equation (matrix row) above the last
N

one (row N). Now the system contains N-l equations and N-l unknowns. If 

the process is repeated using row N-l, x may be eliminated and so on up 

to equation 1 where the process terminates with one equation and one 

unknown, x . The value of x^ may then be substituted into each succeeding 

equation which was used in the elimination steps and X2» x^, x^, x^
t
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computed. In terms of operations upon the matrix A and the column vector

Fjthe sequence is as follows. Note that the original matrix is destroyed

as the coefficients are eliminated. Let starred quantities refer to new

values in the matrix and unstarred to the previous values.

For i « N, N-l 2 define:
» %

« fi/a^i , and hj « “ai,i-l/ai,i (3.10-3.11)

For each i update the matrix and vector according to: 

aj,i-l aj,i-l + aj,ihi * ..i-1 (3.12)

fj - fj - aj>lEi , j*l,2,..i-1 (3.13)

After eliminating all rows except the first, compute 

xi“fl/all ant* back-substitute to obtain the 

rest of the x^ according to

xi”8i + hixi-l » i"l»2,..N. (3.14)

Dynamic Solutions

The unsteady-state solution to the sets of matrix equations

dXj=AjXjL+Fi (i»l,2..I) must in general be iterative since each A^ is a 
dt
function of all components and the relationship is implicit. This is 

mainly because the elements of A± contain the K values,but could also be 

because of variations in the liquid and vapor rates which also enter into 

the Ai. An iterative procedure,which takes each A^ constant over a time 

interval of integration,is accurate only if the errors generated cancel 

rather than accumulate with each succeeding iteration. For stable physical
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systems, which follow this first-order equation,it is not uncommon for dX
dt

to be quite sensitive to X,and an iterative procedure to lead to quite

different end points,depending upon the variation in X over the interval.

Furthermore, these errors can (and for distillation problems do) accumu- .

late very rapidly. Fig. 4 shows how a solution would behave if dX, were
dt1

computed from conditions only at the initial point of each interval of 

integration. In this case the error in the slope increases as the error 

in X increases.

Sargent —̂ ^has investigated a variety of methods of integration.

Among those tried are Runge-Kutta, Euler's, and various predictor-corrector 

types. The method he found to be superior is an iterative scheme which 

accounts for a linear variation in the coefficient matrices over each 

time interval of integration. Sargent's formulae and method are pre­

sented below. For a formal mathematical derivation the reader is referred 

to Ref. ( 26).

For the sets of matrix equations represented by

|fi- AjXi + Fi i-1,2..1 (3.15)

assume the coefficient matrices A^ nay be represented as linear functions 

of time over an interval of integration. Then A^ « +C^t where B^ and 

Ci are matrices of constant coefficients. Similarly, each feed vector is 

approximated as a linear function of time over a small interval as 

= Rjl + S^t where %  and are constant vectors. Substituting the 

linear expressions for A^ and F^, Eq. (3.15) becomes

- (Bj+CAt)Xj+Rj+Sit i“2,3..1 (3.16)
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Sargent has solved this equation for constant B£,C£,Rj_, and > and after 

truncation of terms in t2 and higher^ his solution is
_  _  t _  _  _  _rf _  n _
X±(t)“ e x p ^ t )  I  (I+l/2Cit )Xi(0) +B^ j -(Bi Fi+l/^Sjt ) (3.17)

where: _
X (t)-X (0) at t*=0,

I ■ the identity matrix,

the inverse matrix of B^.

In solving this equation the initial conditions are always known and 

the B^ are readily computed from B^» A-ĵ O). As a first approximation

may be taken as zero and Eq. (3.17) solved for X^(t)j which at the end of 

the time interval is X-j^AO* Having the approximate conditions at the 

end of the interval the may now be computed according to Cjw

(Ai(At)~AjL(0))/At» Eq. (3.17) may be solved again, this time including 

the Ci  in the solution, which produces refined estimates of X^ (At) and 

hence a refined C^. The sequence is repeated until the X^ (At) as 

computed from two successive iterations arc sufficiently unchanged. Note 

that Eq. (3.17) must be solved for each component present since it is a 

component balance. While the component balances are not strictly inde­

pendent since their sum is the total mass balance^all equations must be 

solved to maintain corresponding orders of accuracy for each component.

More will be said about this in the following section.

For a step-change in feed composition, in Eq. (3.17) equals the 

zero vector and after replacing expO^t) with its equivalent diagonalizcd 

form Eq. (3.17) becomes

Xi(t)» E^expCAi O  Ei{(I+l/2Cit2)X1(0)+B1Fi] (3.18)
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where:
is the diagonal matrix or eigen values,

Ej_ is the NxN matrix of eigen vectors, 

and EĴ - is the inverse of Ej[.

It is the computation of the eigen values and eigen vectors of the 

Bj_ matrices which represents the major computational effort involved in 

the numerical solution of Eq. (3.17). A good point concerning Sargent's 

method is that this need be done only once for each interval of integration, 

in that each is computed from conditions at the beginning of the interval 

only.

As shown in Sec. II,when ideal trays are assumed the coefficient

matrices are tridiagonal. For the tridiagonal matrix where, as for

distillation, the elements along the central diagonal are negative and

those along the two adjacent diagonals are positive, the eigen values are
(14)negative real numbers. — Methods of computing the eigen values and eigen 

vectors of tridiagonal matrices have been well developed and will not be 

dealt with here. For a complete discussion of these methods see Refs.

2 and 33.
(3 3)

For the supertriangular matrix Hyman v— ' has devised a method for 

finding the eigen values and vectors, llis method is easily programmed 

and results in a great savings of time and effort, and is described below.

(33)Hyman's Method —

Written in the left-handed system^the eigen value problem i3 as 

follows:
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For the NxN matrix B^ find the diagonal matrix./^; and the NxN matrix
I

such that

(3.19)

Eq. (3.19) may be written for each individual element of the diagonal 

matrix,say , and each row of the matrix Ej[ as

Ê jB̂ ** A^jE-j^ (3.20)

where E^j is a row of E^ and is an eigen vector. Similarly Aij is a

scalar element of the diagonal matrix A^, In order to satisfy Eq. (3.20)

Aij must satisfy the relation det (Bj_- \l)=Q. Hyman's method consists

of constructing a simplified function having the same roots as det(Bi-Xl)*

however, which is much easier to evaluate.

Elementary row transformations may be applied to a matrix without

changing its determinant. If multiples of rows 2 to N are added to row

1 of (Bi- Xl) its determinant remains unchanged. Accordingly ki, k2,...kN

are defined such that, if we replace the first row of det(Bi- Xl) by 
,N ___

I + X_ (k. • roWi). the first N-l elements vanish. Then 
i=2

det (Bi- A T )  = (-l)N+1b2lb32b43..bN,N-l(bl,Nkl +b2,Nk2.**

••O’N.H” A ) % )

where the simplified function having the same zeros is f(A) defined as

f ( A) c(b]>Nk1+b2 fNk2... (bn ,n“X)kn)
The relevant algorithm for the k^ is: 

ki^l

ki+l“ <bi, lkl+b i, 2k 2 • • * <bi, i"X) ) /bi, i-1

where i“l,2,..N-l
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XAn important aspect of Hyman's method is that os A  approaches a true 

eigen value A i j  the k^ approach the elements of the row eigen vector 

for A i j -  That is, the k^ become the elements of each Eij.
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IV NUMERICAL METHODS

Introduction.

In this section the numerical methods which were used to generate 

solutions to the matrix equations are described. The equations themselves 

have been developed in Sec. II and some of the pertinent algorithms for 

solution have been developed in Sec. III. The numerical methods consist 

mainly of iterative methods,vrhich become necessary at various points in 

the problem,when a trial and error approach is needed. In the steady-state 

solution Admundson's method (an adaptation of Newton's iterative method) 

is used to adjust an assumed temperature profile for the tower until the 

component mass balances and heat balances are satisfied on each stage of 

the tower. In the dynamic solution Newton's iterative method is used with 

Hyman's method for evaluating the determinant of a matrix and to locate the 

eigen values of the matrix. Each of these techniques,and others,are described 

below.

Steady-State Solutions

The solution of the steady-state distillation problem begins with the 

assumption of constant molal overflow and the computation of liquid and 

vapor rates. Next, an assumed temperature profile is assigned to the tower. 

For lack of better estimates a linear profile is usually taken. The 

matrices of coefficients may then be formed for each component using the 

algorithm presented in Sec. II, and the linear set of equations AiXj- -F* 

solved for the composition of each component on each tray. Solution
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algorithms for these equations are presented in Sec. III. If the correct 

tray temperatures and flow rates had been chosen the total mole balance

on each and every stage of the tower and the flow rates, as computed from 

the compositions and enthalpies, would not change from one iteration to 

the next.

In general, these relations will not be satisfied and corrections 

must be made to the liquid and vapor rates and to the tray temperatures. 

Using normalized liquid compositions and normalized equilibrium vapor 

compositions (y* the efficiency definition Eq. ( 2 ^  may be used to

compute the actual vapor composition leaving each tray. The tray temp­

eratures are then adjusted according to Amundson's iterative formula

where the star refers to the old value and the Xj_s are the unnormalized 

liquid mole fractions.

After computing the new compositions and temperatures the enthalpies 

are recomputed and the liquid and vapor rates adjusted by the heat 

balance. A new matrix of coefficients is then computed and the entire 

process repeated untilXT xi.»l a n d ^ T  Kixi-l for each tray.

Dynamic Solution

If the component matrix equations were indeed linear, including the 

variation in K values, then only 1-1 of the equations for I components 

need be solved. The Ith component could be computed by difference since

bubble point relation ( would be satisfied
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the sura of the mole fractions on each tray must equal 1. We know, how­

ever, that the equations are highly nonlinear and widely different 

magnitudes of mole fractions may occur on the same tray. For instance, 

a tray in the stripping section may contain a light component in 10“  ̂

raole per cent and heavier components on the order of 30 to 50 mole per 

cent. If the concentration of light component were computed by difference 

it would be folly since proportional accuracy due to significant figures 

could not be maintained. Solving each component matrix over a time 

interval and normalizing the mole fractions allows for the same percent­

age error in each composition; moreover, trace components may be followed 

as well as the major components.

In matching the linear variation of the component matrices at the 

beginning and end of an interval regular iteration is used. For 

XjL-D^+C^t, is assumed to be zero in the first iteration and Eq. (3.17) 

used to compute the Xj[ ( A fc) at the end of the tine interval. Using 

conditions at the end of the’interval of time and knowing Blt the matrix 

C± may be computed and the solution repeated and C* further refined until 

the Xj. ( A c) cease to change.

Root Search in Hyman*s Method

As shown in Sec. Ill Hyman's method provides a simplified function 

f( \) having the same zeros as the function det(B-Xl). Moreover the 

function f( X) is term by term differentiable and f'( \) may be computed 
by differentiating the algorithm for f(\). Newton's iteration formula 

with \p+i« ^\p -f( Ap>/f,< ^p) provides an excellent search
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technique for locating the roots of f(X)* Here the subscript p refers 

to the iteration and\p+1 is the new value and\p the old. Once a 

particular eigen value, say\r  has been found, steps must be taken to 

insure that the search does not converge to the previously found value 

again. Synthetic division by the previously found factors of the function

prevents-this.
In evaluating the i-th eigen value, with i-1 eigen values having

been found, let g <X)-(X-X,) (X-X2) < k - \ )  .....k \ - l > ‘ Ihe ne”

function for search is then hfo-fdO/g&O "aving the same teros as ft 

Newton's iterative formula, applied to this new function, becomes

xp+i - V  f(\)/«'(\)-«\p) f C4-2)
where, as before, p+1 refers to the new and p to the old value of .

Eq. (A.2) provides the basic iterative formula for determining the 

eigen values. In Eq. (A.2) C ( k )  remains exactly as given in Hyman's 

method. The derivative of f (\) may be computed from the following

algorithm.
(4.3)

Define d^ =0 and

then d = 2 Z  b id + <bi - ^ )di"k±)/bi+l,i i's2’3 “ N"1 (A,A)i+1 p i  P * 1  P  1 > i

and f ’ (X>= bp Ndp + ^ N . N ^ ' V kNp 1 P,N p ^  (33)

The eigen values of B are bounded by the maximum row modulus of B.

This provodes a convenient starting point for the search for the eigen

values. That is, , . |, I (4.6)

max ° maX
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„fliue is negative and nearly always a pure realFrom experience, the value is g
„ „Qod idea to assume that the eigen values arenumber. It is generally a good

nrnVjipms are encountered and then 
all real numbers until convergenc p

u Tt raav be shown from the Cauchy- Riemann switch to a complex search. It m y

conditions that,as long as 1(A) *  an analytic function, M c W s  

Iterative formula and Eq. (4.2) apply equally well to complex or real 

numbers. (Even though the variables are labeled as COMPLEX in the machine 

program,computation is more rapid if the complex part equals 0.0)

(39)
Inversion of the Matrix of Eigen Values

u values must be real numbers and so must theWith ideal trays the eigen values
d • row eiren-vectors. With non-ideal trays no elements of the matrixes of row eigen

such assumption may be made, and allovance must be made for complex 

elements in the matrix of eigen vectors and its inverse. The Inversion

method must also handle complex quantities.
j « rsnlumn elements written in COMPLEX Elimination with pivoting on column

^v-ncrrammed and provides a good general programming notation is easily prog
i ^1) may be used to save computer

inversion routine. Newman s method
storage space by p eiforming all of the row transformations on the ( )

by N matrix ( T O  uhere i is a column vector of length H with zeros in
d .1,0 Tfiw beine used for elimination, 

ell positions except the position in
u cfono of elimination the columns of 

This element is unity. After each B
,--- , . .ho iGft column 1 being discarded and a(B,i) are shifted one place to the lef ,

_ „ Uoon completion of the elimination
new unit vector entered in column N+l. P ^

If1 is in the space previously occupied by B.
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V PRELIMINARY NUMERICAL RESULTS

Introduction
In this section preliminary tests conducted with the mathematical 

model are presented. These include the testing of the numerical methods 

and using the model in a simplified form to acess the effects of 

efficiencies upon tower dynamic response. Criteria of convergence and 

the average number of iterations needed for convergence are presented in 

tabular form for all of the iterative loops in the steady-state and 

dynamic calculations in Table A of Appendix A.

Verification of the Numerical Method

In problems of this size and completely accurate mathematical method 

is no garantee that a numerical solution can be realized. Parts of the 

problem may be so sensitive to round-off errors that, unless an interminable 

number of significant figures is carried in the computations, the final 

answers are meaningless. For the methods used in this thesis the most 

sensitive are the calculation of eigen values and vectors, and the inversion 

of the matrix of eigen vectors. It is frequently suggested that once the 

eigen values have been found, back substitution into the equation E^B^® E^ 

may be used to solve for the eigen vector elements.^—  ̂ Wilkinson
9

has shown that even if the eigen values are accurate to 1 part in 10 the 

elements of the eigen vectors computed in this manner maybe, "hopelessly
•

inaccurate". To check the method used, after computing the eigen values 

and vectors according to Hyman's method, each side of the equation; E^B^® E^ 

was computed separately and the worst agreement on any element was 1 part in

-37-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



310 . This occurred in the last element of the eigen vectors of the largest 

and least significant eigen values. The eigen values were computed to 1 

Part in 1C& .

The matrix inversion method was tested by computing the inverse matrix 

E and multiplying it by the original matrix E to form CIEET^ If there 

were no roundoff error C should equal the identity matrix, I. As computed 

for the matrix of eigen vectors the elements along the main diagonal were 

within 1 part in 10^ of unity and the "zero elements" were all less than 

3 x 10“5.

Check solutions for eigen values and vectors are readily obtained
/<) A f A\

from several texts and can be used to check numerical methods. — ’—

A simple working method, which can be computed with little extra effort,

Is a trace check of the matrix before and after diagonalization. If the 

eigen values are correct the sum of the eigen values should equal the sum 

°f the diagonal elements of the original matrix. While this does not 

guarantee that cancelling errors have not been made, it is a quick and 

easy method which can be used on every matrix solved. Agreement to 1 part 

in 10^ was obtained for matrices with and without complex eigen values.

General Effects of Efficiencies

Using a simplified model, which assumes a constant matrix of coefficients 

for each component, the response for a hypothetical distillation tower 

distilling a mixture of normal hexane, heptane, and octane was simulated 

with various tray efficiencies. Using equal component and tray efficiencies 

°f 100%, 75%, and 20%, response to a step change in feed composition was 

computed for each efficiency. The feed change was identical in all cases
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as wars the teed rate, product rates, reflux rate, etc. The selected

efficiency was the same for all components on all trays and the initial

and final steady states were taken as the true steady states p

on the basis of each respective efficiency.

Figure 5 shows the percent complete response vs. time for each

case as seen at the distillate stream for the component K-octane. This
„ , nf all of the components on any ofis representative of the response

.■ r. oil nf the trays the response, as measuredthe trays of the tower. On all ol tne
e u n a o-r the time for 90% response, incr— either by the initial rate of change

Cased with separation efficiency. For separation efficiencies of 20% 

the response was an order of magnitude slower than for ideal trays.
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V I  EQUIPMENT

.Introduction

Since the matrix method of solving distillation tower dynamic 

problems has received little numerical and no experimental verification 

it was decided that this study should be complete and that some 

experimental work be performed. The intent of the experimental work 

was to show that the concept of using a Murphree efficiency for each 

component on each tray was a workable one arid that the numerical methods 

used in the calculations were stable and gave results consistant with 

observation. In order to best demonstrate the mass transfer effects 

the dynamic studies were confined to determinations of tray response 

for step changes in feed composition at constant feed flow rate and 

oonstant tower conditions. This, in effect, kept the flow rates constant 

and therefore the tray hold-ups constant and limited changes to composition.

In selecting an experimental system the qualities desired were:

VeH  known physical properties, simple vapor-liquid equilibrium relations, 

easy to analyze, and distillable under atmospheric pressure with steam 

as a heating medium and tap water as a coolant. The system of benzene, 

toluene, p-xylene satisfied all of the'above requirements and was chosen. 

Ihis system had some other advantages in that it was non-corrosive, cheap 

and readily available, and was quite stable. The only drawbacks were 

the systems toxic attributes and its flamability.

The distillation equipment used in this study was designed and 

built by the author expressly for studying tower dynamics. The unit is
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a small pilot model with a A-inch diameter, 8-tray tower; partial 

reboiler and total condenser. A photograph of the tower and associated 

equipment is presented in Figure 6 and a diagram in Figure 7. This 

particular size of tower was chosen on the basis that; it provided 

a rate of response measurable by ordinary sampling methods, was econo­

mical as to the tower, heat exchangers, and flow meters, reached steady 

state in a reasonable period of time, and could operate with an economi­

cal and safe amount of chemicals. By combining the product streams in 

an agitated sump and recycling the combined products as feed, the unit 

had the capability of being operated continously on as little as 5 

Ballons of liquid.

Feed to the tower was from two sources, either from the product 

sump via a constant head tank, or from a separate feed tank. The feed 

entered the tower on the fourth tray from the top and the products were 

drawn from the reboiler and condenser. The feed, bottoms, distillate, 

and combined distillate and reflux were metered with rotameters.

The calibration charts for the flow meters, component hold-ups, 

and tower pressure drop are in Appendix D. A more detailed description 

the major components of the experimental unit follows.

■distillation Tower

The tower was constructed of nine 8-inch nipples of A-inch, Sch. AO, 

®teel pipe. Each nipple was screw fitted to a standard set of companion
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Figure 6 Photograph of the experimental
unit showing the tower, reboiler condenser, 
sump tank and panel board. The feed tanks 
are above the condenser and are not shown.
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flanges to form thimbles, with nine stacked thimbles forming the tower. 

Six-inch-diameter aluminum trays were set between the connecting flanges 

and held in place by the compression of the flange bolts. Tray details 

are presented in Figure 8 .

Each tray section was equipped with liquid and vapor sample taps.

Made of 1/8-inch copper tubing, the sample taps were extended through the 

tower wall with bulkhead adaptors to select samples directly from the liquid 

and vapor streams. This prevented the samples from being contaminated by 

selectively condensed liquid on the tower wall. The liquid sample was 

drawn from a point 1/2-inch below the lip of the outlet weir and the vapor 

sample was taken one inch inside the tower wall and 6 inches above the tray 

floor. Design data for the tower and trays is presented in Table 1.

Reboiler

The reboiler was constructed of a 16-inch length of 10-inch, Sch. 40, 

steel pipe with welded, flat heads of 3/8-inch steel plate. The bottom 

flange on the distillation tower bolted directly to the top head of the 

reboiler and there was nc> tray at this junction.

A helical copper coil,1/2-inch O.D. and 20 ft. in length,formed an 

°utside heat transfer surface of approximately 2.0 sq. ft. The volumetric 

calibration for the reboiler is presented in Appendix I) .

.CondensPT

Manufactured by the Vulcan Copper and Supply Co. of Cincinnati, Ohio, 

the condenser was constructed entirely of copper. The unit was horizontal, 

single pass, counter-current with cooling water in the tubes, condensing 

VaPor in shell. The shell was 3 inches in diameter and 31 inches long. It
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TABLE I

Tower design data

Vapor rate

Liquid rate

Vapor density

Liquid density ►

Tower diameter 

Tray spacing 

Trays
Superficial vapor velocity 

Total tray area 

Weir length 

Weir height 

Oowncomer area 

% Free area 

Perforations 

Perforation velocity 

Perforation factor 

Head over weir 

Downcomer velocity 

Pressure drop per tray 

Downcomer buildup

0.126 cu. ft./sec. (1.0 moles/hr.) 

0.460 g.p.m. (2.0 molcs/hr.)

0.210 lb./cu. ft.

50. lb./cu. ft.

4.0 in.

8.0 in.

8 cross flow, perforated 

1.45 ft./sec.

12.5 sq. in.

2.36 in.

1.0 in.

0.65 sq. in.

3.3%
34 per tray (1/8” on 3/8” pitch)

43.6 ft./sec.

20.6 ft./sec. (lb./cu. ft.) % 
0.18 in. C.T.L.

0.33 ft./sec.

4.6 in. C.T.L.

5.8 in. C.T.L.

Reboiler
Minimum heat duty 13,000 Btu/hr. (A!>v f°r l-°

Resign duty 20,000 Btu/hr.
Required area 2.0 sq. ft. (based on 150 Btu/hr. sq. ft. °F.U.T.C.)
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contained seven 1/4-inch ID tubes on a 3/4-inch triangular pitch for an 

inside heat transfer area of 1.14 sq. ft. To facilitate condensate removal 

the unit was mounted approximately 5° from true horizontal.

Special Design Considerations

Since the purpose of this thesis is the investigation of factors 

affecting mass-transfer it was desired to keep heat and holdup effects 

ninimal. This was done by designing the trays to operate at very low 

liquid loads with a long outlet weir. This low liquid loading per inch 

of outlet weir (0.15 gpm/inch) maintained an extremely low liquid crest 

over the weir and consequently very little change of tray liquid level 

with liquid throughput. For the maximum expected change of loading of 200 

to 500 cc/toin. the total liquid height increased from 1.015 to 1.03 inches.

Operating at atmospheric pressure with an eight-inch tray spacing and 

a one-inch weir height provided a volumetric holdup of liquid to vapor of 

1:7 versus a liquid to vapor density ratio of approximately 170:1. This 

put about 95% of the tray holdup in the liquid phase which is in line with 

the assumptions made when deriving the dynamic equations in Section II.

To minimize heat losses to the atmosphere the entire unit was insulated 

with 2 inches of fiberglas and covered with aluminum -paper laminate.

Bottoms Cooler

To keep the bottom product temperature within the calibration range of • 

the flow meter and for the sake of safety, the bottoms product was withdrawn 

through a double-pipe heat exchanger. Constructed of 1/2-inch and 1/4-inch 

Sch. 40 pipe mounted concentrically, the 3-foot long unit afforded about
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0.32 sq. ft. of external surface for heat transfer. Cooling water was used 

as a coolant and the flow of both fluids was upward for venting purposes.

Water Coalescer

Since small quantities of water tended to accumulate in the unit over 

long periods of time some method of collecting the water was needed. Any 

water present was taken overhead when the unit was in operation and was 

gradually concentrated in the condensing section. To collect the water 

as it was driven to the condenser a coalescer was provided at the lowest 

point of the reflux return line. This little sump made of a 9-inch 

section of 1/2-inch pipe hung vertically down from the 1/4-inch return 

line and performed in an admirable manner. It was connected to the return 

line with a "T" and had a drain cock at the bottom.

Instrumentation

Every stream in and out of the unit was flow metered. Rotameters 

were used throughout and they were calibrated under actual operating 

conditions with pure benzene at 82°f . The streams measured were : the feed, 

combined reflux and top product, and bottom product. In-line thermometers 

were installed ahead of each rotameter.

Tower pressure was measured both in the reboiler with a bourdon gage 

and in the condenser with a mercury manometer. The manometer was the prime 

indicator of tower pressure and the reboiler gage was a safety feature.

Steam pressure to the reboiler was measured with a bourdon gagê  which had been 

dead-weight calibrated to + 0.3 psi.

The reboiler and trays 1,3,5, and 7 were equipped with iron-constantan
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thermocouples which were connected to an L&N multi-point recorder. The 

thermocouple beads were wired to the trays (external to the tower) and 

did not contact the liquid or vapor. They were used for monitoring the 

tower during heatup and were invaluable in determining the state of the 

unit.

-50-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



VII EXPERIMENTAL PROCEDURE

General Comments

Three types of distillation runs were made; determination of tray 

efficiencies at total reflux, determination of tray efficiencies with 

continuous feed, and dynamic response from steady^state conditions caused 

by a step change in feed composition. Trial runs for each of the above 

types were made with a binary mixture of benzene and toluene. This was 

done mainly to get some idea of the speed of response of the column and 

a feel for the manual control and analysis.

All distillations were conducted at one atmosphere pressure as 

measured at the condenser and with 50°F to 70°F subcooling of the reflux. 

This brought the reflux and distillate streams down to 120°F for metering.

A bottoms cooler was placed before the rotameter at the bottom draw off 

to keep this stream below 100°F» With the effluent streams cooled to 

these temperatures they could be combined in an agitated sump and recycled 

as feed within 5°F of room temperature. Also the stream metering could be- 

conducted reasonably close to calibration conditions (pure benzene at 82°F).

Total Reflux

Total reflux provides a quick and comparatively easy method of deter­

mining tray efficiencies using tray liquid compositions only since y ^ i ^ n *

The liquid samples are generally more reliable than vapor samples since 

they are less sensitive to flash and can be obtained more quickly. After 

aPproximately two hours of refluxing, steady state was reached and samples 

°f the eight trays plus the reboiler vapor were taken. These samples could
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be taken in about 10 minutes.

Continuous Distillation

To achieve a continuous steady-state distillation, the bottoms and 

distillate were combined in the agitated sump and recycled as feed until 

steady state was obtained. This normally took about three hours after 

refluxing started. The volume of liquid in the sump during the recycle 

operation was about AOOOcc, and for the feed rates used, this gave a tank 

turnaround time of 20 minutes. A multi-point recorder was used to monitor 

the temperature at trays 1, 3, 5, 7 and the reboiler and gave a reliable 

indication of when steady state had been reached.

Step Changes in Feed

All of the dynamic changes introduced were step changes in the feed 

composition at constant feed rates, product rates, and reflux ratio .

After reaching steady state with recycle feed from the sump, two quick 

closing valves were switched just above the feed rotameter. This switched 

the feed supply from the sump to a separate 5 gallon supply tank. Control 

of the tower during the period of transition was done manually, and after 

a little practice, could be done to within 5% of the desired values.

Sample Taking

To prevent selective flash-off all liquid and vapor samples were taken 

through cold traps constructed of about 5 inches of 1/8-inch 0D tubing 

immersed in a container of ice water. The sample emerged from the cold 

traps into covered 10-cc sample vials filled with 3 mm glass beads to 

provide a large, cold surface for condensation and cooling. The sample
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vials were also cooled in ice. After clearing the line, samples of 1 to

3 cc of liquid were taken and tightly capped.

Time Delays

Since approximately 86 inches of 1/4-inch pipe runs from the quick 

closing valves where the feed change is made to the tower feed inlet, the 

step change as seen by the tray is not instantaneous. Computed on a plug- 

flow basis this amounts to a time delay of approximately 20 seconds. Moni­

tor of the feed tray temperature indicated about 30 to 40 seconds which 

gave a reasonable check. An additional measurement delay exists in the 

sample cocks and sample lines which run inside the tower to the outlet 

weir lip of approximately 20 seconds. Since the dynamic measurements were

made over time periods of 40 to 90 minutes the total error introduced by

these time delays is slight beyond the first two or three minutes. To 

account for these delays a minute was subtracted from each real time reading 

after the step change.

Tower Kolduns

The reboiler was equipped with a calibrated sight glass,and volumetric 

holdup could be determined whenever desired in the course of experiments. 

Special calibration runs were necessary to determine the holdups of the 

condenser and trays.

Condenser holdup was determined by allowing the tower to reach steady 

state at a specified throughput and quickly cutting off the vapor supply by 

shutting off steam to the reboiler. The condensate was then drained into 

a graduated cylinder. This operation was performed with a vented condenser 

to prevent column vapor from being pulled into the condenser after the
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steam was shut off.

Tray holdup was determined by allowing the tower to reach a 

specified steady-state and quickly closing off both the steam to the 

reboilcr and the condensate return from the condenser. Average holdup 

T>or tray was then computed from the change in level of the reboilcr after 

drainage. In light of the low liquid loadings used in all of the deter­

minations it was reasonable that the main variable affecting tray 

volumetric holdup should be vapor rate rather than liquid rate. Thus 

these determinations were made at total reflux with varying vapor rates. 

This kept the column in a very stable situation which facilitated accurate 

measurement and kept all trays under as equal a vapor loading as possible.

Rotameter Calibration

All of the rotameters were calibrated by volume collection of pure 

benzene at 82°F. Calibration charts for the rotameters are included in 

Appendix D .

Analysis and Handling of Data

The experimental work required a large amount of data even for the 

10-stage, three-component system. Computer processing of the analytic 

data greatly simplified the process. The samples were analyzed chromato- 

Braphically and the area of each elution peak approximated with two 

triangular areas. Thus the complete chromatogram for a single sample is 

described in terms of heights and widths of six triangles. A sample 

chromatogram is given in Appendix E. The peak dimensions were punched 

cards and processed to obtain component composition.
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For the determination of component separation efficiencies a 

complete set of tray liquid and vapor data were processed to determine 

liquid and vapor compositions. An equilibrium vapor composition was 

computed for each liquid composition by a bubble point calculation and 

■component efficiencies computed according to the Murphree definition.

The original and processed data is in Appendix F.
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VIII PRELIMINARY EXPERIMENTS

Introduction

The preliminary experiments were done with the purpose of obtaining 

basic data on the experimental unit^ which are needed for a dynamic descrip­

tion of the unit. In this section all of the experimental results except 

those for the full dynamic tests are presented. These include: the 

determination of component tray efficiencies, tray and condenser holdups, 

and tower heat losses.

All determinations were made with U. S. P. benzene, industrial grade 

toluene, and practical grade p-xylene distilled at atmospheric pressure.

Gas phase chromatography was used for analysis and details of the analysis 

are presented in Appendix F . The original chromatographic data are given 

in Appendix E .

Component Separation Efficiencies

Tray efficiencies for the three components were determined at total 

reflux and with continuous feed through a range of superficial vapor 

velocities of 0.99 to 1.25 ft./sec.(vapor loading factors of 0.42 to 0.52 

ft./sec. (lbjj/ft.3)35)*. In each run all trays of the tower were sampled 

and a Murphree efficiency computed for each tray and each component. T 

data is presented in tabular form in Tables IF tc 5F > nnd a summary 

the average efficiency per run is presented in the following Tabl I 

Tables IF through 5F are in Appendix F.

The vapor load is defined as the superficial vapor 
Velocity times the square root of vapor density.
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TABLE II

Run Vapor Vel. Loading Average Efficiency
■»< f ti.l./ SQCit, Factor J&az£n£ Toluene n-Xvlene

14A 0.99 0.42 65.2 65.0 72.8

12A 1.04 0.44 61.5 64.5 60.6

12B 1.12 0.47 61.4 56.3 61.6

13 1.15 0.48 62.2 59.4 64.2

14 B 1.25 0.52 65.0 65.0 69.6

Overall Average 62.6 62.1 65.9

Since no appreciable difference was obtained between component 

efficiencies the efficiencies of all components were taken as 62.3% for 

modeling. This is the average of the benzene and toluene efficiencies 

which are more reliable since they are computed from a range of composi­

tions which can be more accurately analyzed. Many of the xylene effi­

ciencies are computed from compositions in the range of 2.0 to 0.05% where 

impurities may affect the accuracy of analysis.

Note that component efficiencies may not be computed independently 

since they are related through the total mole balance or 1. For an

I component system, if 1-1 component efficiencies are specified, then the 

ith is specified by the mole balance. Furthermore, if the 1-1 component 

efficiencies are specified as being equal, the Ith must also be equal.

Steady-State Model

The relative accuracy of the steady state model with ideal and non- 

ideal trays may be seen in Table Illwhere the experimental liquid and vapor 

compositions are given along with the computed values. While the total 

separation is not greatly different for the two cases, the concentration
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M o l e  fractions of benzene, toluene, and p-xylene
Computed Computed

Experimental_______   Ei,n « .623________   Ei,n =* 1.00
Tray XB xT xX XB xT Xx XB xT xX

D 0.7742 0.2249 0.0009 0.7727 0.2255 0.0017 0.7947 0.2053 0.0001

1 0.6342 0.3632 0.0025 0.6625 0.3340 0.0035 0.6015 0.3943 0.0006

2 0.5172 0.4780 0.0047 0.5433 0.4502 0.0065 0.4187 0.5794 0.0019

3 0.3870 0.6038 0.0092 0.4272 0.5615 0.0113 0.2792 0.7155 0.0052

* 4 0.2978 0.6853 0.0169 0.3259 0.6555 0.0186 0.1930 0.7943 0.0127

5 0.2619 0.7039 0.0342 0.2653 0.7007 0.0359. 0.1443 0.8271 0.0287

6 0.1644 0.8107 + 0.0430 0.1817 0.7742 0.0440 0.0736 0.8923 0.0341

7 0.1038 0.8444 0.0518 0.1180 0.8254 0.0566 0.0353 0.9172 0.0476

8 0.0552 0.8687 0.0760 0.0726 0.8518 0.0756 0.0161 0.9049 0.0790

B 0.0289 0.8239 0.1472 0.0317 0.8228 0.1455 0.0068 0.8459 0.1473

* Feed Tray + Smoothed data point.

TABLE III Actual and computed stage compositions for Run 13.
Feed: 42.6% ben., 50.5% Tol., 6.90% Xyl., 0.261 moles/hr.
Reflux Ratio 3.39, Distillate 0.139 moles/hr. Bottoms 0.122 moles/hr.



profiles differ by as much as 14% in the trays just above the feed where 

most of the separation occurs. Average deviation for the model with 

efficiencies is .0048 mole fraction and for the ideal model is .0137 mole 

fraction.

Holdups and Heat Losses

As determined by volumetric collection from the trays and condenser, 

after closing the steam valve to the reboiler, the average condenser 

holdup was 558 ml + 10 % over the range of condensate rates of 380 to 

450 ml./min.

Tray holdup was determined to be 121 ml. + 10% for each tray over 

the range of liquid and vapor rates of 0.5 to 1.2 moles/hr. This compares 

to a geometric volume of 199 ml. up to the tip of the outlet weir, which 

would mean the liquid pool was 40% aerated.

Total heat losses for the tower were determined by enthalpy 

balance to be 5040 btu/hr. for ambient conditions of 30 to 85°F.

Divided equally over the nine sections of the tower this becomes 560 

Btu/hr. per tray section.
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IX DYNAMIC RESULTS AND COMPARISONS

Introduction

In this section the predicted response to step change in feed 

composition is compared to actual response for a variety of operating 

conditions around the design load conditions of the tower. Predicted 

solutions with and without component separation efficiencies are included. 

In all cases the predicted response is based upon a predicted initial 

steady state for the feed, operating conditions, and efficiencies 

appropriate for the simulation. Thus, when ideal trays are assumed in 

the dynamic model, the original steady state is computed on the basis 

of ideal trays.

Ten response curves are presented in Figs. 9 to 18 , of which, 

three are for the binary mixture of benzene-toluene, and seven are for 

the ternary mixture of benzene, toluene, p-xylcne. The response of 

stages above and below the feed was measured since propagation occurs 4 

primarily through the vapor phase above the feed and through the liquid 

below. Individual stages were selected for sampling on the basis of 

their position in the tower and the expected magnitude of the composition 

changes. Random errors associated with the sampling of the turbulent 

Pool of tray liquid and the analysis made a high density of samples 

necessary. With the sampling and manual control of the tower flow rates . 

only one or two stages could be followed effectively on any given run.

One tray, however, characterizes the tower response since the response 

of each stage is dependent upon the response of every stage. This is
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true for the model as well as for the real tower.

In most cases the response is shown as mole per cent benzene versus 

time; for changes to lower concentrations of benzene the scale is in- 

• verted. This provides a better picture for comparing the different runs 

and better reveals the shape of the response curves and their non-linear 

nature.
In all of the predictions the holdups, heat losses, and component

efficiencies are as given in Section VII.

Discussion of Results

The response of the distillate was examined since it is usually the

controlled stream and is the furthest tray from the point of the disturb­

ance. Fig. 9 and 10 show the computed and experimental response to 

approximately equal changes in feed composition. The only differ 

in the two is the direction of the change Fig. 9 showing a change to 

a lighter boiling feed and Fig. 10 to a higher boiling. While a 

fit was obtained in the former, both show good accuracy in predicting 

the character of response as indicated by the shape of the response 

If the system were linear the curves would be nearly identical. This 

confirms the nonlinear nature of the response and indicates that the .

model is capable of accounting for it.

Figs. 11 and 12 show the response of the top tray to a change 

lighter and heavier feed, respectively. Again, the fit is reasonably 

good and the character of curves well matched. A poor match 

initial steady-state in Fig. 12 causes the curve to be high throughout

the response.
Over the range of feed compositions used the trays which underwent 

the most violent changes in composition were those just above the feed.
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trays 3 and 4. These would be good candidates for temperature control 

of the tower since they respond rapidly and greatly to changes in feed 

composition. Figs. 13 , 14 , and 15 show the response of these trays.

Trays below the feed initially respond by virtue of liquid propa­

gation down the tower. The changes in composition are smaller in the 

stripping section and the bulk of the change occurs faster and more 

abruptly than in the enriching section. Following the initial change, 

the slow rate of response reflects the dependence of the lower trays 

upon the reboiler response which is very slow. Figs. 16 and 17 show the 

response of tray 6 which is just below the feed and Fig. 18 the response 

of tray 8.

Comparing Ideal and Non-ideal Predictions

Comparing the predicted response for the ideal and non-ideal models 

may be like comparing apples to oranges if the initial and final steady 

states as computed with ideal and non-ideal trays are widely different. 

With the ternary mixture it is even possible for individual trays to 

respond in opposite directions to a given feed change when computed with 

and without efficiencies.

When used as a pure model the inclusion of component efficiencies 

must increase the accuracy since the non-ideal model contains everything 

that the ideal model contains and becomes the ideal model when the 

efficiencies are set equal to 1.0. If the ideal predicts better than 

the non-ideal the input data must be in error.

Figs, 10 and 11 represent the extremes in agreement and disagreement 

of the models. In Fig. 10 the steady states are similar and response is
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nearly identical. In Fig. 11 the response curves are quite defferent 

to the point of having nearly twice the speed of response for the ideal 

prediction as compared to the non-ideal. In general, the non-ideal model 

gives a better prediction and matches the shape of the response more 

accurately. In the figures the dotted line is the ideal prediction and 

the solid line the non-ideal.
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Response of distillate to a step 
change in feed composition.

Feed rate: 0.202 lb. moles/hr.

Distillate rate: 0.118 lb.moles/hr.

Bottoms rate: 0.084 lb. moles/hr.

Reflux Ratio: 4.36

Initial Feed: 30%, 64.4%, 5.6%

Final Feed: 51%, 43.3%, 5.4%

% Benzene, Tolu ene, p-Xylene

-64-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CO

ir\

M

- O
o

-65-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TI
KE

-M
IK

UT
ES



Figure 10 Data Set 20

Response of distillate to a step 
change in feed composition.

Feed rate: 0.202 lb. moles/hr.

Distillate rate: 0.113 lb.moles/hr.

Bottoms rate: 0.089 lb. moles/hr.

Reflux Ratio: 3.06

Initial Feed: 55.8%, 39.3%, 5.9%

Final Feed: 31.8%, 61.0%. 7.2%

% Benzene, Tolu .ene, p-Xylene

_ _ _ _ _ _  Ideal prediction

----------—  Non-ideal, E = 0.623n,i
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Figure II Data Set 17

Response of tray 1 (top) to a step 
change in feed composition.

Feed rate: 0.276 lb.moles/hr.

Distillate rate: 0.149 lb.moles/hr.

Bottoms rate: 0.127 lb.moles/hr.

Feflux Ratio: 3.06:1

Initial Feed: 50.1%, 44.1%, 5.8%

Final Feed: 31.5%, 60.2%, 8.3%

% Benzene, Tolu .ene, p-Xylene

- - - - - - -  Ideal prediction

------------ — Non-ideal, E = 0.623
n,i

- 68-

Re produced with permission of the copyright owner. Further reproduction prohibited without permission.



w

69

o

*3

o

inw

oKl

oCM

m

•o

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TI
ME
 

IN 
MI

NU
TE

5



Figure 12 Data Set 9

Response of tray 1 to step 
change in feed composition.

Feed rate: 0.250 moles/hr

Distillate rate: 0.138 moles/hr

Bottoms rate: 0.112 moles/hr

Reflux ratio: 3.14

Initial feed: 44.9%, 55.1%, 0.0%

Final feed: 58.7%, 41.3%, 0.0%

% Benzene, toluene, p-xylene
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Figure Data Set 15
Response of tray 1 to a step change 
in feed composition.

Feed rate: 0.266 lb. moles/hr.

Distillate rate: 0.157 lb.moles/hr.

Bottoms rate: 0.109 lb. moles/hr.

Reflux Ratio: 3.16

Initial Feed: 38.5%, 54.6%, 6.9%

Final Feed: 47.7%, 45.9%, 6.4%

% Benzene, Tolu ene, p-Xylene
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Figure 14 Data Set 18

Response of tray 4 to a step change 
in feed composition.

Feed rate: 0.276 lb.moles/hr.

Distillate rate: 0.149 lb.moles/hr.

Bottoms rate: 0.127 lb.moles/hr.

Reflux Ratio: 3.16

Initial Feed: 55.3%, 39.3%, 5.4%

Final Feed: 28.4%, 63.2%, 8.4%

% Benzene, Tolu .ene, p-Xylene
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Figure 15 Data Set 10

Response of Tray 3 to a step change 
in feed composition.

Feed rate: 0.250 moles/hr.

Distillate rate: 0.133 moles/hr.

Bottoms rate: 0.117 moles/hr.

Reflux ratio: 3.0:1

Initial Feed: 44.6, 55.4, 0.0

Final Feed: 58.6, 41.4, 0.0

Mole % Benzene, Toluene, p-Xylene

-76-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T'
CL

E 
% 

W
?*

:7
'r'

^r
rr

w

CMVO

-77-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

TIM
E 

IN 
MI
NU
TE
S



Figure 16 Data Set 22

Response of Tray 6 to a step change 
in feed composition.

Feed rate: 0.202 lb. raoles/hr.

Distillate rate: 0.109 lb. moles/hr.

Bottoms rate: 0.093 lb. moles/hr.

Reflux Ratio: 4.22

Initial Feed: 31.2%, 61.4%, 7.4%

Final Feed: 47.7%, 49.6%, 2.7%

% Benzene, Tolu ene, p-Xylene
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Figure 17 Data Set 10

Response of Tray 8 to a step change 
in feed composition.

Feed rate: 0.250 moles/hr.

Distillate rate: 0.133 moles/hr.

Bottoms rate: 0.117 moles/hr.

Reflux ratio: 3.0:1

Initial Feed: 44.6, 55.4, 0.0

Final Feed: 58.6, 41.4, 0.0

Mole % Benzene, Toluene, p-Xylcnc
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Figure 1 B Data Set 16

Response of tray 8 to a step change 
In feed composition.

Feed rate: 0.266 lb. moles/hr.

Distillate rate: 0.142 Ib.noles/hr.

Bottoms rate: 0.124 lb. moles/hr.

Reflux Ratio: 3.06

Initial Feed: 46.6%, 46.6%, 6.8%

Final Feed: 38.3%, 54.4%, 7.3%

% Benzene, Tolu ene, p-Xylene
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X  CONCLUSIONS

Concerning the Numerical Method

The numerical and mathematical methods used to solve the non-linear 

matrix equations are stable and reliable. They provide a practical 

method for solving a more general form of matrix problem than has pre­

viously been applied to staged chemical engineering problems. This 

method should be applicable to a variety of chemical engineering 

problems involving either staged processes with by-pass or staged 

processes with recycle.

General Effects of Component Efficiencies

The general effect of efficiencies may be surmised frora the Murphree 

definition when in the form, yn= Ej^x^+Cl-E^y^jL* Each stage becomes

more dependent upon the stage below as the efficiency decreases. In the 

limiting case of En*=0 all trays become completely dependent upon the 

response of the reboiler. Since the reboiler contains the largest 

quantity of liquid of any single stage it responds comparatively slowly. 

Thus, for distillation towers where the reboiler contains a relatively 

Targe amount of liquid decreased efficiency means greater dependence 

upon the reboiler and slower overall response for the tower in general.

Practicability of Including Efficiencies

The experimental comparisons gave a solid indication that component 

efficiencies may be included in the model to increase the accuracy of the 

Predictions. More importantly, under normal operating conditions, they 

are a significant factor in determining response and when the efficiency
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of a component or components becomes small any prediction of true 

response is impaired if they are not included.

Complex Eigen Values

The discovery of complex eigen values in the characteristic roots 

of the matrix equations was indeed surprising. This implies that under 

certain circumstances the effect of efficiencies cannot be accounted for 

by adjusting the K values and using the tridiagonal matrix solution since 

the roots of the tridiagonal matrix must be real. While in this applica­

tion the complex roots all had comparatively large negative, real compo­

nents and therefore decayed rapidly this may not be the case with staged 

reactors or other systems which are definable with the supertriangular 

matrix.

Reducing Problem Complexity

Since the tridiagonal matrix contains 3N-2 elements for an N stage 

problem whereas the supertriangular matrix contains N^/2+N/2+N-l elements 

for the same number of stages, including efficiencies greatly enlarges the 

problem for a large number of stages. This, however, is for the two extremes. 

Any degree of approximation between the two types of matrix methods is also 

possible. Thus, for say a 100'stage problem the direct effect of stage 

1 on stage 100 for anything but infinitesimal efficiency is surely 

neglibible. TableXV shows the elements of the 10x10 supertriangular 

matrix which is typical of the matrices generated for this experimental 

comparison. Proceeding from left to right across a row of the matrix one 

can judge from the comparative order of magnitude of the elements the 

effects that each stage further down the tower has on the tray described
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1 2 3 4 5 6 7 8 9 10

0.7032 0.4954 0.2005 0.0821 0.0339 0.0138 0.0058 0.0024 0.0010 0.0007

2.4318 -5.4047 2.0224 0.8288 0.3425 0.1392 0.0583 0.0244 0.0101 0.0067

0.0 3.1574 -6.4019 2.2022 0.9100 0.3699 0.1549 0.0648 0.0268 0.0179

0.0 0.0 3.4638 -7.2168 2.5805 1.0489 0.4393 0.1838 0.0759 0.0506

0.0 0.0 0.0 3.7904 -8.1790 2.9852 1.2503 0.5231 0.2160 0.1441

0.0 0.0 0.0 0.0 4.1275 -11.310 4.0523 1.6955 0.7000 0.4672

0.0 0.0 0.0 0.0 0.0 6.7238 -13.186 4.5445 1.8763 1.2522

0.0 0.0 0.0 0.0 0.0 0.0 7.1613 -14.744 5.2800 3.5238

0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.5941 -16.322 9.8314

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0898 -0.1848

Table IV Typical orders of magnitude for the elements of the supertriangular matrix in distillation
"O
| problems.
Uic/jo'



by the row of the matrix. Element ten of row one, for example, indicates 

the direct effect of the reboiler (stage 10) upon the condenser (stage 1). 

If the effects of stages more than two or three removed from the one in 

question were neglected, elements above the second or third upper diagonal 

are zero in the component matrices. While this makes little difference 

for the lo-stage-problem it reduces the matrix elements for the 100-stage 

Problem from 5149 for the full supertriangular matrix to 493 when the 

effects of stages more than three below each stage are neglected. This 

compares with 298 elements for the tridiagonal matrix. Thus it is 

Possible to reduce the numerical complexity of problems without reducing 

the accuracy of the solution. At this time fio criteria can be given for 

choosing the order of approximation consistent the desired accuracy.

•Significance of Equal Component Efficiencies

With the system selected for the experimental portion of the thesis 

equal Murphree Efficiencies were obtained for each of the three components. 

While unequal efficiencies would have shown the full flexibility of the 

®0del more vividly no compromises were made because of this condition, 

in modeling the experimental unit, the individual efficiencies of every 

c°mponent were equal, however, the method used was independent of this 

^articular condition.
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Experimental

The size and configuration of the experimental unit was found to be 

generally excellent for the purposes of this study. The mixing of prod­

ucts and their recycle as feed was very effective in simulating continuous 

distillation. The constant head feed tank was invaluable during the three 

or four hours when the unit heated up to steady-state condition.

The chief shortcoming of the unit was the lack of flow control on the 

steam supply to the reboiler which necessitated constant manual adjustment 

during periods of dynamic change in order to keep the vapor rate constant 

throughout the run. Adjustment of three rotameters and the reboiler steam 

pressure plus the sample taking every few minutes made the dynamic runs 

father hectic operations.

Chromatographic analysis was found to be generally adequate for this 

type of study, however, with the number of samples which were necessary an 

electronic integrator would have been a great heJLp. Measuring peak heights 

end widths with a micrometer and magnifying glass became a laborious chore.

Sufficient cooling of the liquid and vapor samples withdrawn from the 

tower was found to be axiomatic for obtaining accurate composition data.

The sampling line itself should be cooled in ice if possible and the sample 

vials should be filled with a large in inert surface such as glass beads 

which have been well cooled. At no point in the sampling operation should 

the sample contact the atmosphere for selective vaporization of the light 

component will surely occur.

^ j o r  Sources of Error

All other sources of experimental error are insignificant compared to
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the error caused by fluctuations in the vapor rate during dynamic runs. 

This error was estimated to be on the order of 5% for most conditions.

The error in analysis was probably small when compared to the error 

involved in obtaining a representative sample from the trays. For corapo 

sitions greater than 0.10 mole fraction the error was approximately 1-2% 

and for lower concentrations about 5%. This was due to the presence of 

impurities and became more discernible at the higher sensitivities 

required for the lower concentrations.
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XI SUGGESTIONS FOR FURTHER WORK

Since experimental verification of all of the methods for predicting 

distillation response is scarce, almost any investigation which includes ex­

perimental comparisons is needed in this area of research. This is par­

ticularly true for the matrix methods.

While dynamic data on industrial scale units is difficult to come by, it 

Kould be most interesting to apply this method to a larger scale tower contain­

ing twenty to thirty trays. Simulating the entire unit together with the 

control mechanism would allow the response to be computed for different 

controller settings. The use of temperature rather than composition as a 

measure of response would probably be more convenient if a large number 

response determinations were made.

Application to systems involving a small number of stages is "a natural"

^°r the matrix methods developed here. Scries chemical reactors with bypass 

°r recycle seldom contain more than ten stages and could be modeled with these 

Methods without modification. The rate equations would be taken as pseudo-first 

order over a time interval of integration.

In order to model large units with this method some simplification is pro­

bably necessary. This could be done by neglecting components of the matrix 

V;hich are so small that they have little affect upon the solution. Criteria 

^°r neglecting all elements beyond a given order of magnitude might be 

developed to allow great savings in computation time and core storage.
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NOMENCLATURE

1. Matrices and Vectors (size given is for on N stage system) 

y\\ = coefficient matrix for component i, N x N

1L = coefficient matrix for component i, N x N

TTj = coefficient matrix for component i, N x N

F^ = matrix of row eigen vectors, N x N

= column vector of feed rates for component i, N 

F  = identity matrix, N x N

= column vector of feed rates for component i, N

Sj = column vector of feed rates for component i, N

= diagonal matrix of eigen values for component i

2. Scalars

E. = Murphree Efficiency of component i on stage n, i,n
gn = vapor holdup of stage n,

Gn = liquid holdup of stage n,

hn = vapor enthalpy of vapor leaving stage n,

IIn = liquid enthalpy of liquid leaving stage n,

i = component index

I = number of components

n = equilibrium constant for component i on stage n

Ln = liquid rate leaving stage n

n = stage number (condenser =1)

N = total number of stages
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= liquid product from stage n 

Qn = heat added to stage n

T* = heat content of stage n

Tn = temperature of stage n

Vn = vapor rate leaving stage n

xi,n “ mole fraction of component i on stage n

_ = vapor mole fraction of component i in vapor leaving stage n i ,n
= the jth eigen value of component matrix i
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APPENDICES

A. Sample solutions for steady-state and dynamic problems. 
Table of iterative loops and criteria of convergence.

B. Program listings for steady-state and dynamic programs.

C.’ Physical properties of benzene, toluene, and p-xylene.

D. Equipment calibration charts.

E. Analysis details for benzene, toluene, p-xylene.

F. Basic and processed experimental data.
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APPENDIX A

Sample Solutions for Steady-State and Dynamic Problems

1. A steady-state solution showing the printout of stage temperatures, 

compositions and flow rates for each iteration. The vapor rates for stages 

nine and ten have been clipped off for binding. The iterations arc numbered 

in the left-hand column.

2. The dynamic solution for data set 17 is shown in detail for the first two 

time intcrvals--2 minutes and 4 minutes. The eigcn values and coefficient 

Matrices are given for these times, and iterations within each time interval 

ate shown. In these iterations the linearized variation in the coefficient 

Matrices is revised until the end conditions predicted are with sufficient 

accuracy. Only compositions and temperatures are shown for times of 8 minutes 

thru 42 minutes. At time 48, however, the detailed print is included so the 

teader may compare the eigcn values and coefficient matrices at the beginning 

ar>d end of the problem. The computed and experimental compositions are shown

in Fig. 11
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DYNAMIC SOLUTION

The solution shown is for data set 17 and shows the initial 

steady-state compositions and temperatures for all of the trays 

and the variation of all compositions and temperatures with time.

♦
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TABLE A

Iterative Loops and Criteria of Convergence

1. Steady State Solutions

a. Adjustment of vapor rates and tray temperatures simutaneously.
(2_)

Method: Amundson’s

Tolerances: 1% change in vapor rates and 0.1%
on^TJx and T~ K x 

1 i i.

Iterations: Ten to eightteen depending on complexity.

2. Dynamic Solutions

a. Adjustment of the linear variation in the coefficient
matrices to match conditions at the beginning and end
of the time interval of integration.

(26)
Method: Sargent’s

Tolerances: 0.2% for the computed compositions on all
trays and for all components.

Iterations: Three to four for periods of rapid change
and two for slowly changing periods.

b. Iteration to locate a single eigen value of the coefficient
matrix.

Method: Newton’s iterative method and Hyman's method of
evaluating the function det(B^- Xl).

5Tolerance: One part in 10 .

Iterations: Eight to ten for well separated, real values
and up to forty for poorly separated complex 
values. This is based upon a ’hold start* which 
means the search is initiated at an arbitrary 
point.

c. Bubble-point calculations.

Method: Newton's iterative method.

Tolerances:X_K x. =1.0 + .001 for all trays, i i ~
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ArPENDIX B

Program Listings

1. Steady-State Program

Given the feed composition, reflux ratio and distillate flow rate, this 

program will compute steady-state compositions and temperatures for each 

stage of a distillation tower.

The main program contains nearly all of the read, write and computational 

statements, however, a few specialized subroutines perform the following 

functions:

TCORRT

Adjusts the temperature of each stage according to Amundson's 

method.
*

HLFUN

Computes liquid enthalpy from temperature and liquid composition.

1IV FUN

Computes liquid enthalpy from temperature and vapor composition.

BFUN

Computes individual component tray efficiencies.
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Iy G L E V E L  1 ,  HOD A M A I N  DATE = 6 9 2 8 6  1 0 / 3 6 / 0 7

DIMENSION X I 20 »M  , Z I 20 * 6 ) » T ( 2 0 )» V ( 20 ) , 0 ( 20 ) , A ( 6, 20 , 2 0 ) »F I 6, 2 0) 
DIMENSION 0(20),Y(20) ,XN(20,6)
DIMENSION H L (20) ,HV(20),K(20,6),V N (20)
DIMENSION FR ( 20) ,HF (20) ,XF( 20 ,6) ,S( 20) ,ANAME (6) ,KA(6) ,K'3(6) 
DIMENSION KC(6),KD(6),HLA(6),HLB(6),HLC(6),HVA(6),HVB(6),HVC(6) 
DIMENSION ALFA(?0) ,3ETA{20),E(20,6)
REAL K,KA,KB,KC,KD,(J
COMMON N » T » E , IC,X ,HVA,MVP»HVCtZ,DSC,MLA,HLB,HLC,KA,KBtKC♦KO, K 
COMMON KICK,ITS ,A 

5555 CCNT INUE 
I E = 1

•C- READ( 5, 700)
' R E A D ( 5 » 1. ) N, IC,IFD,tS,TOP,QOT,R,!Q,DSC 
DC 215) L = I, !C.
DO 2151 J= 1»N 
Z(J,L)=0.0 
DO 2151 1=1,N 

2151 A (L , I,J) = 0.0 
1187 10VER=1 

I T S= 1
IF(1E.NE.l) GO TO 1156 
N 1 = N -1
DO 105 1=1,N 
X(I,3)=0.0 
0(l)=0.0 
F R (I 1=0.0 
S(l)=0.0 

105 HF( I) = 0.0
1 FORMAT(A 12,3F8.3,12, F8.3)

; C IQ EQUAL ZERO FOR. NON CONSTANT OVERFLOW 
DO illL J= L»IFD 
READ(5,2) M ,F R (MI,H F(MI

2 FORMAT I I2,F10.5,F10.2)
REA0(5,1121) (XF(M,I ),I=1,TC)

1121 FORMATt5F10.5)
:. 1111 y ( j ) =y ( j )

00 1112 J=1,IS 
READ!5,3) M,S(M)

3 FORMAT( 12,F10.5)
1112 Y *( J) = Y ( J )

READ(5,4)(ANAMEtI),KA(I),KB(I),KC(I),KD(I),1=1,IC)
A FORMATtIX,A3,E16.8,E 16.8,E 16.8,E16.8)

1 Ft 10.NE.O) GO T06 5
R EAD(5,5) (HLA{ I),HLB(I),HLC(I),1=1,IC)
READ(5,6) (HVA(I),HV3(I) ,HVC(I),1=1,IC)

5 FORMAT (AX,E16.8,E16.8,E16.8)
6 FORMAT (6X,E16.e,E16.8,E16.8)

R EAD(5,71) (0(1),1 = 2,Nl)
71 FORMAT(5F10.4)

READ(5,51) (T(J),J=1,N )
51 FORMATt5F10.5) 

c Q2J< IS HEAT **ADDED** TO STAGE J 
CALL TCORRT
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•v r .
** L E V F L  I ,  MOO 4  M A I M  DATE = 6 9 2 3 6

AIC= IC
DO 52 I = 1 ♦ IC 
X(5,I)=1./AIC 

52 Z<5,I)=1./AIC 
IC1=IC-1 
HLCC=HLFUNt5 )
HVCC=HVFUNt5)
WRITEt6,725) HLCC,HVCC ,T(5)

725 FORMAT t 3H HL,F 10.2,2HHV,FIO.2,IHT,F10.4)
GO TO 82

65 READ(5,7) HLCC.HVCC 
7 .FORMAT (2F1 0.4)

82 Y(l)=FR(l)-S(lJ 
; 00 10 J=2,N

10 YIJ)=Y(J-1)+FR t J ) — St J )
WRITE(6,726) (YtJ),J=l,N)

726 FORMAT{3H YJ,12F8.4)
Vt2)=Stl)*(R+l.)
V(l)=0.0
Q t 1) = SI 1 ) * R
IF(IE.CQ.l) CALL EFUN(N,IC)

1156 IF(IE.NE.l) CALL EFIOtN.IC)
IE=IF+l

c ASSUME CONSTANT MOLAL OVERFLOW FOR FIRST TRY 
DO 15 J = 2 » Nl 

15 QlN)=QtN)-FR(J)*HFIJ)-QlJ)+StJ)*HLCC
3(N)=QtN)+Vt2)*HVCC-0t 1)*HLCC +S(N)*HLCC 
DO 111 J = 2 »N 1

H I  V(J+l)=V(J)-(OIJ)+(HFfJ)-HLCC)*FR(J))/(HVCC-HLCC)
W RI T E 16 ,5 0 0 ) IVIJ),J=1,N)

'500 FORMATt20H INITIAL VAPOR RATES,/,I6F12.6))
;-V 13 DO 18 1 = 1, IC

DO 17 J = 1»N
17 Ft I, J)=-FP.t J)*XFIJ, I )
18 CONTINUE

00 123 L=1, IC 
DO 11 1=2,N

11 AtL, I * I — 1 ) = Y ( I — 1J+-V 11)
DC 120 1=1,Nl
A ( L , I , I ) = - m i )  + VlI + l ) + S m + V (  I)*Kt I,L)*E( I, L) ) 
BASE=( VI I + D - V t  I )*ll.-E( I,L) ) )
11=1+1
DO 121 J=I1,N
AtL,I,J)=OASE*E(J,L)*K(J,L)
IF(J.EQ. II ) GO TO 121 
J1=J-1
DO 122 M = I 1,J 1 

122 AtL, I,J) = AtL,I,J)*(1 .-ElM,L))
121 CONTINUE 
120 CONTINUE

AIL,N,N)=-(V(N)*K(N,L)*E(N,L)+StN))
IFC ICVER.EO.l) GO TO 800 
WRITE(6,801)((At L,I,J),J=l,N),I=1,N)

1 0 / 3 6 / 0 7
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ly '
G LEV EL  1 ,  MOD 6 M A I N DATE = 6 9 2  8 6 1 0 / 3 6 / 0 7

801 FORMAT(IH ,10F12.8)
GO TO 123

800 I = N
C INVERSION OF EFFICIENCY MATRIX 

I = N
99 ALFA.tI) = F(L, I J/A(L,I,I)

8ETA(I}=-ACL,1,1-1)/AIL.I,1)
IR= I-1
DO 92 J = 1 ♦ I R
A {L,J»I — l)=A(L»JtI-1) + AIL,J»I)* B E T A (I)

92 F(L,J)=F(L , JI — AIL,J,I )*ALFAII)
IFCI.EC.2) GO TO 93
1=1-1 
GO TO 99

93 X {l,L)*F(L,l)/ACL,l ,1)
DO 96 1 = 2. N

96 X (I»L ) = A L F A II ) + B E T A I I)*X CI-l.L)
123 CONTINUE

IF(I0VER.E0.2) GO TO 802
ITS=ITS+1
CALL TCCPPT
IF(ITS.EO.20) GO TO 36
IFC ITS.LT.6) GO TO 13
IFIIO.NE.O.AND.KICK.EO.O) GO TO 36
DO 27 J = l,N
H L (J )=HLFUN(J)

27 H V (J )=HVFUN(J )
0 IN)=0 .0
DO 271 J=2,N1 

271 QIN)=Q(N)-FR{J)*HF(J)-QlJJ+SCJ)*HL(J)
Q (N ) = Q (N )+ V {2)*HV(2)-0I1 )*HL(1J + SCN)*HLIN)

C LIQUID RATES ARE 0 
KI C KV =0 
VNI 1) = VI 1)
VNI 2 ) = S (1)#(R+l•0)
DO 28 J=2,N1

28 V N (J + 1)= C— 0 1J)*Y(J-l )*(HLIJJ-HLCJ-l))*FR(J)*IHL( J)-HF( J ) ) 
l-VNt J)*IHL ( J-D-HVt J) ) )/(HV(J + l)-HL(J) )
DO 321 J=2,N 
RV=V(J)/VN(J)
VI J ) = I VN C J) M'lJ) )/2.
IF(RV.LT..99.0R.RV.GT.1.01) KICKV=1 

321 CONTINUE
WRIT E (6,721) (V(J),J=1,N)

721 FORMAT(8H V RATES,12F10.3)
IFtKICK.OQ.O.AND.KICKV.EG.O) GO TO 36 
GO TO 13 

36 CALL TCORRT 
I0VER=2 
GO TO 13

802 DO 35 J = 1»N 1
35 OtJ)=YIJ)+V(J+l)

Oil) =V I 2 ) * ( HV ( 2 )—HL( 1) )
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Iv r
G L E V E L  I ,  MOD 4 TCORRT DATE *  6 9 2  8 6 1 0 / 3 6 / 0 7

SUBROUTINE TCORRT 
REAL K,KA,KB,KC,KD,LL
DIMENSION Et 20,6), XI20,6),Y(20,6), T(20),K(20,6),KA(6),KB(6), KC(6) 
DIMENSION KD t 6),HLAI 6),HL3(6),HLC(6),HVA(6),HV3(6),HVC(6) 
DIMENSION Z(20»6 )»XOL0(20,6),TOLD(20)
COMMON N , T , E , IC,X,HVA,HVR,HVC,Z,DSC,HLA,HLB,HLC,KA,KB,KC,KD,K
COMMON KICK,ITS
WRITE(6,719J ( T ( J ) »J = 1, N )

719 FORMAT(7H TEMPS ,10F7.2)
KICK=0 
DC 1 J = 1,N 
,SUMX=C.O 
SUMY=0.0 
DELK= 0.0 
DO 2 1 = 1 , IC
K f J . T 1 = F X P ( K  A ( T > ~ K R I  T W J K X  ( I > +T ( J } ) )  
IF{ ITS.EO. 1) GO TO 2   ^ 7
Y(J, I ) = K I J ,I >*X(J, I)
SUMX=SU MX +X{J,I )
SUMY = SUMY+YIJ, I J

2 DELK=DELK-MK(J,I }*KB(I )/l (KC(I)+T(J1 )**2 ))*X(J,I)
IF ( ITS. E Q. 1) GO TO 1
DO 3 1=1,IC
X(J, I)=X(J, IJ/SUMX

3 Y(J,I)=Y{J,IJ/SUMY 
TESTX=A8S(A3S(SUMX)-1.00)
TESTY=ABS(A3S(SUMY)-1.00)
IF(TESTX.GT . .001.OR .TESTY.GT..001) K I C K = 1  
T I J) =T ( J ) -M SUMX-SUMY )/DELK 

1 CONTINUE
IF( ITS.EQ.l) RETURN 
N1=N-1
DO 11 1=1, IC 
Z(N,I) = Y {N,I )
DO 12 J = 2 »Ni 
M=N— J+l

12 Z(M,I)=E(M,I)*Y(M,I)+{l.-E(M,I))*Z(M+i,I)
11 CONTINUE

WRITE(6,718) (IX(J, I ),J=1,N) ,I=1,IC)
718 FORMAT(7H X COMP,10F7.4)

WRITE!6,720) ((Y (J, I ),J= 1,N ) , 1 = 1,1C)
:V 720 FORMAT(7H Y CCMP,10F7.4)

WRIT E (6,721 ) l(Z(J, I ),J=l,N),I=i,IC)
721 FORMAT (7H Z C0MP.10F7.4)

RETURN
END

I
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Iv G L E V E L  1 ,  MOD A HL F U N DATE «  6 9 2 8 6  1 0 / T 6 / 0 T

FUNCTION HLFUN( J)
01 KENS I ON X (20» 6 ) , HV A( 6 ) * H V 8 ( 6 ) , H V C ( 6 ) , E ( 2 0 , 6 ) , I ( 2 0 , 6 1  
DI MENSI ON H L A I 6 j , H L 8 ( 6 ) , H L C ( 6 ) , T ( 2 0 )
COMMON N »T , E» I C ♦X , HVA, HVB, H V C , Z , DSC, HL A, HLD, HLC 
H T 0 T = 0 . 0
I F ( J . N E . l ) GO T02 
T ( J) = T ( JJ-OSC 

2 DO 1 1 = 1 , IC
1 HTOT=HTOTM MLA{ I ) + H L B ( I  ) * T ( J ) + H L C I I ) * T t J ) * * 2 ) * X I J , I ) 

HLFUN=HT CT 
I F ( J . N E . l )  RETURN 
T ( J ) = T ( J J + O S C  

'RETURN 
END
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Iv G L E V E L  I f  MOD 4 H VFU N D M E  = 6 9 2 9 6 1 0 / 9 6 / 0 7

FUNCTION HVFUN( J)
D I ME NS I 0 NX ( 2 0 » 6 J  , E I 2 0 ,  6 )» T ( 2 0 1 , H V A ( M , H V B l 6)  , HVC( 6 ) , I( 2 0 , 6 }  
COMMON N , T , E ,  I C , X , H V A , H V B , H V C,I 
HTOT = 0 . 0  
DC I  1=1, IC

1 HTOT = HTOT+( HVA(  I ) + HV9(  I > *T (■ J ) +HVC ( I ) *T C J ) * * 2  ) *  Z I J , I )
HVFU N=MTOT
RETURN
END
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y G L E V E L  1 ,  HDD 4 E F I D DATE = 69286
SUBROUTINE EFIDIN.IC) 
DIMENSION E120.6),T(20) 
CCFMONNK» T » E 
Nl=N-l 
DO 2 1=1,IC 
DO 1 J = 1» N 1

1 E (J * I ) = 1*00
2 E f10»I 1 = 1•

RETURN
END
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ly r
G Le v e l I, MOD 4 EE UN OATE =  6 9 2 3 6 1 0 / 3 6 / 0 7

SUBROUTINE EFUN(N.IC)
DIMENSION E (20t6 ),T(20)
COMMONNK,T ♦E
N1=N-1
DO 1 J=1»N1
E(J,1)=.595
E(J,2)=.595

1 E(J,3)=.595 
DO 2 1=1,IC

2 EtlO,I )=1.
RETURN
•END
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2. Dynamic Program

Given the initial conditions and the new feed composition, this program 

computes the response of a ten stage distillation tower to a step change 

in feed composition. The intitial conditions include the stage compositions, 

temperatures, liquid and vapor rates, volumetric holdups and component separa­

tion efficiencies. Flow rates and efficiencies arc taken as constant and 

response is computed for each component on each stage. Temperatures and 

compositions as functions of time are the final result which arc output.

The program is divided into the following subprograms:

MAIN

Reads initial conditions and directs the computations by calling 

the other subprograms as they are needed. It also directs the output 

of computed response.

AFORM

Forms the coefficient matrices from the flows, K values, effi­

ciencies and holdups.

El GEN

Computes the eigen values and vectors of the coefficient matrices 

by Hyman's method.

DETERM

Computes the value of the determinant and its derivative for a 

given value of 

MATRX

Inverts the matrix of eigen vectors by elimination with column 

pivoting.
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TCORRT

Computes the bubble points for the liquid compositions on every tray. 

HOLDUP

Computes the molar holdup from volumetric holdup and stage composition. 

SOLGEN

Computes the composition as a function of time according to Sargent's 

formula.

AINVER

Computes the term B *F in Sargent's formula. This subroutine may be 

used to compute compositions from a given coefficient matrix and feed 

for a steady-state solution.

EFUN

Set component separation efficiencies on each stage.
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<C U v f l .  1 , ,VG3 4 MMNJ ‘1M [ = 6 9 7 9 6  ' 2 1 / 9 9 / A 7

r e a l  <
. CO.”7 LEX Al V S  r I, F I IVV 
0TycNSIG\ C I ( S l O , l n ) , ̂  I T W O ,  17 ,1 9) *M_AvC3*lCi|
OS'hi.SIOO X?.M IS ? )  . T ( 1 'i) ,Vt I S  ,v( in) , si 19) ,F(3,1 9) ,XF(3)
) I >T. VS I ON X A < 1 0 , 3 ) , X •< ( I ̂  , 3 )
S S V S I f S  r- I 1 , 3 ) » M  IS" )  , K M  7 ) , K7( 3) ,K C (3) , A (3,10,10) ,F (3 , 10,10)
C G Fv 0 N r ,K, vs Yt S,T, S  mL A S  E I , I 1 H V  

997 3T=2.0
9 c AO (T',1)
WAIT F (9,738)

7 8 3  F O P  A ' S ( 1 ° H 1 I \ . f T I A t  C 0 V 0 IT I P \ S )
1 T E ( 6 , 1 )

1 FOP'*A-! ( son S S  E ' y r )
REA.9 ( ? , 1! 9 ) VV-jn= , T*-’ * X , RVf'L , CON , TVOL
8Vri=RVrL*3 7 7 

119 S S r i ' S 5 , F 1 0 . 5 , H .  '.c>)
8FA 9 (5,2) (<•( J, 1) ,X!( J ,2) , X M  J, 3) , T( J ) , V( J ) ,Y ( J) ,S( J) , J = 1 , 1 0)

2 f - U - AT ( 1X » 7 F I 0.5)
".3*9(9,?) ('•%.<Ml),)!M?),Xf(?))

3 F O a y A T ( 9 FI 9 . 9 )  
r)'J 7 ] 'j 1 1 = 1 , 3  
9 0  2 1 5 )  1 = 1 , 1 3
xr.( i , l ) = o . ' '
XA(I,L)=9.0
90 ?151 J=1 , n  
■ > ( L , I , J ) = " •

? 1 51 A( L,I,J) = 0.0 
T AC CO v. = 0 .0
.iMTF(6,7C3) (I,I = l , n )
VfcITE(6t 701) 1 A C C J S  ( XO ( J , 1 ) , J= 1 , 19)
W c? I T r ( 6 , 7 0 2 ) ( X.O ( J , 2 ) , J = 1 ,1, o )
W 7 1T F ( 6 , 7 0 3 ) ( X 0 ( J ,3) , J = 1 , 10)
«’RITF(6,7CS) (T(J),J = 1,10)
■30 9 J = 1,10 
30 9 1=1,3 
F(1,J) = S 0
IPIJ.H0.6) F t ),J)=F3*vF(I)

9 S'. KTI'lur 
I T A = 1 
I 18=0 

. 901 CALL EFUNIXH)
C A L L  T C L S R T t X ' S  
F( 1,6) = FFS'XF(1 )
F(2,6)“ FS*X=(?)
F(3,6)-FC«XF(7) ■
CALL AFOF.^l A, X3,PV0L ,CON,TVOL)
T AC.CU i7=TACC’J M + 0r 
I !•’ ( T A CCUM. G T . T*'• •*- X ) GO TO 997
CALL £ rCCV(A,IT A )
CALL S CL G F V ( A» B, OT, N NO 0 E , I T S  Xft, X A )

999 CALL EFUM( XA )
CALL T C 0 9 7 T {X A )
F ( J , 6 } = F ° * X F  ( 1 )
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G. I E V L I  1, “IPO A -1A f Nl OA T [: = 6 9 ? ° 6 2 1 /  5 9 / A 7

F ( ? t 6 ) = F P * X -  (?) 
f ( 3, a ) = f r * x f  (3 )
C A L L  A F O P M I  ? r X A » P \ / ^ L  , C O N , T V C L  )
I T3 = I TP.+ l
C A L L  SO! G F V (  A , I > , D T , M N O O F ,  I T 3 , X 0 ,  X3)
T 3 S T f ; P = 0  
0 0 A J = l , 1 0
0 0 A 1 = 1 , 3
T E S T - A H S m f  J, I ) - X 8 f J ,  I ) )
1 F ( T E S T . G T  . . 0 0 0 ? )  l 3 S T riR=l 

A C 0 N' T IM U F
I F ( I 4 S T 0 P » u ?! • ) G O  T O 5
0 0  13 L = 1 »3
0 0  13 J =  1,1.0

13 X A ('J , L ) = X { J , L )
IF( I T 3 . G T . 1 ? )  G O  TO  0 0 0  
G C  T O  "<09 

5 I T ( \ 0 0 0 r . F O . O ) G O  T O  17
C A L L  S O L G L M  ( A , 3 , O T  , M '! .)0c ,—  1 , XL!» X A )

17 ,? rn  T r ( 6, 7 11 )
7 1 1  F(lr?'.'AT<16H * * =.'■ * * F IN A L ‘X * ~ * )

W R I T E ( 6 , 7 ^ 9 )  ( 1 , 1 = 1 , 1 0 )
7 0 0  FCf V A T ( 1 0 H O T 1 " F  ' M M . , A H  S T A G E ,  I ? , 9 ( 6  X , I ?)) 

W K l T f ( A , 7 0 n  T A CC  U P , (X 3 { J ,1) , J - 1 » I 0 1
W R  I T ( 5 , 7 0 ?  K  X 3 ( J , ? ) , J = 1 , 10 )
W P  1 T 9 (t), 7 0 3  ) ( X ' ( J , 8 ) , J = 1 , 1 C )
W R I T £ ( 6 , 7 0 5 )  ( T ( J I , J = 1 , 1 0 )

7 0 1  F O R M A T ( 2 H  , F 7  . 2 , 1 X, 1 X , A H  Cl , F7 . A , 9 ( IX , F 7 . A ) )
7 0 ?  F 0 !’ ■’ A T ( 2 H , I X , I X , A H  C ?  , F 7 • A , 9 ( 1X , F 7 • A ) )
703 F C R “ A T ( 2 H  , OX, I X ,  A H  C ?  , F 7 . A , 1 ( 1 X , F 7 . A ) )
7 0 5  F O R M A T t  10X, I X , 4 H T E  H P ,F 7 . 2 , 9( I X , r 7.2) I 

IF ( T A C C 0 M • G Y . 3 • ) D T ='>.
IF ( T A C C U ” * G T . 1 1 . )  O T  = S.
I F ( T A C C U H . G T . A 6 . ) 0 T = 1 0 .
D C  8 L = 1» 3 
00. 7 1 = 1 , l n 
X C (  I , L) = X 3 ( I , L )
O U  7 J = 1 , 1 0

7 A ( L ,T , J ) = R ( L , I , J )
8 C U N T  I N U F

1 F ( I ' ■ C C U M . G T  . T M A X )  G O  T O  9 9 7  
I T A = I T A +1
I TR.= 0 
3 0  T O  901 

. 3 0 0  C A L L  E X I T  
E U D
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v r
■LFVCL 1» m p  4 Am-' y D A T = 6 9 ?  DO ? l /r>9/47

c,jo-f!tT r f,;r > r ••*!V v, { A , X 0, P V CL , r : • , T V O L  )
■? r \L K
P I V F N:S I C N  r m ? , ? ]
o m ' m s u m  Y ( m ) , T ( i o j  , hu i  i n ) ,!-(?,10)
D i m , P S  I O N  A ( ?.| 10 T 10 ) , M  IP, 3 ) , c,t i n  T V( 10) ,F { 1 0 , 3 )

. CCJ-MC-M r , K i V , Y , S » T . F
:j = 3 o
D C  1 2 3  L= 1» ?*
AO 1 1 I = 2  * 3 0  

11 \ (L,  I, I ~ 1 ) - Y ( ]-l )+V( I )
D C  i ; o  T = 1 * ■-»
U t  , I , I ) = -( v ( 1 )+V( 14- 1) 4-S( I } + \M I 1 *<( I » l ) * E (  I , L) )
C AS r = (V ( H I  ) - V ( I ) - H l  .-«?■( 1,1 ) 1)
I l - l +1
D O  121 J = I ’ ♦ 1 '
A f L , I , J ) =': A m * c {J , L ) m  ( J , L )
IF ( J . -.0.11) D C  T O  1 2 1  
J L~ J — 1
D D 12 2 "■' = I 1 , J 1 

1 22  A ( L, I , J ) = /{ L, I , J) *( l . - E ( M , L  ) )
121 0 O P T  I \U r 
12 0 C C D  1 I D U E

M L , C , N ) = - ( V t \ ) * K ( 0 , L ) ^ C C v i , L ) + S (  \') )
C A L L  H C L  P C  a {H D , X O , T , ? V O L , Cf S * T V J L )
D • 12 1 = 1 , 1 °  

r- - P  12 0 = 1 , 0
' 14 A ( L, I , J > = 4 ( L  , I , J l / H U I I > 

c: < L , f : ) = F ( L , A ) / H U ( 6)
O n - ( 6 , 7 r s )  L 

: 7 0 6  0: k . n > ' H 1  7 H  C P  D P P  N O  N T  M A T R I X ,  T?)
D P I  T F ( 6 ,  7 ^ 7 )  I ( A ( L , I  ,J) , J =  1 , 1 r ) , J = 1 , 1 0)

>  7 0 7  F O O Y A T  ( 1H  ,1 A! 9 . 4 )
12 3 C O N T I N U E  

'3 S T U P A  
F f\ 0
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’* G LEV FI. 1 , ’ -v.?D 4 OFT ?:P M )ATF. * 6«2 96

S U  0 0 G L T I F 0 r; T F R M ( L A X ,  T t n E T , 0 I. • ̂ !1 r , S , I..)
C O M P L E X  R X ♦ A L A  M , 0, X , OF F , S L G ^  , T , I T  , L A M
01 f-FMST H M  AL AM (3, K>) , S( 3, 10, 1.r‘ ) , XI 3, 19, 10) ,D( 10)
0 1 K F M S  I O N  OtJM(lO) , * C ( 1 0 )

'r I 10, 3), V( n ) , Y (  lp ) ,F( 3, 10)
C O M M O N  F , P f V , Y , 0 U M , "l F , F , A L A v , X .
J E T =C MP L. X ( 0 • 0, 0 • 0 )
X ( l ,  I, 1 )=C->'PLX() . 0 , 0 . 0 )

■ X ( L , I , ? ) ~ ( S I L , I , 1 ) - L A M ) / ( - S  ( F , ? , I ) )
3 1 ■ J T = I . / S ( L , 2, 1)
0 ( 1 ) = C * P L X ( 9 . 0 , 0 . 0 )
CM Z  )-=C'-’? l  X( -- I V T f O . O )  
s l r. p f = c ;! p l x ( o • o , o • o j

: o e  2 J = 3 i l fl
X ( L , I , J ) =C ,TP L X  ( 0 . ° , 0 . 0)
0( J ) =0 v P L X ( 0 . r , 0 « 0 )
K 1 = J -  2 

/ 0 0  3 K = 1 , K 1
XI !.., I , J ) = X (I. , I , J ) ■*■ X ( L , I , K ) * F t L i!'.» J - 1 )

3 9 1 J ) = 0 ( J ) + S { L , K , J -1 ) *■.)(<)
‘ X ( L , I , J ) = ( X ( L , I , J ) + ( 3 ( L , J— 1 , J- 1 ) — L A m  ) - < { L , T , J — 1) ) / (— S ( I. , J

0{ J) = ( 0< J) + ( 3 (L , J-) , J - U - U  0 ) * 0 (  J - l  )-X (L, I , J - l  ) ) / ( - S  (L, J ,
2 C O N T I N U E  

' : • o n  4 J - 1 , 9
, ' SLC jP F * F L U ° p <->)1 J ) * S ( l ,  J , 1 0 )

4 9 f c T = P E T + X { L , l , J ) * S ( L | J » I 0 )
v' • SLCi£»F = S L C P ' : + ( S (1., 1 o , 1 n ) -L  A v )*0{ 10 )- X ( L , 1 , 1 0 )

D F. T = 0 F T + ( S ( L , 1 0 ,1 0 ) - 1. V' !) x- x ( L , I , 1 ~*)
IF { I . c 0 . 1  ) 0 0  T O  0 
< 1 = 1 - 1
0 T ~ C M p L X t  C . 0 , 0 . 0 )

:;o on s j = i ,ki
* X  = C M P L X ( 1  . 0 , 0 . 0

5 0 T =  D T + R X / { L A M- A I A  ’-1 { L , J ) )
S L u P F = S L 9 P E - 0 r T * D T

9 P F T U P O

21/ 59/ 4 7

,J-l ) ) 
J - l  ) )
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< G LEVI-L 1., ‘-'OD 4 E I G F M  D U E  = 6 9 ? fV, 7 1 / 5 9 / 4 7

S'.'1- •' O J T  I OF  t Tr F.N ( A , T T A )
R A L K
CCJMO|.f x  A L A v » F I * F T I \' V 
CUsMPLF-X A M J ,  L A M ,  SLC-P?:, O L A M , 0
01 :‘c NSIGr: r 13 , 10  ) , T M D )  , A L A M I 3 , 1 0 )  , M 3 , l r', 10)
0 IMF M S I U N  r; It 3, 10, K  ) , 0 1 INVI 3, 10,1 0) , ?. V)0( 10 )
0 1 Y. F N S I ° M F ( 1 C , 3 ) , K t 19 , 3 > , V t I ° ) , Y t 1 0 ) , S t I 0 )
C C-< M O N  E , K , V , Y ,  S , T , O t AL A M  , 0 I , I: T I NV
O n 1 L = l , 3
I T P Y = 1
on 2 i=i,)r
R M U O C I ) = 0 . ^  •
on 2 j=i ,io
J F ( I . w e . J > *u;o-( I ) = R -ID'.) 1 1 ) + A? S t 4 1 L , I , J ) )

2 O O N T I Y i j r
0 0  5 1 = 1 , 1 0  

5 HOu Ot  i ) = a ( l , i ,  n - p M . n n i  n
r y a x=o » o
0  O' 5 7 1 = 1 , !  0
1 F (°.MAX • G7 .0-M 3 I I ) ) , O '1 A X= RM 00 ( I )

5 7 C O N T I N U E
L A Y = C V P I. X ( 7 *' AX , 0. 0 )
I T ( TT A . NF . 1. ) L AM= AL AM  ( L , 1 )
[ = 1 

1 0 0  J = 1
5 0  C A L L  O E T C  r M (L A M , I , D ,S L O P E , A , L )

0 L A ‘'-— 0 /St 0 !,G 
XTr.ST = R C A L  (OL AM) 
y t f s t  = a i : - ; a c {  o l a m )
X L A M = ! ? E A L t  L A M )
Y 1. A M = A I k  AG ( t. A '1)'
X T P = A 3 S (  XL a m  )+] . 0 F - 0 7 -
Y T 0 =  A AS ( YL  A ) +1 . O c — 0 7
I F (A 3 S ( X T C S T / X T D  ) .L T . . O O O C 1 . A 0 0  .A 3 S I Y T C S T / Y T D  ) . L T . . 0 0 0 0 1 )  G O  T O  

17
I F ( J . G T . 3 P ) ‘ G O  T O  6 0
L A N =  LA M + D L  'AM 
J - J + l  
G O  T O  r'0 

6 0  IT ( I TR Y . r:0 . ? ) G O  T O  9 3 0  
L A S = C M P L X  ( C * A X , 1.0)
J = 1
I T R Y = 2  
G O  T O  F O  

9 BO  W I T 0 ( 6 , 0 0 9  )
9 0 9  F O R M A T  (3 O H  C O N V F R G F * * * # * * )

7 C O N T I N U E
3 \ L A Y ( L , I ) = L A M 
■ 1 = 1 + 1
9 I Ft I . F G  .1 1 ) G O  T O  7 0

J=1 -
X L A M  = X L A i ’+ .01 * A 3 S (  XL AM)
L A M = C M P  L X ( XL A M , — Y L  A M  )
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j r
EVtL I, *’0f) 4 FIOLN I M F  = 69296 >1/50/47

I P l I T A . N E . l )  LAV.= il.A".(L»T)
T T R Y = I 
G O  T O  5 0  

7 0  1 = 1
4 9  3 T 1 = c' 'j A L (A I. A M ( L » I ) )

'< T 2 = 0 L A I. ( A L n M ( L t I +1 ) )
9C.1 = M  MA.Gt AL A" IL, 1 ) )
2 C 2  =41 ’AG( A L  A '{ l , i + m  1
7 T = ° T l / R T 2
I F ( R C 2 . F 0 . 0 . 0 )  0 0  T O  9 0 5  
9 C = - t ’C l / !- C P
1 F ( P T  .GT . . 99 . A N O M T . L T .  1 M l .  A M O . C C . G T .  . 9 9.  A N D . R C  .L T. I . 0 1)  G O  T O  52

■'■■0 9 b 5  C J N T I O U F
A L A M ( L t I ) - C P L X ( D T I » 0 . 0 )
R T  =  7.Tl
I F I I  .V-0.9) 0 0  T O 51 
1 = 1 + 1 

. G C  T C  4 9
■ 52 R T  = ( P r i + r- T2 ) /? .

G C =  (!’C 1 - ‘'C7 1 / 7 .
A LA M ( L , ! ) =  C M n ! X ( 2 T » 2. C )
A L A M { L » I + 1 1 = C  v n L X (9 T ,- R C 1 
T F ( T . 0 0 . 9 )  G O  T O 7 5 2  
1 = 1+2 

■G G U  T r 1 4 9
51 0 T = 1' r AL ( A L * T {L » 1 0  ) )

A L A'' ( L, 1.0) =Cvr>|_x( ’ 7 , 0 . n )
7 52 0 0  5 °  1 = 1 , 1 9  

A D J = A L  >- y.i L, I )
: 55  C A L L  i) :0 T r. w. ''<< A 0 J , I , D , S L 0 P e , A , L >
c n o r m a l i z e  F I C F N S -  t o  l a r g e s t  1 . 0 .

0 0  5«  1 = 1 , 1 0
K M A X = 0 • n .
0 0  6 3  J = 1 , 1 0  
P .T =P F AL  ( E K L ,  I, J ) )
1 F ( A : * S ( P T ) . GT . 'X G AX ) X M  A X = A S  S t 2.T )

63 C u N T l X U E
D C  61 J = i , lo  

61 5 1 ( 1 , 1  , J ) = F 1( l , J , J ) / X M  AX 
5 9  C O N T I N U E  
1 C U N T  IN U F 

W R I T F . ( 6 , 7 « 8 )
;----7«S F O R M A T  { 3 5 H  E I O F N  V A L U E S  O F C l , C ? » C 3 ,  M A T P  I C E S )
■ W R  I T F ( 6 , 0 5 7  ) ( T , A 1 A '* ( 1 , T > , AL \‘1 (2 , ! ) , A L  \M ( 3 , I ) , I = I , 10 )

5 8 7  f i j q m a  T ( 1H , I 2 , 2 X , 2 F 1 4 . 6 , 2 X , ? E J 4 . 6 , 2 X , 2 E 1 4 . 6 )
s u o l = n . o
S U V 7 = ^ . 0  
0 0  6 0 0  1 = 1 , 1 0  

. S iJ r A ~ S U ,*1 A + A ( 3 i 1 , T )
.-M 6 0 0  S U N L ~ S U V.L + T’.F f‘L ( A L A N  ( 3 , 1 1 )

W x I T  E ( 6 , 6 0 1 )  S U M A , S U M L  
6 0 1 P G R  ■'AT ( 2E1 6 . 7 )

C A L L  M A T O X l F I , E l i n v )
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'I r
b *-F: Vr:L i , MOD 4 SOLGFN ■yM'F = 6 9 2 ° 6  7 1 / 5 9 / 4 7

S U - ^ f U J T I K F  SOl.OFNt A, 3,0T,N\'''Or * T T n.,xn, < )
7 F A L K
C O M P L E X  f t , F I T N V , A l . V ' , C , P , W
) I •" E NSI O N  XT’ ( 1 0 , 3  ) ,XS( 10 ,7 ) ,r ( 1 0 ,3 ) ,K( 1.7,3 ) ,Vt 10) , YC TO) , S( 10) 

1» P ( 10) ,F (3, 1 o ) ,C ( In ) , M  A M ( 3 ,1 0)
0 T '•'£ NS I O N  X C  P ( 10 , 3 } , A ( 3 , 11, 1. ■"> ) , 0 ( 3 , 1 0 , 1 0 ) , F I ( 3 , 1 o f 10 )
')! *E-\’SIC.\ E I l \ M l  7, 10 ,1 -J ) »K { 1 "j 5 , X( 10, A)
C O M M O N  c , K , V , Y , S * P , f , A L 4 M , E I ,r IT \'V 
T = n j
I F ( T T ^ . N F . O )  C O  TO 10 
C A L L  A I C’V E ( A , F , X A )

13 tF( TTri.AF. (-( 1 ) ) ) G O  T O  I A
AN'J”)E = N,fvCf.'t
A J 7 5 = 1 •

' 9 9 9  T = n T * A I T 5/  ( A N «":'-£ « 1 . )
1 4  0 0  c L - 1 , 0 

n o  in i = i f i ^
XCJP( I , L ) = X 0 {  ! ,L)
I !- ( ! 7 'i. L :. " ) r;u T O  in 
')C in 1 , 1 0
X C ‘>( r ,L ) = V--ip ( 1 ,L } + ( rM  L, I , J ) - AI L, I , J) ) * ( T * * 2  ) * X O ( J , L  ) /( 2 . * D T )  

IP C O M  T \U F
D C  I 1 = 1 , IP 

■0 A  { 1 1 = C M P L X ( 0, r', 0 . 0 )
0 0  1 J = 1, 1 "

1 *( 1)=.P ( I l + EI (L , I , J J* ( X O P (  J , L ) - X S  (J , L  ) )
• 6 D O  2 1 = 1, 10

a» = A L A ‘< { L , I ) A T  
R T C C T  = C ^ P S ( W )  .
1 F {P T F S T » G T . 4 0 . 1  C m = C t f P L X < o . 0 , 0 . 0 )
I F ( r-’ TI' S T  • G T # 4 r • 1 G O  T O  2
C ( I ) =-' { I ) * C E  X P ( to)

2 C O M I N I J E
D O  ? 1=1 ,10 
X ( I , L ) = X S ( I , L )
D O  4 J =  1 , 1 0  
W =  F I I N V  ( L » 1 , J ) *C ( J )

- 4 X ( I , L ) = X ( 1 , L l + P E A L (w)
3 C O  XT I NIJF 
9 C C M I N U F

D C  12 J = l, 10 
'A? . X T U L =  0 . 0
"■- D O  1 1  1 =  1 , ?
AC, 11 X T O L  =  X T O L  + X( J, I)

0 0 - 12 1 = 1 , 3  
r 12 X t J , I ) = X f J , I ) / X T O L  

. L N()^ M \ l ! Z F X 
A C  . M I  T F (6 * 7? 2) ITD.

. ?2  2 c AT (11 H I T C P  A T  I O N  , 1 2 )
W R I T E  ( 6 , 7 0 1 )  (XI J , 1 ) , J=  IP )

/ W P  I T T- ( 6, 7 0 2  ) ( Xt J , ?  ) , J = 1  ,10)
O U I T E ( 6 , 7 0 3 )  ( X ( J , 3 ) , J = 1 , 10 )
T F(  1 T 3 . 0 F . ( - ( 1 ) )  ) R E T U R N

-137-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 G Lf; V f [_ 1 , V-.') 0 VOL M X •iMF1 = C 9? 96 71/9O/0 7

701 F r 1 r M ' T ( 2 H  t ' X » 1 X . 4 M Cl  , F 7 . '• , 1 > ( 1 X , F 7 . 4 ) )
7 ^ 2  F •'V " 0 A T { 2* ■ t 7 t 1 X , '■* *■ ■ C O  , * 7 • -t » i ( 1 X , F 7 »0 ) 1
7 0 3  F 0 - M A T (? M , OX, I X , O H  Cl , f:7 . 0 , o M  X , F 7 . 0 ))

n  ( M T S . r o .  A\..;0E ) F F TUI’- \
A 1 1 S ~ A I T  S + 1.
G C  T G  9 C 9 

9 0 S  - T E T U F N  
E ’v‘D

-138-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



* k L E V n .  l  , 4 TCf' P.R T J \ r r .  -  (, r, T o f. 2 1 / 9 9 / 4  7

St/ 0 9!)T r \ r Tr i T ( y )
KE/'-L A » S A » X l’ t X C
«) T MF 0 s I '■'! 'HI* (I 0 ) , r ( 10 , 3 ) t V n  <■ ) t S ( 1 ' )
:.> I /(} N S  I G O  X( I'’ ,3) , K (  10, 3 ) , K. '  (7 ) , K0( 3) , !<C ( 3 ) t 1 ( 10 I , Y  ( 10» 3 )
C O Y M O N  F t K i V i ! ’U ■'» S , T 
<< M l )  = 9 . 2 4  9 7 
KA ( 2 ) = R .  3 7 7 4  
K A ( 3 ) - 9 . 4 6 4 O 
K 3 { 1 3 = 4 9 9 8 . 0 1
K O  ( 2 )--SS70. ].o
. KrJ( 3 ) = M ' 2  5.6 7 
< C ( I )  = 3 * 4 . 4 2  7 
K C 1 2 )  = V / ’. :V79 
X C ( 3 )  = 3 9 S . f , M  
">r. 3 J = I * In 
I T S  = I 

999 SUMY = 0•r 
0 C L K = 0 . o
0 0  2 1 = 1 , 3
< ( J , I ) - X D { K .* ( I )-•<<( I ) / C K C I ! ) + T { J ) ) )
Y ( J , I ) — K ( J , f ) * X { J , 13 
SL, - ' Y = S U - Y + Y (  J, n

2 O O L K  = .)ELK+f Kt J, I ) ( T J / ( ( K C  ( T ) + T( J ) ) * * ?  ) )*X( J, I )
T T S T Y = .A f 3 ( A 9 S f S U V  v ) —  1 .90 )
y  3 1 = 1 , 3

3 K(J,T) = K(J,I )/Stji‘Y
I F ( { T P S T Y - . O O l ) . 1 T . 0 . 0 )  GO  TO 1 
U  J) =Tl J) +( 1 . r'~ SIJ3Y ) / O E l  K 
I T S = ! T S + 1
1 F ( [ T S . 0 T .  3 0 ) ^ F T U n 'l 
G O  T O  9 ^ 9

l cn.'ui.vjr 
9 F T U 0  9 
F\*9

-139-

Re produced with permission of the copyright owner. Further reproduction prohibited without permission.



G U V F L  1 ,  M' ' n 4 '1 M K X 71/50/'. 7

5UhP.0(JT INF •4.\T|-'X(.Vt A [)
C C V P I . P X  K’X, A!» EX, V
0 1 D F N S I  O N  I PC 1 0 ) , AT (A f 1 0 , 1 0 )  , M  3 , 1 0 , i n ) , F X (10 )
D O  12 3 L = l , 3  
K.EY=1
D O  1 1=1 , IC

1 IP ( I ) = 0
D O  2 1 = 1 , 10 
D O  2 J = l ,  10

2 A 1 ( L , I , J ) = A ( I.. I , J )
2 5  K l = K F Y - l

1M A X = 0 • 0 
D C  3 r= It 1°
I F ( K r Y. n o .  1 ) o n  T O  '.0
n o  a  j = i ,<o  
I F t I ; C Q .  I ’M  J ) ) G n T O  0 

A C O M  I NIJr- 
A O  CO.YT I N U F

:>C = A M  ( : I •• o o  ; (It It 1) ) )
30 -  A 0 S ( P C AI { A I (I. , {,] ) ) )
I r ( 0 M A X  . GT . ? 0 . A N D . »•* A X . G F . P C )  GO T O  o 
I P ( K F Y ) = I 
3MAX = r<P
I F ( ?'■: . LT . D C ) AX=P-C

3 C O N T I N U E
I P K = I ? ( K FY )
D C  5 J = 1, 1 0 
c X { J ) = C  f’PL X ( 0 . 0 , 0 . 0 )
I F ( J . nr? . I " K ) FX ( J) = C 0JL X  ( 1 .' ■ , n . O )

5 C C M  I \'UF
0 0  6 J = 2 » 1 0

6 M  I L , I P K  , J ) =■ A F ( C , I P K , J 1 / A J ( L » I PK , 1 )
?<X = C*5*LX( 1 . 0 , 0 . 0 )
E X ( I P K ) = R X / A I ( L , I P K , 1)
D O  7 1 = ] ,1 0
1 F ( I . FQ . I n;K ) Q Q  T O  7
; X ( 1 ) = - A I ( L , I , 1 ) * F X ( I« K)
0 0  H  J - ? .  t l n

8 41 ( L , 1 , J )  = A 1 l l _ , 1 , J ) — A T ( L , 1 , l ) * A t  ( L , I P K , J )
7 C O N T I N U E  •

D O  9 1 = 1 , 1 0  
D O  ID J = l , D

1 0 A I ( I. , I , J ) = A I { L , I , J +1 )
9 M t l . ,  I , 1 D )  = FX (  1)

I F { K C Y . F 0 . ] 0 )  G O  TO 11 
KEY=KEY+1  
G O  Tij 2 5 

U  D O  12 I =1 , ) D 
00 13 J - 1 , 1 0 

10 FXt J ) = A  I (L, I , J)
D O  1 2  J = l , 1 0  
K = I P ( J )

12 M l  L » I , K )  = F X ( J )

-140-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



G t - EVEL 1 ,  M 4 >■ j  n x V M E  = 6 9 ?  >6 2 1 / 5 9 / 4 7

n: 14 j=i,io
D C  1 5  1 = 1 , 1 0  

15 E X ( I ) = A I f L , T t J )  
D C  14 1 = 1 , 1 0
k= i p t n

14 A i d ,  l, J) =  r x m
1 ? ?  CUAiTIMlJF 

'9 F T U ? N 
E N D

-141-

Re produced with permission of the copyright owner. Further reproduction prohibited without permission.



* G '-EV.’ i, i, ' v o n  u - F9?Gfc ?1/59/47

S ! r r\GJT I -.F m d i  -v;p (: ‘ J ,X ,T , ’V. I , G r'\', TVJM. )
•J I L :■ • S r'1: j H:j( ln ) »>•( n * 3 )  * H  T:)
G C  5 J ~ I , ] 0
v o l - t v p l
>; T A V r;= X ( J , 1 ) * 7 . 11 +X ( J , ? ) * ? ?.. 1 ? + X ( J , ) * 1 0 6  . 1 6
S G = 0 • 9 3 1 - . 0 0  0 G h  * T ( J)
I F ( J . e j . l )  V*M.=C(?'4 
IF( J.fl-Q.lP) V L ^ V H L  
; Iu 1 J) = V g i .s- SG/',T ftVF:

1 H U( J ) - H U (  J ) *-yj. / A G / t. 
n F T U n \
F  i \  0

-142-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



’ G U v i . L  I , M nn 4 ATMVf^ DA T F  = 0 9 2 9 6 2 1 / 9 9 / 4 7

SUERR 'J T l?-.T A I ‘. V n '• ( A, F , y )
O I V E N S I C N  P O  ( } ') , A|_ F A ( ir>) ,C, FTA{ P M
0 1 3 0 N S T O D  A ( 7 , ] 0 ,1 9 ) , D U ‘-' ( 1 0 , 1 C 1 , X M  0 , 3 1 , F I 3 , 1 0 1
0 0  12 3 L = 1, 3
0 0  7 1 = 1 , 1 0
F 0  ( 1) —  F ( I , T )
0 0  7 J = U 1 0

7 O U fM I » J ) ~ A ( L » I f J )
1 =  1 0

9 9  AL F A ( I ) = F0( I l/O J O { 1 , 1 1
? E T a ( I ) = - rnr: ( 1 , 1 - 1 )  /0'JV{ I , I )
I p. = I -1
0 0  92 J = 1, I 7
OU-A ( J, I —  I > J , I-l ) O U f  • ( J » T ) * 3 ? T M  I)

9 ?  F 0(  JJ = F P ( J  1- ) U ‘( J, I ) * M _ F A (  I)
I r ( I • 5 Q . 2 ) G O  TO 0 3 
1 = 1 - 1.
G O  T O  « 9  

9 3  XI 1 , U  = F ! ? n  1 / 0 0  31 1 , 1 )
3 G  5^ I = ;*, in .

9 m X ( T,i. ) = M F A {  f 1 + F C T A ( I ) * X ( 1 - 1 , 1 )
1 2 3  C O O T  I G’ljr ■

? F T U R N  
E N D

-143-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 0 U V F  I

C

I , 0 FFiJ\ '  T M c  -  0 1 ?  9 0  '■>. 1 /  F O / / ,  7

^ u *:»r-*! ’ * n  I \ f  r f  : ::«• ( y. ° . )
0 I c:'-IS 1 <LM 1 v 7-) , P {  I  ">,3)
CU^UiM E

t F F I C I - . M C V  O F NF ̂  AT I f.v * * * *  * *  ** * *  * *  ** * *  *
T C  1 J=l,l"»
E C J * 1 ) = . 0 ?  S 

I  J , ? )  =  . 6 ? *
E t J » 3 ) = . f t ? 3  
E I 1 Tt 3 ) = 1  . 0 
E ( 1 A » U  = 1.
E ( 10 , .? ) = \  .
E T :) ti. v

•fa: n

-144-

Re produced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX C

Physical Properties of Benzene, Toluene, p-Xylcnc

1. Antoine constants for vapor pressure.

2. Curve fits for vapor and liquid enthalpy as functions of temperature.

3. Density of liquid as a function of temperature.
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Physical Properties

1. Vapor Pressure C 3 )

Ln (P°) = A-B/(cjT)
P° = Vapor Pressure, atm. 
T = temperature, °F

A B ^ “ C
Benzene 9.2487 4998.61 364.427
Toluene 9.3774 S570.19 362.879
p-Xylene 9.46406 6025.67 , „ 355.661

V

2. Vapor Entha lpy t„17_)

)iy = a+bT
h « vapor enthalpy Btu/lb. mole 
T = temperature, °F 75° T 250°

a b
Benzene 14240. 22.10
Toluene 15560. 26.90
p-Xylene 16260. 35.40

3. Liquid Enthalpy vJiJ

H = a + bT
11. « liquid enthalpy Btu/lb. mole 
T » temperature, °F 75° T 250°

a b
Benzene -1750. 37.5
Toluene -1780. 42.8
p-Xylene -2700. 48.0

4* Liquid Speci fic Gravity C-IZJ

SG = specific gravity relative to water 60°F 
T = temperature, °F, 125 T, 250

SG = .931 - .00066 T

This is an average density for benzene, toluene, p-Xylcnc and 
accurate over the temperature range to ^  2%.
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APPENDIX D

Calibration Curves

1. Calibration charts for feed, products and reflux rotameters.

2. Calibration chart for reboiler holdup.
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APPENDIX E

Analysis

Binary and ternary mixtures of benzene, toluene and p-xylcne were 

analyzed using an F 6 M Model 700 gas chromatograph. Oven though industrial 

and practical grade chemicals were used the elution peaks were sharp and 

peak areas could be approximated with two triangular segments per component. 

Fortunately, the relative response of the detector to equal quantities of 

benzene, toluene and p-xylene had been extensively studied and it was only 

necessary to verify the findings on the particular chromatograph used.

Ten weighed samples were found to agree with Nogare's ( JjL ) values to an 

average accuracy of 1.0%. As with many compounds in a homologus series, the 

component area percentage converts directly to component weight percentage.

A sample chromatogram showing the method estimating the peak area is shown 

in Figure IE . Data on the chromatograph and the settings used are presented 

below.

1. Chromatograph F$M Scientific 700

2. Column Size 1/8" OD, 6 ft. long

Substrate

3. Detector type 

Detector Current

Thermal Conductivity

150 m.a

4. Temperature Settings 

Injection Part 

Oven

180° C

100° C

Detector 170° C

5. Carrier Gas Helium

Flow Rate l.Occ/sec.
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6. Retention Times

Benzene

Toluene

p-Xylene

29 secs. 

45 secs. 

73 secs.
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APPENDIX F

EXPERIMENTAL DATA

1. Computed and experimental data for efficiency determination 
runs either under total reflux of continous distillation. 
Tables IF thru 5F.

2. Processed response data for all of the dynamic runs giving 
run conditions and response vs. time.

3. Raw data for the dynamic runs giving the chromatographic 
analysis in the form of peak heights and widths for each 
component.

Area of the benzene peak = Il^xWj+i^xI^

Area of the toluene peak = HgxWjHI^xW^

Area of the xylene peak = H^xW^+HgxWg
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‘ - £\ -'I f/. p P  P n1 o*l n  0p.(? I b . m o l o s / h
U g g j l  1, 0 • 4 <" Q 0.0 0.250

I) i f P i l  3. p.t: e  0 . 0.714  o .0 0.3 38

>3 o  4 x o m  s 0 . 9 3 4 3. 0 . ° 6 A  o . o 0.33 2

2 0 . 5-27 0 .£ 1 < ■ 0.0 0.250

R  e x 3 ’v '"h i  o  3 . 3.4

9 i Tn e  (^  i m v c  e s ) y-r \-i.c ’c i o n  1 1 n  x a n e

0.0 0.6

3 .25 O . o 75
2.25 0.577

A .  00 0 . 6 9 :'

0.00 0.724

3.00 0.731

10.0 0.752

12..0 0 .-7F R

14.0 0.789

17.5 0.812

20.5 0.795

23.0 0.821

26.0 0.624

29.0 0.828

35.0 0 . 83'7

3 9.0 0 . 8 5 0 '

44.0 0.658

49.0 0 . o 6 b

57.2 0.660
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Data’ Set 10 (binary)

Trays 3 and 6 verses tine. 
Initial Ccnditicnslicle >£ benzene
Feed 1
Distillate
Bcttcns
HeTlux Ratio 5.0:1 
Feed 2

44.6
77.7 
5.7

Flcv; Rate 
0.250 
0.153 
0.117

58.6

Tine
0
2.5
4.5
6.5 
9.0

12.25
17.50
21.25 
26.00
29.50
35.50
39.00
44.00
49.00 
54.30
Fida - . 2 0

Tray 3 
II 7> Benzene

38.5
42.9
42.7
50.4
51.4
55.6
54.4 

• 59.4
61.8
62.3
62.3
63.9
66.5 
68.2
67.0
68.0

Trav 8
Tine

0
0
2.75
4.75 
6.5 
9.15

12.50
17.50
21.50
26.25
29.50
35.50
39.25 
44.2a 
•49.25 
54.75
59.50

J .3 benzene
7.9
9.5
9.5 

10.5 
11.2 
11.2
11.7
13.7
14.4 
15.3 
15.2 
16.0
17.1
17.5
18.5 
18.0
18.1
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0 \ T A  SE T  1 5
T I P  T R AY  V S .  T I M E -
I N I T I A L  C O M M I T  I 0 \ S M O L E  T R A C T  I O S RATE

TEEM L 
01 S T I L L  A T E  
M O T T  C ' ‘ S 
FFFD 2 
R E F L U X  R A

B E N Z E N E  
0.35445 
0 . j 7  y 3 s 
0 . 9 3 A 54 
. -* 7 o A 7

T-OLULFf.F 
0 . 5 4 6 1 5  
0. 7 ] 3 91 
C . 7 9 6  14 
0 . 4 5 9 7 5

X Y L E N E  
0 . 9 6  9 4 0  
0 . 0 7  174 
0 . 1 6 9 7  7 
0. 0641.4

L3. M O L E S / H R .  
0 . 7 6 6 0 0  
0 . 1 5 7 0 0  
0 . 1 0 9 0 0  
0 . 7  6 6 0 0

in 3 . 1 t.

R E S P O M S F
T I M E  (MI E’JT ESI 7 F N Z C N T r . ' L U L F N E x y l e n e

0 0 0. 57 7*1 n 0 . 4 6 3  37 0 . 0 0  3 73
. 2 5 ( • 5 1 3 7 0 0 . 4 3 2 3 3 0 . O 0  3 4 7
1 0 . 5 2 1 1 1 C. 4 75.3 9 0 . 0  03  60
2 0 . 5  4 75/. 0.44934 0 . 0 0 3 2 8
3 54 84 6 0 . 4 4 3 1 7 0 . 0 0 3  37
5 0 . 5 7 4 3 2 0 . 4  2 2 6 7 0 . 0 0 ?  11
7 0 . 5 F 93 R 0 . 4 0 7 5 7 0 . 0 0 3  05
9 0 . 0 0 4 7 8 0 . 3 9 2 3 9 0 . 0 0 ?  3 3
1 1 0 . A3 5 5 E 0 . 3 6  1 8 3 0 . C O ? 5 9
1 3 0 . 0  2 29  I 0 . 3  7 4  64 0 . 0 9 2 4 6
15 0 . 6 ? 8 9 9 0 . 3 4 8 4 4 0 . 0 0 7 5 7
1 7 0 . 4 3 7 5 h 0 . 3 5 9 R 0 0 . 0 0 2 6 ?
l c 0. 64 8 9 7 0 . 3 4 8  49 0 . 0 0 2  54
21 0 , 6 6 3 6 1 0 . 3 3 3 8 3 0 . 0 0 2  56
2 3 0 . 6 5 6 7 4 0 . 3 4 0 9 5 0 . 0 9 2  31
2 5 0 . 6 6 C 5 7 0 . 3 3 7 3 5 0 . 0 0 2  09
2 7 C . 6 7 C 5 9 0 . 3 2 7 0 ? 0. 09? 3 9
2 9 0 . 6 6 1 1 8 0 . 3  36 56 0 . 9 4 ? 2 6  J
3 1 9. 6 6 7 2 8 - 0 . 3 3 0 3 5 0 . n 02 37
3 3 0 . 6  7 2 0 ? 0 . 3 2 5 3 5 C . 9 9 ? 1 4
3 6 C . 6 8 0 6 9 0 . 3 1 7 1 5 0 . Q 0 2 1 6
3 9 0 . 6 3  7 2 0 0 . 3 1 0 6 5 0 . 0 0 ?  15
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D A T A  S E T  16 
T R A Y  9 V S .  T I M E  
I VI T I A I. C U N O  1 T I i !'•! S I. E F -> ACT I ')AS P A T E

F E E D  1 
DISTILLATE 
DOT TPMS 
F F F 9  2
R E F L U X  RATI!)

R E  S P <JNS F.
T I M  EI M 1 ‘v U  T E S ) 

OC 
0 +

1 . 5
3
5
7
9
11
13
IS
17
19
21
2 3
25
2 7
2 9
33
3 7
41

PENZEMF 
0 .46567 
0 . 3  2 6 6 7  
0. A 40 59 
0. *32 63
3.9 5

T OL'JLFNE- 
0.46626 
0 . 1 7 2  7 3 
0 . 8 1 7 0 2  
0.54394

X Y L E N E  
0.96807 
0 . 0 0 0 6 0  
0 . 1 3 4  30 
0 . 0 7 3 2 4

L P .  M O L E S / H R  
0 . 2 6 4 0 0  
0 . 1 4 2 0 0  
9 . 1 2 4 0 0  
0 . 2  4 6 0 0

BENZENE
9 . 0 8 3 7 4
0.09264
0.070 86 
0.07426
e . 0 9  9.'./-. 
0. 07  503 
0 . 0 7 1 5 2  
0 . 0 7 9  3 8 
0 . 0 7 6 9 5  
0 . 0 7 3 9 1  
0 . 0 7 2 2 4  
0 . 0 7 3 8 6  
0.064*6 
0 . 0 7 0 0 8
0. 0 6 3 0 4  
0 . 0 6 7 8 8  
0 . 0 6 2  3 3 
0.06458 
0 . 0 6 5 7 4  
0 . 0 5 7 5 2

T C L U L f i N G  
4 . 33 6 5 5  
0 . 8 3 1 6 3  
0 . 8 3 8 3 3  
0 . 8 4  7 93 
C. 82 8 32. 
0 . 8 4  1 3 6  
0 . 3 4  3 34 
0 . 8 3 7 6 2  
0 . 8 3 9 9 8  
0 . 8 4 5 5 7
0 . 3 4  6 06
0 . 8 4 1 4  3 
0 . 8 * 7 7 0  
0 . 8 4  53 5 
0 . 3 6 5 7 3  
0 . 3  6 6 0 8  
0 . 3  5 4 1 2  
0 . 3 6 1 8 3  
0 . 3 4 9 2  5 
0 . 8 5  9 2 4

XYlFMF  
0 . 0 7 4 7 1  
0 . 0 7 5 6 7  
0 . 0 8 1 4 7  
0 . 0  77 30 
0 . 0 7 7 2 2  
0. 0.8060 
0 . 0 7 9  66 
0.083 0 0 
0 . 0  8 3 0 7  
0 . 0  80 53 
4.08270 
0 . 0 8 4 7 1  
0 .0 77J?4 
0 . 0  34 57 
0 . 0 8 1 6 6  
0 . 0  7 6 9 4  
0 . 0 3 3 5 6  
0 . 0  34 49 

0 .43501
e.0 3 3 25
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OAT A SET 17
TOP TRAV V S .  T T Y '
I N I T I A L  COfvl t r i e r MULL FT ACT IONS R-ATE

FEED 1 
D I S T I L L A T  F: 
B O T T O M S  
FEED 2

BENZENP
o. 5nr-ft 3
0 . 3 3 5 3 3  
0 . 0 6 6 ?: < 
C . 3 1 5  4?

T ° L  tJl E N F
0.440 81
0 . I A 
0 . 8 O 6 7 2 
0 . 6 0 1 7  4

XYLENE 
0 . 05 83 6 
0 . 0 0 0 4 7  
0 . 1 2  303  
0 . 0 8 2  83

1.3 . '•'OLE S/HR 
0 . 2 7 6 0  0 
0 . 1 4 0 0 0
0 . 1 2 7  00 
0 . 2  7600

R E F L U X  R A T I O  3 . 0  6

R F S P O N S F
T I R E  I 01 M U T E S ) Rr-:/_F\r T C L U L E N E X Y L E N E

0 0 0 . 7 9 9 9 1 0 . 1 9 3 5 1 0 . 0 0 1 5 9
1 ’ ° .7 8 ° 2 5 0 o . 21° 12 0 . 0 0 1 6 3
3 0 . 7 6 8 1 4 0 . 2 2 9 3 8 0 . 0 0 1 9 3
5 0 . 7 4  5 2 7 0 . 2 4 9 6 5 0 . 0 0 2  0 3
7 0 . 7 1 7 2 4 0 . 2 5 0 6 3 0 . 0 0 2 1 7
9 0. 7 0 C 7 6 0 . 2 9  6 89 0. 0 0 2  36
11 0. 676'"6 0 . 3 2 2 2 1 0 . 0 0 2 7 2
13

cr,<*•ovC•o

0 . 3  4 6  39 0 . 0 0 2 6 9
15 0 • 6 4 2 6  9 0 . 3  54 10 0 . 0 0 3 0 0
17 0 . 6 3  0 6 7 0 . 3 6 6 9 2 C. o n ? 4 0
19 0 . 6 1 0 5 0 0 . 3  3 6 3  8 0 . 0 0 3 0 3
21 0 . 6 0  3 79 0 . 3 9 2 9 5 0 . 0 0 3 2 6
2 3 0.  5 9 0 7 0 0 . 4 0 4  12 0 . 0 0 3 ) 3
2 5 0 . 5 7 2 1 7 0 . 4 2 4  55 0 . 0 0 3 2 7
2 7 0 . 5 6 6 ]9 0 . 4 3 0  4 2 r . 0 0 3 3 9
29 0 . 5 4 2 1 0 ,  

0. 53 6 99
0 . 4 5 4 3 9 0 . 0  0 3  50

31 0 . 4 5 9 5 2 0 . 0 0 3 4 9
33 0 . 6 1 9 C 1 0 . 4 7 7 2 4 P . 0 0 3 7 6
3 5 0 . 5 0 7 2 4 0 . 4 8 9 3 3 0 . 0 0 3 4 3
3 7 0 . 5 1 5 4 6 0 . 4 8 1 0.3 0 . 0 0 3  50
3 9 0 . 5 0 6 9 1 0 . 4 8 9 4 4 0 . 0 0 3  6 5
41 0 . 4 8 9 1 4 0 . 5 0 6 6 3 0 . 0 0 4 2 3
4 3 0 . 4 8 5  65 0 . 5 1 0 6 3 0 . 0 0  3 7 2
4 5 0 . 4 6 7 8 3 0 . 5 2 8 1 7 0 . 0  0 3 9 9
4 76 0 . 4 5 3 1 4 0 . 5 4 2 7 0 0.  0 04 17
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■S3AT A S E T  IP 
T 9 AY 4 V S .  T I ML 
I N I T I A L  C U N O I T  I O N S MOLE FRACTIONS 3 ATE

FfcED 1 
01 S T  I L L  AT 1=
'30 T T O M S  
F E E D  2

'3 r 7 7. E N c 
0 . 5 5 2 '• 9 
0 . 0 2 1 3 0 5  
0 .  t C 2 3 0 
0 . 2 ? ' * 2 *

T 0 L U L [- N F 
0. 3 9 2 3 1 -  
0 . 9 7 6 7 1  
C . 7 7 144 
0 . 0 3 7 0 8

X Y L E N E  
0.0 3420 
0 . 0 0 0  2 4  
0.1267 6 
0. '■>3364

L3 . M O L E S / H R ,  
0 . 2  7 6 0 0  
0 .14000 
0 . 1 2 7 0 0  
0 . 2  7 6 0 0

REFLUX RATIO 3.16

R E S P O N S E
El M I N U T E S ) ?■ FNZ f: NE T O L U L E N E X Y L F N F
0 - 0 . 6 7 A 2 6 0. 3 2 0 5 1 0 . 0 0 5 2 3
1 . 5 0 . 6 2  6 0  3 0 . 3 6 6  9 9 0 . 0  06 93
3 0 . 6  0 9 6 1 0 . 3 0 2 8 6 0 . 0 0 7 5 3
5 9 . 5 7 9 0 7 0 . 4 1 2 1 2 0 . 0 0  9 0 1
7 0 . 5 1  111 0 . 4  7 9 9 5 0 . 0  0 3 9 5
0 3. 4 9 6 $ 7 0 . 4 9 ^ 1 4 0 . 0 0 8 9 8
1 1 0 . 4 5 0 U 0 . 5 3 9 8 4 • 0. 0 1 9 9 5
13 0 . 4 4 0 6 1 0 . 5 4  8 33 C . 0 1 1 0 6
10 0 . 3 9 3  59 0 . 5 9 5  03 0 . 0 1 1 3 8
17 0 . 3-3662 0 . 6 3 1 2 0 0 . 0 1 2 1  3
19 0. 348'>9 0 . 6 3 9 3 5 0 . C l  1 9 6
21 0 . 3 4 0  15 0 . 6 4  7 78 9 . C 1 2 0 7
2 3 0 . 3 2 6 6 5 0 . 6 5 9 7 4 0 . 0 1 3 4 1
2 5 0 . 3 0 4 2 5 0 . 6 3 2 2 5 0 . 0 1 3 5 0
2 7 0 . 2 7 3 1 1 0 . 7 1 2  93 9 . 0 1 3 9 0
2 9 0 . 2 6  5 9 6 0 . 7 2 0 7 5 0 . 0  13 30
31 0. 2611.8 0 . 7 2 5  75 0 . 0 1 3 5  3
3 3 0 . 2 4 0  73 0 . 7 4 5 1 7 0 . 0 1 4 1 0
3 5 0. 23 3 0 6 0 . 7 5 2 1 9 0 . 0  1 4 7 6
37 0 . 2 3 1 4 2 0 . 7  5 3 9 2 0. 0 1 4  66
3 9 . 0 . 2 2  0 9 0 0 . 7 6 3 9 3 0 . 9  15 11
0 1 0 . 2 0 7 6 5 0 . 7 7 6 9 2 9 . 0 ] 5 4 2
A3 0. 2 0  74 0 0 . 7 7 3 1 7 0 . 0 1 4 4 3
4 6 0 . 2 0 9 3 6 0 . 7 7 4 4 0 C . 9 1 5 7 4
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OAT A SET 1 9
01 ST I L L A T L  V S .  T I r-1 F
I N I T I A L  C O N D I T 1 0 0 S MOL 0 F R A C T I O N S RATE

F E E D  1 
31 S T  ILL A T E  
3 U T T 0 M S  
F E L D  2

BENZENE 
0,2 9 -v 
0 . 5 5  2 7 7 
0.01212 
0 . SI 3 0 1

T n L O L E f ’E 
0 . 6 4 3 7 0  
0. 4 4 5  1.0 
0 . 6  7042. 
C . 4 3 3 2 3

XYLFNF 
0 . 0 6 6 3 6  
9 . O 0 2 1 3  
0. I 1 7 4 6  
0 . 0 5 3 7 6

L B .  M O L E S / H R ,
o.20200
0.113 00 
<> .08400 
0.2 02 00

R E F L U X  c'ATr.O 4 . 3  6

R E S P O N S E
T I M E ( M I N U T E S ) W Z E N F TfJLUL EN’F x y l e n e

0 0  , . 5 5 2 7 7 0 . 4 4 5 1 0 0 . n n 2 l 3
1 n , .54 0 8 7 0 . 4 5 9 1 3 0 . Q O 0 0 0
3 0 . 5 3 2 3 9 0 . 4 1 7 4 1 0. O ' W t O
5 C . 5 9 V . V - 0 . 4 0 0  4 4 0 . 0 0 0  00
8 0 . 6 5 4 6 7 0 . 3 4 5 A 3 0 . 0 0 0  00
1 0  . 0 . 6 7 4 9 8 0 . 3 2 5 0 ? C . o o o o o
12 0 . 6 9 0 0 7 0 . 3 0 9 9 3 C . O O O ^ O
14 0 . 6 9 8 5 5 0 . 3 0 1 4 5 C . 0 O O 0 O
17 0 . 7 1 5 0 4 0 . 2 8 3 9 4 0. 0 0 0 0 9
2 0 0 . 7 4  0 0 7 0 . 2  5 9  43 0 . 0 0 0  00
2 3 0 . 7 5 1 6  8 0 . 2 4  33 2 0 . 0 0 0 0 0
2 6 0. 7677J, 0 . 2  32 29 0 . G O O o o
2 9 0 . 7 8  3 59 0 . 2  1 6 4 1 O.OOQ0 0
3 3 0 . 7 3 4 0 9 0 . 2 1 5 9 1 C . 0 0 0 9 0
3 6 0 . 7 9 3 2 9 0 . 2  0 6  71 . 0 . 9  00 0 0
3 9 0 . 7 9 4 6 5 0. 2 0 5  3 5 0.0 09 oo
4  3 0. Si 1 5 8 0 . 1 8 8 4 2 0 . 0 0 0  0 0
4 7 0 . 3 1 1 9 8 0. 1 8 8 0 2 o . o o o o o
51 0 . 3 1 4 6 1 0. 1 8 5  39 c . 0 0 0 9 0
5 5 0 . 8 1 0 0 7 0 . 1 8 9 9 3 C . 0 0 0 9 0
5 9 0 . 8 2 5 4 4 0. 1 7 4  56 0. 0 0 0 0 0
6 3 * 0.-83243. 0 . 1 6 7 5 7 0 . 0 0 0  90
6 7 0 . 3 2 5 6 7 0. 1 74 3 3 0 . 0 0 0 9 0
71 ' 0 . 3 1 1 2 1 0 . 1 8 3 7 9 C . 0 0 0 3 9
75 0 . 3 3 2 2 3 0 . 1 6 7 7  7 0 . 0 9 0 o n
7 9 0 . 3 2 9 6 9 0. 1 7 0 3 1 0 . 0 9 0 0 0
8 3 0 . 3 3 3 3 8 0.  1 6 6 6 2 c. 0 0 0 9 0
8 7 0 . 8 4 1 3 7 0 . 1 5 8 6 3 0 . 9  0 0  90
92 0 . 8 3 9 0 1 0 . 1 6 0 9 9 0 . 0 0 0 9 0

-170-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DATA SET 2 0
01  S I T L L A T T  V S .  T I
I N I T I A L  C O N D I T I O N S "O LE  F R A C T I O N S F A T E

F E E D  1 
01 S T I L L  A T E  
O U T  T O Y S  
F E E D  2

3 E N 2 L N E  
0 . 5 5 0 A 8 
0. 7 1 81 3 
0.0 704 4 
0.31796

T P L U L F N C  
0 . 1 92.54 
0. C 34 4 8 
0 . 8 1 464. 
0 . 6  0 9 8 6

X Y L E N E  
0 . 0 4 8 9  8 
0 . 0 0 0 3 3  
0 . 1 0 8 9 2  
0 . 0 7 2 1 3

1 0 .  M O L F . S / H R . 
0.20200 
0 . 1 1 3 0 0  
0.^3900 
0.20200

R E F L U X  R A T I O  3 . 0 6

R E S P U N S t
T I N E  I MI N O T E S ) 0 r- N £ E N t T C L U L  E \ F X Y L E N E

00. 0 . 9 1 5 1 8 0 . 0  8 4 4  3 0 . 0 0 0 3 ?
1 0 . 9 1 6 0 6 0 . 0 8 3 9 4 0 . 0 0 0 0 0
3 0 . 9 0 7 3 9 0 . 0 9 2 6 1 C , o o o o o
5 0 . 8 9  8 8 2 0 . 1 0 1 1 8 C . 0 n '■' ? o
7 0 . 8  7 8 8 3 0 . 1 2 1 1 7 0 . 0 9 0 0 0
9 0 . 3 7 3 4 5 0 . 1 2 6 5 5 o . c o o o o
12 0 . 8  5 3 1 0 0 . 1 4 6  90 O . P O O O O
15 0 . 3 3 0 4 1 C . 1 6 9 5 9 0 . 0 0 0 DO
19 0 . 8 2 6 9 7 0 . 1 7 3  03 0 . 0  00 90
21 0 . 8 1 7 1 2 0 . 1 8 2  83 0 . 0 0 0 0 0
2 4 0 . 7  6 1 0 4 0 . 2 1 3 9 6 9 . 0 0 0 0 0
2 7 0,. 7 5 6 9 3 0 . 2 4 3 0 2 0. 0 00-00
■30 0. 74  8 80 0 . 2 5 1 2 0 0 . 0 0 0 0 0
33 0 . 7 3 4 2 7 0 . 2 6 5 7 3 0 . c o o o o
36 0 . 7 7 1 9 4 0 . 2 2 8 0 6 C . O D D D O
3 9 0 . 7 0 2 0 0 0 . 2 9 8 0 0 0 . c o o o o
4 2 0 . 6 9 1 9 5 0 . 3 0 3 0  5 0 . C O O D O
4 5 0 . 6 9 5  38 0 . 3 0 4 6 ? 0 . C O O O O
4 8 0 . 6 6 7 3 6 0 . 3 3 2 1 4 C . 0 0 0 0 0
51 0 . 6 5 1 4 5 0 . 3 4 8 5 5 0 . 0  00 00
54 0 . 6 3 3 3 5 0 . 3 6 6 1 5 0 . 0 0 0 0 0
57 ' 0 . 6 2 8  30 0 . 3 7 1 6 2 c . o o o o o
6 0 0 . 6 2 5 1 1 0 . 3  74 39 0 . 0 0 0  00
6 3 0 . 6 2 0 0 0 0 . 3 8 9 0 0 c . o o o o o
6 6 0 . 6 0 7 0 5 0 . 3 9 2 9 5 0 . o o o o o
6 9 0 . 5 9 6 0 2 0 . 4 0 3 9 3 c . c o o o o
73 0 . 5 9 6 4 7 C . 4 0 3 5 3 o . c o o o o
77 0 . 5 8 0 4 3 0 . 4 1 9 5 7 0 . 0 0 0 0 0
81 0 . 5 9 6 4 2 0 . 4 0 3 5 9 0 . C O O 00
6 5 0 . 5 8 6 1 3 0 . 4 1 3 8 7 0. c o o o o
89 0 . 5 8 8 0 2 0 . 4 1 1 9 3 0 . 0 0 0 0 0

*
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DAT A SET 2 2
T ? A Y - 6  V S .  T I M E
I N I T I A L  C O N D I T I O N S M'JLE F R A C T I O N S RATE

F E E D  I 
01 S T  ILL Air; 
T O T T O M S  
F E E D  2

BFNZCNF 
0. 311. 52 
0 . 5 2 1 9 ]  
0 . 0 1 1 5 7  
0 . 4 7 6 7  8

TOLULEM E 
0 . 6 1 4 5 3  
0 . 4 7 5 3 3  
0 . 8 1 7 7 3

X Y L E N E  
0 . 0 7 3 0 1  
0 . 0 0 2 2  5 
0 .15048 
0 . 0 2 7 5 c

L R . M O L E S / H R  
0.20?oo
o . 1 0 9 0 0
0.09300 
0.2 02 00

R E F L U X  R A T I O  4 . 2 2

T l f L ( M l N U T E S ) 3ENZ ENE T O L U L E N E X Y L E N E
0 0 0 0 . 0  4 4 69 0 . 0 * 8 5 3 0 . 0 4 6  88
0 + 0 . 0 6 7 6 B 0. 8 83 9/+ 0 . 0 4 9 2  8
2 C . 08  9 9 8 0 . 8 7 1 0 3 0 . 0 3 8 9 9
4 9 . 1 1 1 4 3 0 . 6  8 3 4 4 o. 0 3 4 9  3
6 0 . 1 1 3 0 7 0 . 3  5 4  54 0 . 0  32 40
8 0 • 1 2 1 4 7 0. ,;4 5 'j 9 0 . 0  32 34
10 0 . 1 2 9 6 2 9. 8 3 1 4 0 0 .03.393
12 0 . 1 3 1 2 9 0 . 3 3  7 6 5 0 . 0  3 1 0 7
14 0 . 1 3 3 3 0 0. 8 3 5 0 0 0 . 0 3 1 6 9
16 0 . 1 3 4  50 0 . 3 3 4 0 7 0 . 0 3 1 4 3
in 0 . 1 3 9 2 5  ' 0 . 3  30  54 n . 0 3 0 2 0
21 0 . 1 4 2 7 2 9 . 8 2 7 2 2 0 . 0 3 0 0 5
24 0. 1 4 6 2 ? 0 . 3  2 5 1 5 0 . 0 2 8 6 3
2 7 0 . 1 4 9 ? ? 0 . 3 2  0 4 0 0 . 0  30 30
3 0 0 . 1 4 6 4  3 0 . 3 2 4 5 4 0 . 0 2 9 0 3
3 3 0 . 1 4  4 0 0  • 0 . 8 2 2 6 7 0 . 0 2 9 3 3
3 6 0 . 1 5  53 8 0 . 3 1 6 2 4 0 . 0 2 8 3 8
39 0 . 1 5 3 9 1 0 . 8 1 8 4 6 0 . 0  27 6.3
4 2 0. 1 6 1 2  4 0 . 3 0 8 8 5 0 . 0 2 9 9 1
4 5 0 . 1 6 2 8 3 0 . 8 0 3 1 5 0 . 0 2 9 0 2
4 8 0 . 1 6 1 2 7 0 . 3 1 1 5 7 0 . 0 2 7 1 6
51 0 . 1 5 9 9 7 0 . 8 1 3 1 2 0. 0 2 6 9 1
54 0 . 1 6 4 1 7 0 . 3 0 9 3 0 0 • M 2 6 5 3
57 0 . 1 6 8 5 5 0 . 8 0 5 4 3 0 . 0 2,603
6 0 0 . 1 6 2  50 0 . 8 1 1 1 2 0 . 0  26 33
63 0 . 1 5 9 9 0 0 . 3 1 3 6 4 0 . 0  2 6 4 6
6 7 0 . 1 6 6 6 7 0 . 3 0 7 1 3 0 . 0  2 6 2 0
7 1 C.  1 7 2 1 6 0 . 3 0 1 0 7 0 . 0 2 6 7 7
75 0. 163.80 0. 81.093 0 . 0 2 5 1 4
7 9 0 . 1 6 8 7 4 0 . 8 0 7 0 3 0 . 0 2 4 2 3
8 5 0 . 1 7  703 0 . 7 9 7 7 6 0 . 0 2 5 2 0
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3*U.I C O O O c- C C< c 0
O CM C\ O C- c CM c c 0»—« C C C r~r c c c 0
vC * • • • ft • ft ft ft

c c c c c C* , O C: c

0 0 c. C ’ 0 O 0 c 0UN 0 0 CO c CM c- c 0
co c c. c c SO c c 0

\C- » * • ft ft 4 ft ft ft
ac 0 0 0 0 c 0 c- c 0

UN CO c X 00 CM vC 0 0CO c «-< c UN CO CM . 0c- UN CO CM O c c 0 0in • • » • ■ • ft ft ftX c e O <r ■ c- c 0 0 0

0 r~' c 0 c c 0 c 0e £ \C CM IT ir> c
o- vT r» c- IT, vC t- 0in • • • • • ft • • ft

3: cm CM CM CM CM CM CM CM 0

0 C O C C c C c 0f- CO C- C %o CN h-
CM cm CM r<N CM CM CM CM CM• • • • • » • ft •
O • 0 O c c. c O 0 c

O 0 O 0 c c O 0 0
O CM UN c IT. UN UN U'

H CM c C- < «—i O' CN
■4- • * • ft • ft ft ft . ftae f-H CM CM CM pft f-H cm ft-t CM

i r c c C' C 1 O c O c C
IL O V? cc CM' 0 UN c vT> r- rot-i UJ IT CM 0C UN. CO ro
O  I/I fO • • • • ft ft ft ft *
zr ̂  x 0 0 O O O' 00 c- </UJ f— T-t•—  u.
0 c c C O c c O 0 O•-> CO 0 in CM UN UN IT. inu. 0 C CM 0 O' O' — 1 O' O' XU- • fO • • • • ft ft ft ft •U! 3: CM CM CM pH r-C CM p~(
t- >-Z  t- O O C UN O UN O O OUJ H CM *—* CM CO X COZ  0 0 O O O O c H I—* CMD O N • • • • ft ft ft ft •
a  J X c O c O O c 0 0 OX  LU0  >
0 0 O 0 G O c 0 0 Oor 0 CM O' O X CM CM OU- o <»- vO h- co O' CM CM vt COO  Cl INI • • • • ft • • ft ft

<  3 C 0 0 r" r—1 H rH •-4
<  z: >0C\| 1-* _J UN 0 CM O c O O C 0H  (- < oc X fN* CO »—t vC<  *-> c —< CO ■a Mf O M- M?
1—  X  O  — 1 ft • • • ft ft • ft ft
uj . x 0 c C 0 f—* CM co UN
W X l Lcc or<  UJ UJ 0 0 O 0 0 c C> 0 Oh— 1—  C. 0 c- UN m CO UN vC O<  IU X5 CM CO H CM ro CO. UNO  O  1/) H • • ft « - • • • ft •

3C H r-> H rH rj r— 1 pM 1— •

f—4 CM CO 't UN 'O c- CO O'
—’V
O
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►—2LU c: c c C o c O cC IT C- o o o o e cC c o o c o c o
st . t • . . . . •X c cr c. c o o c o

© c o e r c c oo c © o © o o ca o a c o c c. c*C « . » • • • • •3: c o o c © c c C'
o in o o <o CM vO f-9- Is- CO ro in CM of- 'f' CM i-i e c cin • • . . » • • *X C c> o e C o © c
c.> c> o o © c o oc~ i-4 CM m m. N- in C'CO P— CO p- o m p- r-LO . • • • • • • .CM CM (M CM CM CM CM CM
o c- o o C c o cvO *3" M3 co M" ro CO M-CM CM CM CM CM PM CM H*3- . . * . » . • .X o e c c o O o o
o o o o o c c ©o vC c CM in LO in n-in CO C- M- r- vO»*■ . • * • . . * .re r—1 f—( *—i »—* •—< CM i—i

in o o o e o o O OUJo o ro rn r- CO CM CO o►“*LL- O' CO O' o M3 —4 CO f-o oo ro • • * . . • * *z X CO O' cc p- CO CO 'O CMUJt-u.o o e c o o o o Ot—1CM o CM a o cn in CM ou. r—4 —4 O o a O o r—4 au. • CO • • * * • . • •UJi—* X CM CM CM PM CM CM 1—4
r- >-2 h— o O o in o o O ©UJ ►—» c CM MD M3 a CM CM in2 u o o o- o o |H CM —4C O CM • • . • . * « •0. -J X o o c o o o o oi: LUo >u o o o o o o o o

Ct o o O' in o in O' cu. a o CM 1-4 ro CO O' CO inO a. cm • » • • • • * .
< 3: o —4 r—( r—4 f—< i-i H r-HO 2 >ocm •—<.J e'­ in o o o o o o*-i (— < en CO CO 00 fp. cc r- r-<r H-1 CM p- c *3- O' ro V*-h- 2 UJ r-t . • . . . • • •UJ — X o o o r—l CM ro in roi/) S u.

cc cr.< LUUJ o o o o O o o o
v- r- CL in o m p- CM o vO in
<  UJ X *3- ♦J- rn CM PO in in mo c tO 1-4 * • • • * * . •3: H 1—1 r-l 1-4 H •-I —4

• W CM CO < in M3 r- 00
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Q U A  SET 1 3
D E T E R M I N A T I O N  O F  C O M PO N EN T E F F I C I E N C I E S
S U P E R F I C I A L  VA PO R  V E L O C I T Y  1 . 1 5  F T / S E C

W1 HI W2 H2 W3 H3 W4 H4 VI5 H5 W6 H6IDENT.

1 1.220 0.970 1.850 0.030 2.020 9.060 1.250 0.310 2.3 00 0.720 1.110 0.065

2 1.170 1.550 1.390 0.090 1.930 8.660 1.200 0.340 2.250 0.46 5 7.0 00 0.030

3 1.190 2.460 1. 500 0.130 1 .950 8.230 2.250 0 . 310 2.070 0.298 1 . f, nr> 0.032

4 1.250 4.070 1.600 0.220 2.120 7. 950 1.750 0. 2 20 2 •' 2 2 0 0.206 0.5 50 0.070

5 1.290 5. 820 1.380 0.360 1.900 7.230 1.800 0.360 2.1 70 0 . 160 1 .330 0.031

6 1.310 6.530 1.810 0.360 1.910 6 . 890 1.650 0.320 2.250 0. 108 ! .600 0.005

7 1.620 7.770 1.720 0.260 2.000 5.730 1.750 0.2 30 2.450 0.050 0.750 0. 003

8 1.570 8.690 1.850 0.320 1.900 4.390 1.650 0. 230 2.600 0.026 0.800 0.001

9 3.520 5.040 2.560 0.230 1.880 3.250 2.150 0 . 160 2.700 0.011 0.000 0. 000

10 1.140 0. 782 1.480 0.045 2.070 8.300 2.200 0.270 2.3 90 0.775 I .110 0.0 54

11 1.190 1.460 2.200 0.045 2.000 8. 510 2.400 0. 250 2.2 00 0.542 1.800 0.030

12 1.180 2.220 1.500 0.1 15 1.950 7.960 2.250 0.320 7.430 0.000 1.400 0.411

13 1.270 3.840 1.150 0.280 1.900 8.320 2. 100 0.320 2.220 0.393 1.280 0.031

14 1.210 4.310 1.280 0.300 1.830 7.700 1.900 0.380 2.250 0.1 83 1.380 0.0 15

15 1.340 5-800 1.500 0.280 2.000 7.280 1 .780 0.290 2.3 00 0.105 0.950 0.074

16 1.600 6.940 1.600 0.740 2 .000 6.060 1.750 0. 230 2.450 0. 056 1.2 00 0. 005

17 1.620 8.500 1.500 0.440 1.890 4. 930 1 .950 0.720 2 . 8 00 0.028 O.r.00 0.000
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DATA SE T  1 4  A
D E T E R M I N A T I O N  OF COM PONENT E F F I C I E N C I E S
S U P E R F I C I A L  VAPOR V E L O C I T Y  0 . 9 9  F T / S E C

W1 HI W2 H 2 W3 H3 W4 H4 W5 H5 W6 H6 I DENT

I 1 . 2 2 0 1 . 5 3 0 1 . 5 8 0 0 . 0 5 0 1 . 9 9 0 8 . 2 3 0 1 . 9 0 0 0 .  290 2.  580 0 . 6 1 0 1 . 3 0 0 0 . 0 4 5

2 1 . 2 3 0 2 . 1 6 0 1 . 5 0 0 0 . 1 3 0 1 . 9 4 0 7 . 7 1 0 1 . 8 5 0 0 . 3 2 0 2.- 420 0 . 3 8 2 1 . 0  oo 0 . 0 5 0

3 1 . 2 5 0 3 . 1 9 0 1 . 8 9 0 1 . 3 5 0 1 . 9 0 0 7 . 0 5 0 1 . 9 0 0 0 . 3 2 0 2 . 5 0 0 ' 0 . 2 5 9 1 . 0  40 0 . 020

4 1 . 5 0 0 4 . 5 7 0 1 . 2 3 0 0 . 2 4 0 2 . 0 0 0 6 . 5 7 0 1 . 6 0 0 0 . 2 4 0 2 . 5  00 0 .  190 0 . 8 5 0 0 . 0 1 9

5 1 . 3 0 0 5 . 6 3 0 1 . 4 0 0 0 . 2 6 0 1 . 8 6 0 5 . 4 0 0 1 . 6 0 0 0 . 220 2 . 2 5 0 0 .  132 0 . 0 0 0 0 . 000

6 1 . 5 3 0 6 . 5 2 0 1 . 5 0 0 0 . 2 6 0 1 . 9 0 0 4 .  730 1 . 4 0 0 0 . 2 8 0 2 . 9 0 0 0 . 0 7 6 0 . 000 0 . 0 0 0

7 1 . 4 2 0 7 . 4 7 0 1 . 9 0 0 0 . 2 8 0 1 . 7 8 0 4 .  180 1 . 9 0 0 0 . 2 4 0 2 . 7 2 0 0 . 0 4 2 0 . 0 0 0 o . o o o

8 1 . 5 3 0 8 . 4 0 0 1 . 4 5 0 0 . 4 4 0 1 . 7 3 0 3 . 3 4 0 1 . 3 0 0 0 . 2 2 0 1 . 8 0 0 0 . 0 2 2 0 . 0 0 0 0 . 0 0 0

9 1 . 5 5 0 9 . 3 6 0 1.  500 0 . 4 8 0 1 . 6 2 0 2 . 4 6 0 1 . 7 5 0 0 .  140 2 . 3 ^ 0 0 . 0 1 0 0 . 0 9 9 O.On O

10 1 . 1 8 0 1 . 3 5 0 2 . 0 0 0 0 . 0 5 6 1 . 9 9 0 8 . 2 8 0 1 . 8 0 0 0 . 3 3 0 2 . 5 0 0 0 . 7 3 2 1 . 5 0 0 0 . 0 6 2

11 1 . 2 5 0 2 . 0 3 0 1 . 1 0 0 0 . 1 4 0 2 . 0 0 0 7 . 9 3 0 2 . 2 0 0 0 . 2 6 0 2 . 4 0 0 0 . 5 6 2 1 . 3 0 0 0 . 0 8 0

12 1 . 3 0 0 2 . 9 9 0 1 . 6 0 0 0 . 1 2 5 1 . 9 3 0 7 .  540 1.  850 0 .  300 2 . 4 4 C 0 . 4 4 7 1 . 6 0 0 0 . o?7

13 1 . 4 1 0 4 . 2 4 0 1 . 4 5 0 0 . 2 0 0 1 . 9 5 0 7 . 0 0 0 2 . 3 6 0 0 . 3 1 0 2 . 6 2 0 0 . 4 1 0 1 . 2 5 0 0 . 0 2 0

14 1 . 4 5 0 4 . 7 0 0 1.  150 0 . 2 6 0 1 . 9 0 0 6 . 6 2 0 2 . 0 0 0 0 . 260 2 . 6 3 0 0 . 1 8 0 O.POO 0 . 0 1 5

15 1 . 3 7 0 5 . 6 5 0 2 . 1 0 0 0 . 1 7 0 1 . 8 2 0 5 . 5 8 0 2 . 2 0 0 0 .  180 2 . 5 5 0 0 . 0 9 4 0 . 000 O'. 000

16 1 . 3 5 0 6 . 9 3 0 1 . 7 0 0 0 . 3 2 0 1 . 7 4 0 4 .  890 1 . 5 0 0 0 . 2 7 0 2 . 3 9 0 0 . 0 5 1 o . o o n 0 . 0 0 0

17 1 . 4 4 0 8 . 5 0 0 2 . 1 0 0 0 . 2 3 0 1 . 7 4 0 3 . 6 6 0 1 . 3 0 0 0 . 2 2 0 2 . 5 6 0 0 . 0 2 4 0.000 0.000
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- D A T A  S E T  1 4  B
D E T E R M I N A T I O N  OF CO M PO N EN T E F F I C I E N C I E S
S U P E R F I C I A L  VAPOR V E L O C I T Y  1 . 2 5  F T / S E C

W1 HI W2 H2 W3 H3 W4 H4 W5 H5 W6 H61 DENT.

1 1.240 1.250 1.700 0.065 2. 120 7. 730 1.850 0.270 2.670 0.580 1 .750 0. 040

2 1.470 1.475 1.450 0.065 2.040 5.640 2.100 0.210 2.530 0.250 1.400 0. 030

3 1.210 3. 320 1.400 0.160 1 .990 7.280 1.700 0.310 2.530 0.256 1.350 0.022

4 1.290 4.260 1.350 0.160 1.940 6.000 1.450 0. 230 . 2.5 00 0.142 0.750 0.015

5 1.490 6. 430 1.490 0.230 1.860 5.920 1.500 0.250 2.490 0.130 1 .noo n . 0 11

6 1.530 6.880 1.300 0.440 1.390 4.880 1.400 0. 230 2. 530 0.066 0.0 00 9.000

7 1.530 8. 480 1. 250 0.440 1.900 4.340 1.6 20 0.120 2.610 0.033 0 .000 o.ono

8 1 .600 9.460 1.550 0.460 1.660 3. 360 2. 100 0. 140 2.3 90 0.018 0.0 oo o. 000

9 3.320 5.220 1.550 0.520 1.640 2. 200 1 .7^0 0.14 5 P.430 o. 007 0.0 00 0 .  9 0 0

10 1.400 1. 157 1.700 0.055 2.300 7.970 1 .950 0.210 2 . 5 6 0 0 .665 1.650 9.045

11 1.260 1.985 1.850 0.080 1.920 7. 820 1.850 0. 270 2.390 0.430 1.630 0.015

12 1.360 2.880 1.430 0.110 1.920 7.320 1.850 0.270 2.370 0.370 1 .600 0.030

13 1.340 4.550 1.640 0.145 2.070 7. 200 1.750 0.230 2.540 0.350 1.820 0.017

14 1.300 5.560 1.600 0.230 1.880 6.880 1 .730 0.280 2.430 0. 153 1. 230 0. 0 1 0

15 1.400 6. 880 1.330 0.430 1.860 5.930 1.920 0. 240 2.610 0.088 0 . 9 0 0 0 .007

16 1.480 8. 130 1.820 0.270 1.870 4.730 2 . 0 0 0 0. 150 2.300 0. 042 0.000 0.000

17 1. 780 8. 800 1.400 0.500 2.240 2.940 1.700 0.135 2.380 0.018 0.000 0.000
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