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SUMMARY

This thesis concerns the effects of component separation cefficiency upon
distillation tower dynamic responsc. 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
sicv¢ tower distilling a mixture of benzene, toluene, and p-xylcne at atmos-
pheric pressure.

Inclusion of a Vurphree efficiency for each component and each tray vas
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 %Xi = A;X; + E,
(i = 1,2..1) were developed for the casc where A; are szpertriangular. Sargent's (2
method was used in solving the equations along with Hymanfs (33) nethod for lo-
cating the eigen values and vectors of the matrices. Solutions for both super-
triangular and tridiagonal matrices were included for completeness and for
comparison.

The method of incorpofating efficienciecs into the solution was tested
numerically and found to be stable and reliable for a ten-stage system. Poth
Sargent's method and llyman's method were casily programmed. Time for a dynamic
solution covering up to 90 minutes of real time was 2 to 3 minutes of CPU time
on an IBM-360 Model 65. |

In all of the cases studiedJSpced of responsc on cvery tray decrcased with
a decrease in efficicncy. For a hypothetical casc the apparenf 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 thc characteristic

roots of the solution may be complex numbers yiclding sine and cosine solutions.

1=

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



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.
Por'runs where a good match in initial and final composifions were computed
the computed response deviates from the actual less than 3% over responsc

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

froﬁ 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?
Can the effect be realistically simulated with the concept

of a Murphrece Tray Efficiency for each component?

‘What numerical techniques may best be used to incorporate

this effect into the mathematical model?
Can the concept 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
formutlation was chosen for the numerical solution, Midway thfough the.
thesis it was discoverced that throurh little additional effort the
mathenatics could be kept general enough to apply to quite a variety
of chenical enpgineering problems. Deyond the usual distillation
perallels of ebsorption and extraction the metheds apply to staged

processesvwith ness transfer or reaction where either by-pess or recycie
occurs. Stated in its most succinet mathematical form the matrix
methods apply to the steady-state and dynamic solutions of sets of
linear and non-linear equatibns vhich may be expressed according to the

natrix equation:

%%i = Ki Sc'i + Fi i=1,2..1
Where: A = A(t) an I by W coefficient metrix,
F = F(t) a colum vector of length N
t = the scaler independent varieble, i.e. tine,
X = X(t) a colwm vector of length N and the

dependent veoriables.
Note that there are N times I total equations represented by the I
sets of Il equations. The limitation of this method is that the matrix
A rust be at leost supertriangular. That is, A nust contain all zero

elenents on either side of the three central ton to bottom diagonals.

-4 .
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Such & matrix is shown below.
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zero elenc'ants * \ \ \ :
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0--0-+0--0--0 '3 '7|three central aiaponols

While this moy seem a rather restrictive limitation it should Ye
noted that matrix application to staged chemical engineering problems
has teen previously limited to coefficient matrices confaining elements
only on the three central diegonals. In terms of staée processes this
means & steape may cormmunicate 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 Dvnemic System

The prediction of tower dynamic behavipr finds application to a
variety of distillation problems. Process start-up and batch operations
are fwo,familiar ones. Probably the widest application, however, is in
the design of control systems. Whatever the application; the physical
arrangement on which the model is based is much the same.

Figure 2 depicts a typical distillation tower under operating

~5-
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FIGURE 1]

Two examples of the types of staged processes
which could be modeled using the proposed matrix
mathematics and numerical methods.
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conditions. Vapor from the reboller 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 reboiller and condenser. Figure 2 shous 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 strecams. 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-
dynémic 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 Ly 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 whefe
small distﬁrbances determine the corrective action this is the primary
rcéion of interest. In region 1I 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 considerétiona
other than mass transfer will be eliminated or their cffects minimlzed
to allow better examination of mass transfer considerations. This is

particularly true in the cxperimental portion of the thesis.

Significant Past Work

(14
According to Mah -—-)the earliest chemical engineering investi-

gation of column dynamics was that of Huffman and Urey Qig)on the
separation of oxygen isotopes in 1935. Approximately fiftcen years later
detailed mathematical formulation of the model was proposed by a number
of authors differing only in their emphasis or their p;rticular notational
procedures. Marshal and Pigford (lé), Davidson (é{ and Lapidus and
Amundson CE;LII 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. lis
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 sinplifying assumptions may be made).
The a&vent of the computer brought on a variety of solutions to
tliese 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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cquations 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

¢Y)

passive circuits have been devised by Acrivos and Amundson ’
(21) (23)

Rijasdorp , and Rosc and Williams to name but a few. The

v'analog solution is superior for analyzing control pr&blems 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 scts of differential cquations. This requires allarge
memory, an extremely detailed and well organized notétional proce-
dure, and the choice of a suitable time interval of intecgration.
Various numerical integration techniques such as Euler's Method,
Runge-Kutta, and predictor-corrector methods have been tried
(Zé;li;lﬁ). These methods suffer from the common numerical malady
of step length choice. Too large a step length in this highly non-
lincar problem leads rapidly to an accumulating error and a meaning-
less solution. Another disadvantage is that these techniques reveal
little other than a onéc 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 ncw concepts

into the solution regardless of the arithmetic complexity.

-11-
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Probably thc finest collection of recent work on unsteady state
préccsses may be found in Holland's text(lzp. 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 donc
with the purely numerical approach rather than the matfix approach.
.Roscnbrock (Zé)included Murphree cfficiencies in a numerical model
for a binary system for the sake of completcness,.however, he made no
investigation of their effects. For multicomponent mixtures a simpli-
fied definition of efficiency has usually bcen used to incorporate
cfficiencies into the model. This consists of decfining a modified K-
value and using the modified K value in the solution usually used for
ideal trays. Thus the cffect of efficiencies is accounted for in the
tray equilibrium relations - through the K values. With matrix
methods the only mention of tray efficiencies appcars in Sargent's
article QE? lle suggested, in a post script, how efficiencies might
be incorporated into tﬁe matrix solution using the modifiecd 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
and no experimental verification. In fact, Holland (lgktatcs that
as of 1966 they had been tried on onl} onc 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 Scction II it was discovercd that
using the concept of a Murphree LEfficiency for eﬁch component on each
tray, the general matrix model of Amundson and of Mah (lé)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 modifiecd to apply to the matrix containing
tray efficiencies, a method yielding both numerical response and a
fundamental mecasure of response in terms of the eigen values and eigen
vectors of these matrices could be obtained. Although this model was
designed to solve the distillation problem in its most gcﬁeral form,
heat and hydrodynamic calculations were eliminated whenever possible
by holding vabor'and liquid rates constant and column hold ups constant.
In this way the mass-transfer should not be masked by these phenomenﬁ.
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 completecly general vapor-liquid

equilibrium relations to determine appropriate time intervals of inte-

gration and convergence properties. Finally the model was tested

~13-

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



against a real system - a ten tray sicve tower distilling a mixture

of benzene, toluene and p-xylene.

~14-
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I1I PROBLEM FORMULATION

Introduction

The most general mathematical formulation for distillation tower
dynamics consists of a componcnt mass balance and a heat balance for
;ach stage of the unit, For N stages, including the rcboiler and
condenser, and I components this gives N.times I simultancous differ-
ential equations rclating components; that is, a mass balance for each
component on each stage. A differential heat (enthalpy) balance may
be writtcn about cach 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 NxI component balances and to explore
ways of solving these ecquations simultancously, including in the

solution the added complexity of non-ideal trays.

Generalized Component Balance

For a tower containing N total stages (with the overhecad condenser
being stage 1) and I components the unsteady-state mole balance on a
tray n for componcnt i is:

d(gy +x )=L x ~(Lx 4y +Px YV y +£ (2.1)
dt ni,n n i,n n-1 i,n~-1 ni,n ni,m ni,m ntl i,n+tl i,n

Vapor and liquid holdup on tray n,

where: g , G
n n

V,L

i Vapor and liquid rates leaving tray n,
n

-15-
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Yi n,‘xi n = Vapor and liquid mole fractions of component i
’ »
lcaving tray n.

Pn = Liquid Product ratc lcaving tray n.

f = Fecd rate of component i onto tray n.

i,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 cquations may
be solved depends upon how the vapor compositions on the tray are related
to the liquid compositions. Most cquilibrium data is corrclated in the

£ Y*i,n = Ki,nxi,n (2.2)
vhere Y*i,n is the cquilibriuh vapor composition for liquid composition
are functions of the total pressure, temperature, component

wxi,nc The }\i,n
-y

Xji,ne The Ki, are functions of the total pressure, temperature, component

n
and liquid composition. For a given pressure and liquid composition the
Ki,n arc functions of temperaturc and can be determined by the bubble
point calculation

L Ki nXin = 1.0 (2.3)

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

definition are equilibrium stages vwherc; Yin = y*i,n' Further assume that
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 Yi,n by Ki,nXj,n EQ. (2.1) becomes

dxp = Lp-1Xn-1 - (ptVpKp#Pr)Xn*Vne1KneiXnay +fy (2.4)
dt bn (-n (1n G; .

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

quantities before the x, into the terms a,, b,, and ¢, respectively and

n’

-]16-
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defining f' = £/G Eq. (2.4) may be written in the morc simplified
form

_(al%n = an Xpoy - bll Xp + Cn Xn+l + f,', (2.5)

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

bomponent may be conveniently put into the matrix form

v X by c1 0 0 0...0-]x1 fi
X2 ag by ¢c20 0...0 }xp £,

_q__ X3 =1 * + | (2‘6)
XN 0 0 0 0 . .aN bn XN fN

or more succinctly,

dx (2.7)
ad = X YT

Note that the matrix of the cocefficicents contains all of it§ non-zero
elements on the three central diagonals. Thus the matrix X is termed

. tridiagonal or a Jacobi matrix. The properties of this type of matrix
arc well known and it is this unique form which makes the assumption of
idcal trays so attractive. The solution of Eq. (2.7) will be shown in
Scctioﬁs II1 and 1V for the tridiagonal form.

With thc added complication of non-ideal trays the development is
identical to the above up to the point where the cquilibrium relationship,
Yin = y*i,n = Ki,nxi,n is substituted into the componcent mass balance.

If the Murphrec tray cfficiency is used to describe the degree of approach
to cquilibrium, the cfficiency relation and the liquid-vapor phasc cquili-
brium together determine the variation,of'vapor compositions with liquid

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

defined as

-17-
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En,i ® Yn,i = Ynel,i (2.8)

Kn,i¥n,i = Yns1,i

Tﬁis }clation 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 © EnKpXp + (1-EQ) Ypaa (2.9)

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

Y1 = EIK1x1+ (1-E3) y2 (2.10)
y2 = ExKoxy + (1-Ep) yg (2.11)
YN = KyXy -+ For the reboiler (2.12)

Equations (2.10) thru (2.12) may be substituted iﬁto the component mole
balance (in succession) and cach vapor composition made a function of the
liquid on the tray and trays further down the tower. That is,

Yn = Yn(Xn, Xne1,Xneze oo XN) -

Written in matrix form, the N diffcrential cquations become

Xy 41,1 31,2 21,3 21,4 ++-31,5] |X1 f

X9 az] a2,2 22,3 ........az,N X9 fr

. . . . (2.13)
d 3] = jo .a a_ .a a x| + |E
dt {’n *“n,n-1%n,n"n,n+1:°“n N n n

The matrix of coefficients is now supertriangular having non-zero
clements on, above, and onc position below the main diagonal. This
type of matrix is also referred to as an upper llessenberg 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-1,n n~1 n

a =-(VKEH+L +? )/CG n=1,2,3....N (2.15)
n,n nnn n n n
-1
a = (Vv -V (1-E))E K /G (1-E ) (2.16)
n,n+p ntl n n ntpntp n  r=p-l r

where n=1,2,3..n~1 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

=AX +F i=1,2,3..1 (2.17)
i

[%

In the following section the solution of these equations will be

explored.

-10-~
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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

.d ’
Te UnGpthpgntTr)= Vy_ghy 3= (LolptVphy) 4Ly Hogg =PollptFll Qg (2.19)

where

/
Tp= The heat content of the tray material,

ln= the molar liquid enthalpy for the liquid on tray n,
hp= the molar vapor enthalpy for the vapor on tray n,

Q= the rate of heat addition to tray n,

He= the molar enthalpy of the feed to tray n,
Fp= the molar feed rate to tray n

Gnhs 8= liquid and vapor holdups respectively.

An equation of this form may be written for cach stage of the process,
n=1,2,.N. This set of hecat balances is related directly to the
conponent balances since the composition on the tray determines the

molar enthalpies in Eq. (2.19).

-20-
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II1I 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.

%%i u Aixi + Fi i=1,2..1 (3.1)

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.

Stecady-state Solutions

At steady state the equations representing the component balances

become; A

iif-ﬁi (i=1,2..1I) 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
fates, Amundson (2) 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 hand,K 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 Kliiﬂ -F;, (i=1,2,.I) are solved
individually for the mole fraction of each component on each tray. Having
the compositions, revised estimates of tray ;emperatutes 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 Xy (i=1,2..I)

as computed from the separate matrix equations equals the identity vector
and the sum of the Kyxy (i=1,2..1) on every tray equal 1.0 (plus or minus

a tolerance of convergence).

Many authors write the stcady-state solution of Eq. (3.1) in the form
-1 :
Xy = ~A;y Fy (i=1,2..I). This is believed to be somewhat misleading in

that it implies the way to compute the ii is to invert the Ay. While
mathematically accurate this is a poor technique numerically. With or
without tray efficiencies, the matrices (Ki, i1=1,2,.1I) contain large
numbers of zero elements and the equations'zifi = JFi may be more easily
solved using elimination algorithms.

For ideal trays K} i1s tridiagonal with all of its noﬁ-zero elements
lying on the three central diagonals. With non-ideal trays X} is super-
triangular and contains ali 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), xy may be made a function of
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¥Ny-1 and fy. The variable xy may then be eliminated in each of the other
equations which contain it. Working up through the rows xy.j, XN-2,
- X3+ %y are climlinated (in sequence) and the value of x] computed. Back

substitution into the equations used to eliminate each X, gives Xy to Xy,

Elimination Algorithm for Tridiagonal'x

For the set of N lincar equations represented by the equationm, AX = -f}
where A is tridiagonal the following algorithm holds for solution:
by ¢g 0 0 . . O
A= (a2 by 20 . . 0
0 a3 bjez. . O

. . . 0 aN_l 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: cf =cy /by , £f = £ /by 3.2
‘Now operate upon each row of the matrix,letting:
clar = cyn/ (byyr-agpel ) (3.3)
and, £l = (Frp1-age1£D)/ (bgyy-agncel) (3.4)
from i=1 to i = N-1.

Now back-substitute to obtain each x by:
*
xy =fn (3.5)

and, Xy = f;-c;xi+1 , i= N-1 to 1 (3.6)

-23=-
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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'cquations. 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 . —

where X and F are column vectors of length N, and A is a supertrianguiar
matrix of order NxN, the very last row contains only two non~zero elements,

and a The second last row contains only three non-zero elements

a .
N,N-1 N,N

and they are in the last three row positions, ay.1.N-2° , and
]

a
N-1 N-1

aN 1N And so it goes up the rows of the matrix, with each preceding row
’

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-1 N-1  N,N N N

or x =~f /Ja =-a x J[a 3.9)
N N N,N N,N-1 N-1 N,N

may be used to eliminate x in each equation (matrix row) above the last'
one (row N). Now the systgm.contains'N-l equations and N-l unknowns. If
the process is repeated using row N-1, X1 13y be eliminated aﬁd s0 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 ecach succeeding

equation which was used in the elimination steps and Xp, x3, xa,.....xN

-2
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computed. In terms of operations upon the matrix A and the column vector
?}the sequence 13 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 1 = N, N-1, .... 2 define:

gy = £4/a3 4 , and hi‘ = -ay y.1/3; 4 (3.10-3.11)

For each i update the matrix and vector according to:

&} g1 ayge Fag,ghp o $e1,2,..101 (3.12)
*
fj = fj - aj’igi ’ j‘l,Z,..i-l (3.13)

After eliminating all rows except the first, compute

xl=f1/a11 and back—-substitute to obtain the
rest of the x; according to

xg=gqy + hyxy_1 » inl,2,,..N, (3.14)

Dynamiec Solutions

The unsteady-state solution to the sets of matrix equations

ﬂﬁi’AiXi+Fi (i=1,2..1) must in general be iterative since each Kl is a
dt
function of all components and the relationship is implicit. This is

mainly because the elements of Z} éontain the K values,but could also be
because of variations in the liquid and vapor rates which also enter into
the Aj. An iterative procedure,which takes each K} 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
to be quite sensitive to<i,and an itcrative procedure to lead to quitedt
different end points,depending upon the variation in X over the interval.
Furthermore, these errors can (and for distillation problems do) accumu-
late v?ry rapidly. Fig. 4 shows hogﬁa solution would behave 1if %%; vere
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 increéses.

Sargent (gg)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 ecach

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

3%1- AjX; + Fy  i=1,2..I (3.15)

2%

assure the coefficient matrices Kl may be represented as linear functions
of time over an interval of integration. Then Zl = EI-¥Eit where Ek and
Ei are matrices of constant coefficients., Similarly, each feed vector is
apﬁroximated as a linear function of time over a small interval as

F; = Ry + Syt where Ry and S§ are constant vectors. Substituting the

linear expressions for Ki and ?i, Eq. (3.15) becomes

[=%

'&-)c-{i = (By#Cyt)Xg+Ry+S4t 1=2,3,.1 - (3.16)

-26=

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



.Quﬁvmuo.u& 9ATIBI23T UR Ul JI0XX3 JO UOTIeINUNIDY b 90914

amry
e & o e e q m N .HIIQIO
/
/
/
/
/
/
/
. /
asuodsay [en3oy— /
/
/
/
\‘
\\.II asuodsay peinduoy
7
L~
-~
-
—
— —
uor3rsodmoy 28e39g m

27~

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



Sargent has solved this equation for constant By,Cy,Ry, and S, and after
truncation of terms in t3 and higher, his solution is

L . J . -
Xg(t)= exp(B;t) 2 (T+1/2C4t )X1(0) +By Fy ; -(By F4+1/255t )  (3.17)

where: _ _
"X (t)=X (0) at t=0,

T = the identity matrix,

Eila the inverse matrix of Bj.
In solving this equation the initial conditions are always known and

the ﬁl are readily computed from ﬁi- Xi(O). As a first approximation Cj

may be taken as zero and Eq. (3.17) solved for ii(t), which at the end of
the time interval is ii([;t). Having the approximate conditions at the
‘end of the interval the Ei may now be computed according to Ein
(A (At)-Ag(0))/At. Eq. (3.17) may be solved again, this time including
the Ei in the solution, which produces refined estimates of ii (At) and
hence a refinea~ai, The sequence 1s repeated until the ii (At) as
computed from two successive iterations arc sufficiently unchanged. Note
that Eq. (3.17) must be solved for cach 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 ecach component.
More will be said about this in fhe following section,

For a step~change in feed compositien, 51 in Eq. (3.17) equals the

zero vector and after replacing exp(ﬁlt) with its equivalent diagonalized

form Eq. (3.17) becomes N

-1 1
X (t)= Eflexp(Ag t) E&{(f41/263t2)xi(0)+31F1} -ByFy (3.18)

-28-
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vhere:
A\j 1is the diagonal matrix or eigen values,

El is the NxN matrix of eigen vectors,

and EIl is the inverse of Ej.

It is the computation of the eigen values and eigen vectors of the
Ei matrices which represents the major computational effort involved in
the numerical solution of Eq. (3.17). A good point concerning éargent's
method is that this need be done only once for ecach interval of integration,
in that each §i is computed from conditions at the beginning of the interval
only. |

As shown in Sec. II,when ideal trays are assumed the cocfficient
matrices are tridiagonél. For the tridiagonal matrix where, as for
distillation, the elements along the central diagonal ére negative and
tho;e along the two adjacent diagonals are positive, the eigen values are
negative real numbers.(lﬁ)tkthods 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.
For the supertriangular matrix Hyman in)has devised a method for
finding the eigen values and vectors. Iliis method is easily programmed

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

Hyman's Method G3)

Written in the left-handed systemythe eigen value problem is as

follows:

-29-
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For the NxN matrix By find the diagonal matrix/\; and the NxN matrix Ej
‘ .

such that

E;By =4\ E; (3.19)
Eq. (3.19) may be written for each individual eclement of the diagonal
matrix,say ;\ij,and each row of the matrix Ey{ as

E;j33=)\1jﬁgj - (3.20)
where Eij 1s a row of Ey and is an eigen vector. Similarly )\ij is a
scalar element of the Aiagonal matrix >\i' In order to satisfy Eq. (3.20)
>\1j must satisfy the relation det (Bj- >¥f)=0. Hyman's method consists
of constructing a simplified function having the same roots as det(fi—>Nf),
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
1l of (ﬁ'i- >\-I-) its determinant remains unchanged. Accor&ingly k1, k2,.04kN

are defined such thatyif we replace the first row of det(ﬁi- )\T} by

N
I+ zzj(ki * rowy), the first N-1 elements vanish. Then
i=2

det ('ﬁi-)\T)=(-1)N+1b21b32b43--bN,N-l(bl,Nkl +b2,Nk2...
oo (o, 1= ADky)
where the simplified function having the same zeros is f()\) defined as
£(A)=(by kg +b 5k2+ - (b, 0= Nk)
The relevant algorithm for the ky is:
ky=1
ki+l-(bi’1k1+bi’2k2...(bi’i->\))/bi’1_1

where i=1,2,..N-1
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An important aspect of Hyman's method is that as >\approaches a true
eigen value >\ij the ky approach the elements of the row eigen vector

for )\13- That is, the ky become the elements of each Eij.

-31~
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IV NUMFRICAL METHODS

Introduction

In.this section the numerical methods which were used to generate
solutions to the matrix equations are described. The equations themselves
have b;en 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,vhich become necessary at various points in
the problem,whcn a trial and error approach is needed. In the gteady-state
sélution 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 stecady-state distillation problem begins with the
assumption of constant molal overflow and the computation of liquid and
vapor rates. Next, an aSSuﬁed temperature profile is assigned to the tower.
For lack 6f 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 AgXy= -Fy

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 tho total mole balance.
(Eijisi) and the bubble point relation (:ijixizi) would be satisfied

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 ne;t.

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? =Kyxy) the efficiency definition Eq. (2,9) 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

T, = T (D w = 2 Kgmg) (2 3;2 % ) (4.1)
" .

where the star refers to the old value and the Xys are the vnnormalized

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 untilZ xi=1 andz Kixi=1 for each tray.

Dynamic Solution

If the component matrix equations were indeed linear, including the
variation in K values, then only I-1l of the cquations for I components

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

~33-
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the sum of the mole fractions on each tray must equal 1. We know, how-
ever, that the equations are highly nonliﬁear and widely different
magnitudcs of mole fractions may occur on the same tray. For instance,

a tray in the stripping section may contain a light component in 10-6
mole 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
Ki=ﬁi+€it, Ei is assumed to be zero in the first iteration and Eq. (3.17)
used to compute the i& (At) at the end of the time interval. Using
conditions at the end of the interval of timeband knowing ﬁl, the matrix

El may be computed and the solution repeated and El further refined until

the ﬁi (/A t) cease to change.

Root Search in Hyman's Method

As shown in Sec. III liyman's method provides a simplified function
£( X) having the same zeros as the function detdi-ki). Moreover the
function f()o is term by term differentiable and f'( X) may be computed

by differentiating the algorithm for f( X). Newton's iteration formula

. with )\p+1’ )\p -£( )ﬁ)/f'( >¥) provides an excellent search

~34-
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technique for locating the roots of f()\'). Here the subscript p refers

. Once a
to the iteration and >\p+l is the new value and )‘p the old n

particular eigen value, sayxl, 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)=()\—x1) (>\—>\2) (>\—>\3) .o ...()\-xi_l). The new |
function for search is then h(>\)=f ()\)/3()\) having the same zeros as fb\)-

i nction, becomes
Newton's iterative formula, applied to this new fu R

| i-1 |
\ ' - ) 1/(A-A)) (4.2)
Npur ~hjm ER/E DY £\ 2 AN

where, as before, p+l refers to the new and p to the old value of .

Eq. (4.2) provides the basic iterative formula for determining the
]
eigen values. In Eq. (4.2) f(>\) remains exactly as given in Hyman's

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

algorithm,
(4.3)

Define dl =0 and d2=1/b2,1

i-1 _ &)

' - i=2 3..N 1 (40

hen di+l pZ=l psip 1,4 i 1,

= (4.5)

- 4+ (b N -k

and A R T R (33)

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

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

values. That is, |>\| } malebkl | © (4.6)

Max .
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From experience, the value is negative and nearly always a pure real
number, It is generally a good idea to assume that the eigen values are
all real numbers until convergence problems are encountered and then
switch to a complex search. 1t may be shown from the Cauchy- Riemann
conditions that as long as f(,>\) {s an analytic function}Newton’s
fiterative 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 wore rapid if the complex part equals 0.0)

39)
Inversion of the Matrix of Eigen values (32

With ideal trays the elgen values must be real numbers and so must the
elements of the matrixes of row eigen-vectors. With non-ideal trays no
such assumption may be made, and allowance must be made for complex
elements in the‘maﬁrix of eigen vectors and its inverse. The inversion
method must also handle complex quantities.

Elimination with pivoting on column elements written in COMPLEX
Programmiﬁg notation is easily programmed and provides a good general
inversion routine. Newman's method @3 )may be used to save computer
Storage space by perorming all of the row transformations on the (N+1)
by N matrix (B, B,1) where 1 is a column vector of length N with zeros in
all positions except the position in the row being used for elimination.'
This element is unity. After each stage of elimination the columns of
(E:f) are ghifted one place to the left, column 1 being discarded and a
new unit vector entered in column N41. Upon completion of the elimination

-—"l a——
B~ 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 uging 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.sovsensitive 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 EiBi= Ey

14 14)
may be used to solve for the eigen vector elcments.(——) Wilkinson Qs

has shown that even if the eigen values are accurate to 1 part in lO9 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;'fi§i= §;

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

-37-

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



103. 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 106 |

The matrix inversion method was tested by computing the inverse matrix

1 If there

§~1 and multiplying it by the original matrix E to form CZEE.
were no roundoff error C should equal the identity ﬁatrix, I. As computed
for the matrix of éigen 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 107, |

Check solutions for eigen values and vectors are readily obtained
from several texts and can be.used to check numerical methods. (33,40)
A simple working method, which can be computed with little extra cffort,
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
of tbe diagonal elements of the original matrix. While this does not
guarantee that cancelling errors have not been made, it is a quick and

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

in 106 was obtained for matrices with and without complex eigen values,

General Effects of Efficiencies

Using a simplified model, which assﬁmes 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
. of 100z, 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 were the feed 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 computed
on the basis of each respective efficiency.

Figure 5 shows the percent complete response vs. time for each
case as s;en at the distillate stream for the component N-octane. This
is representative of the responseé of all of the components on any of
the trays of the tower. On all of the trays the response, as measured
either by the initial rate of change of the time for 907 response, incr-

€ased with separation efficiency. For separation efficiencies of 20%

the response was an order of magnitude slower than for ideal trays. -
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VI EQUIPMENT

Introduction

Since the matfix method of solving distillation tower dynamic
Problems ?as received little numerical and no experimental verification
it was decided that this study should be complete and that some
€xperimental work be performed, The intent of the experimental work
Was to show that the concept of using a Hurphree efficiency for each
Component on each tray was a workable one and that the numerical methods
Used in the calculations were stable and gave results consistant with
ObserQation. 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 fced flow rate and
Constant 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:
Well known physical properties, simple vapor-liquid equilibrium relations,
€asy to analyze, and distillable under atmospheric pressure with steam
3% a heating medium and tap water as a coolant. The system of benzene,
t°luene, p~xylene satisfied all of the abdove requirements and was chosen.
ThiS 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

buiie by the author expressly for studying tower dynamics. The unit is

41—
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a gmall pilot model with a 4-inch diameter, 8-tray tower; partial
reboiler and total condenser. A photograph of the tower and associated
€quipment is presented in Figure 6 and a diagram in Figure 7. This
Particular size of tower was chosen on the basis that; it provided
4 rate of response measurable by ordinary sampling methods, was econo-
mical as £o 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
8allons 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
€ntered the tower on the fourth tray from the top and the products were
drawn from the reboiler and condenser. The feed, bottoms, distillate,
aud 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
of the major components of the experimental unit follows.

Qiﬁgillation Tower

The tower was constructed of nine 8-inch nipples of 4-inch, Sch. 40,

Steel pipe. Each nipple was screw fitted to a standard set of companion

42~

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



o we e, u
. PRI
3
i ]
! i
- 4
) ; .
i ,
IR k
. i
L
,
P
s ! " PSS
- V-———. LI 'Y
’ IR -1
s
‘ sim b im
> 'r . é‘ Yoy
- i, “ i
- ‘ ' ‘ "‘ -
B oty
T vy e
Los i
R
3
r " .I
; o \J
VoL
{ - e
s o,
s LT Cmidey

Figure © . Photograph of the experinmental
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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 flangeé
and held in place by the compression of the flange bolts., Tray det;ils
, are presented in Figure 8 .

. Each tray section was equipped with liquid and vapor sample tapsf
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 toﬁer wall. The liquid sample was
drawn from a point 1/2-inch below the lip of the outlet weir and the vapor.
sample was takeq oﬁe 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 l6-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 ﬁhe top head of the
Teboiler and there was no tray at this junction.

A helical copper coil,l/Z-inch 0.D. and 20 ft. in length,formed an-
Outside heat transfer surface of approximately 2.0 sq. ft. The volumetric

Calibration for the reboiler is presented in Appendix D .

Sendenser
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 0.126 cu. ft./scc. (1.0 moles/hr.)
Liquid rate 0.460 g.p.m. (2.0 moles/hr.)
Vapor density 0.210 1lb./cu. ft.
Liquid density ‘ 50. lb./cu. ft.
Tower diamecter 4.0 in.
Tray spacing . 8.0 in.
Trays 8 cross flow, perforated
Superficial vapor velocity 1.45 ft./scc.
Total tray area 12.5 sq. in.
Weir length 2.36 in.
Weir height 1.0 in.
Downcomer arca 0.65 sq. in.
% Frce area | 3.3%
Perforations 34 per tray (1/8" on 3/8" pitch)
Perforation velocity _ 43.6 ft./scc.
Perforation factor | 20.6 ft./sec. (lb./cu. fr.) k%
llead over weir 0.18 in. C.T.L.
| Downcomer velocity . 0.33 ft./scc.
Pressure drop per tray . 4.6 in. C.T.L.
Downcomer buildup 5.8 in. C.T.L.

Minimum heat duty 13,000 Btu/hr. (Ah  for 1.0 mole/hr.)
Design duty 20,000 Btu/hr.

Required area 2.0 sq. ft. (based on 150 Btu/hr. sq. ft. Of.H.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/min. the total liquid height increased from 1.015 to 1.03 inches.

Operating ét étmospheric pressurc 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 957 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 neceded. 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 ;ondenscr 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 gagc’which had been
dead-weight calibrated to + 0.3 psi.

The reboiler and trays 1,3,5, and 7 were equipted with iron-constantan
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thermocouples yvhich 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,
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VII  EXPERIMENTAL PROCEDURE

General Corments

Three types of distillation runs were made; determination of tray
efficiencies at total reflux, determination of tray efficiencies with.
continuous feéd, and dynamic response from steady-state conditions caused
by a sﬁep 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.

o

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-

nining tray efficiencies using tray liquid compositions only since yu415Xp.

The 1liquid 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

of the éight 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
aistillate 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 liqﬁid in the sump during the recycle
operation was about 4000cc, and for the feed rates used, this gave a tank
turnaround time of 20 minutes. A multi-point recérder was used to monitor
the temperature at trays 1, 3, 5, 7 and the rcboiler 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 steaéy 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 1iquid and vapor samples were takeq
through cold traps construﬁted of about 5 inchés of 1/8-inch OD tubing
immersed in a container of ice water. The sample emerged from the co;d
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 tpe 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
élosing valves where the feed change is made to the tower feed inlet, the
Step change as seen by the tray is not.instantancous. 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
éample cocks and sample lines which run inside the tower to the outlet

- welr 1ip of approximately 20 seconds. Since the dynamic measurements were
made over time periods of 40 to 90 minutes the total érror 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 Holdups

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 in;o

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

to prevent column vapor from being pulled into the condenser after the

53~

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



stcam was shut off.

Tray holdup was determined by allowing the tower to recach a
specified stecady-state and quickly closing off both the steam to the
reboiler and the condensate rcturn from the condenser. Average holdup
Pper tray was then computed from the change in level of the recboiler aftcr
drainage. In light of the low liquid loadings used in all of the dcter-
minations it was rcasonablc 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 llandling of Data

The experimental work required a large amount of data cven for the
10-stage, three-component system. Computer processing of the analytic
data greatly simplified the process.  The samples were analyzed chromato-
graphically and the area of cach 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

. - di i ; nched
chromatogram is given in Appendix E. The peak dimensions were pu

On cards and processcd to obtain component composition.
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Fof the detcrminafion of component separation efficiencies a
complete set of tray liquid and vapor data were processed to dctermine
liquid and vapor corpositions. An ecquilibrium 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
basig data on the experimental uni§>which are nceded 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, benzené, 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, (lbm/ft.3)%)f In each run all trays of the tower were sampled
and a Murphree efficiency computed for each tray and each component. ?he
data is presented in tabular form in Tables 1F tc¢ 5F , and a summary of
the average efficiency per run is presented in the following Table II .
Tables 1F through 5F are in Appendix F.

* ———

The vapor load is defined as the superficial vapor
Velocity times the square root of vapor demsity.
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* TABLE IT

Run Vapor Vel, Loading Average Efficiency
~ft./scc. Factor Denzene  Ioluene  p-Xvlene
14A 0.99 0.42 _ 65.2 65.0 72.8
iZA 1.04 0.44 61.5 64.5 60.6
128 | 1.12 0.47 61.4 56.3 61.6
13 1.15 0.48 62,2 59.4 64.2
14B 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 efficiencigs 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 wﬁich 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:E:fyiu 1. For an
I Component system, if I-1 component efficiencies are specified, then the

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

efficiencies are specified as being equal, the ;th 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 Téble IIIwhere the experimental liquid and vapor
c°mposit16ns are given along with the computed values. While the total

~ Separaticn is not greatly different for the two cases, the concentration
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Mole fractions of benzene, toluene, and p-xylene

Computed Computed
Experimental Ei,n = .623 Ei,n= 1.00
Tray *B xp *x | xp xp *x *B *r *x
D 0.7742 0.2249 0.0009 0.77%3 - 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  tSmoothed data point.
TABLE III Actual and computed stage compositions for Run 13.

Feed: 42.6% ben., 50.52 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 14Z in the trays just above the feecd 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 Z over the range of condensate rates of 380 to

450 ml,/nmin.

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 1osseé for the tower were determined by enthalpy
balance to be 5040 btu/hr. for ambient conditions of 80 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
cond;tions 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,
Athree afe for the binary mixture of benzene-toluene, and seven are for
the ternary mixture of benzene, toluene, p-xylene. The response of
stages above an& below the feed was measured since propagatioﬁ occurs 4
Primarily through the vapor phase above the feed and through the liquid
below, Iﬁdividual 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 1is
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true for the'mcdel 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 runms
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
efficienéies are as given in Section VII.

Discussion of Results

The response of the distillate was examined since it i1s 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 ;esponse to
approximately equal changes in feed composition. The only difference
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 better
fit was obtained in the former, both show good accuracy in predicting
the character of respdnse as indicated by the shape of the responseé curvesy
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.1l and12 show the respomse of the top tray to a change to a
lighter and heavier feed, respectively. Again, the fit is reasonably
good and the character of curves well matched. A poor match on the
initial steady-state in Fig. 12 causes the curve to be high Fhroughout
the response.

Over the range of feed compositions used the trays which underwent

s d
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 reboiller 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

Compariné tﬁe 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 rodel 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 stecady 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 prcdictioq and

the solid line the non-ideal.
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Fipure Q Data Set 19

Response of distillate to a step
change in feed composition.

Feed rate: 0.202 1b. moles/hr.
Distillate rate: 0.118 lb.moles/hr.
Bottoms rate: 0.084 1lb, moles/hr.
Reflux Ratio: 4.36

Initial Feed: 30%, 64.4%, 5.6%
Final Feed: 51X%, 43.3%, 5.4%

%Z Benzene, Tolu ene, p-Xylene
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Figur Data Set 20

Ei 10

:

Response of distillate to a step
change in feed composition.

Feed rate: 0.202 1b. moles/hr.
Distillate rate: 0.113 lb.moles/hr.
Bottoms rate: 0.089 1lb. moles/hr.
Reflux Ratio: 3.06
Initial Feed: 55.8%, 39.3%, 5.9%
Final Feed: 31.8%, 61.0Z. 7.2%

Z Benzene, Tolu.ene, p-Xylene
—————— Ideal prediction

Non-ideal, E = 0.623
n,i

’
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Figure 11 Data Set 17

Response of tray 1 (top) to a step
change in ﬁeed composition,

Feed rate: 0.276 lb.moles/hr,
Distillaée rate: 0,149 lb.moles/hr.
Bottoms rate: 0.127 1lb.moles/hr.
Feflux Ratio: 3.06:1
Initial Feed: 50.1%, 44.1%, 5.8%
Final Feed: 31.5%, 60.2%, 8.3%

A Benzéne, Tolu .ene, p-Xylecne

------- Ideal prediction

Non-ideal, E = 0.623
n §
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Figure 12 Data Set 9

Response of tray 1 to  step
change in feed conposition.

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%Z, 55.1%, 0.0Z
Final feed: 58.7%, 41.3%, 0.0%

Z Benzene, toluene, p-xylene
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Figure 13 Data Set 15

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

Feed rate: 0.266 1b. moles/hr.
Distillate rate: 0.157 lb.moles/hr.
Bottoms rate: 0,109 1b. moles/hr.
Reflux Ratio: 3.16

Initial Feed: 38.5%, 54.6Z, 6.9
Final Feed: 4&47.7%Z, 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%Z, 5.4%
Final Feed: 28.4%, 63.27%, 8.4%

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

Response of Tray 3 to a step change
in feced 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 % Denzene, Toluene, p-Xylenc
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Figure 16 Data Set 22

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

Feed rate: 0,202 1b. moles/hr.
Distillate rate: 0.109 1b. moles/hr.
Bottoms rate: 0.093 1b. moles/hr.
Reflux Ratio: 4.22

Initial Feed:v 31.2%, 61.4%, 7.4%
Final Feed: &7.7%, 49.6%, 2.7%

Z Benéene, 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'Fecd: 44.6, 55.4, 0.0
Final Feod: 58.6, 41.4, 0.0

Mole % Benzene, Toluene, p-Xylene
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Figure 18 Data Set 16

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

Feed rate: 0.266 lb. moles/hr.
Dist{llate rate: 0,142 lb.moles/hr.
Bottoms rate: 0.124 1b. moles/hr.
Reflux Ratio: 3.06

Initial Feed: 46.6%Z, 46.6%Z, 6.8%
Final Feed: 38.3%, 54.4%Z, 7.3%

% Benzene, Tolu ene, p-Xylene

-82~

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



Gt

[V
~
<
"
m.
N
C
N
"
~!
[TQ
<

. . e e i - N S
81 J¥No14d . i

: : ; : b NG Y% m:ﬂ..ﬁ;..la
i : w |
: i | w
. . 1
..... e | | , - P og
: : : ! H !
: t i !
H | H ]
: : i ! ;
; : [ R w

(O .

4

(o]

R il

frm e e e o st o s
i
1

olIOT % &1 o,“_,,m/oﬁo

o

.}

-
!
N

-83-
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



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 becen applied to staged chemical engineering problems. This
method should bé applicable to a variety of chemical engineering
problems involving either staged procesé;s with by-pass or staged

pProcesses with recycle.

"~ General Effects of Component Efficiencies

The gene;al_effect of efficiencies may be surmised from the Murphree

definition when in the form, y,= EKnXo+(1-E ) yn4y. 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
Tesponse of ;he reboiler. Since the reboiler contains the largest
quantity of liquid of any single stage it responds comparatively slowly.
Thus, for distillation to&ers where the reboiler contains a relatively

- large amount of liquid decreased efficiency means greater dependeﬂce

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

gEéSchability 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 conditioms, they

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

response 1s impaired if they are not included.

Complex Eigen Values

The discovery of compiex 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 adjus;ing the K values and using the tridiagonal matrix solution since
the roots of the tridiagonal matrix must be real. While in fhis applica-
tion the complex roots all had comparatively large negative, recal 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
problen whereas‘the supertriangular matrix contains N2/2+N/2+N-1 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 stagg
l on stage 100 for anything but infinitesimal efficiency is surely
neglibible. TableIV 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

problems.

10



by the ro& 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 bf stages more than two ér three removed from the one in
qQuestion 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 to criteria can be given for

ch°OSing the order of approxzimation consistent the desired accuracy.

Significance of Equal Componenf Efficiencies

With the system selected for the experimental portion ;f the thesis
®qual Murphree Efficiencies were obtained for each of the three components.
While unequal éfficiencies would have shown the full flexibility of the
Todel more vividly no compromises were made because of this condition.

In Todeling the experimental unit, the individual efficiencies of every
omponent were equal, however, the method used was independent of this.

particulér condition.

-87-~
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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 thelr recycle as feed was very effective in simulating continuous
distillation. The constant head feed tank was invaluable during the three
or fo;r hours when the unit heated up to steady-state condition.

The chief shortcoming bf 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 stéam
Pressure plus the sample taking every few minutes made the dynamic runs
father hectic operations.

Chromatographic analysis was found to Ee generally adequate for this
type of study, however, with the number of samples which were necessary an
electronic integrator would have been a great help. Measuring peak heights
and widths with a micrometer and magnifying glass became a laborious chore.

Sufficient cooling of the liquid énd 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
tﬁe sample contact the atmosphere for selective vaporization of the light |

Component will surely occur.

Major Sources of Error

All other sources of experimental crror are insignificant conpared to

-88~
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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 compo-
sitions greater than 0.10 mole fraction the error was approximately 1-27
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.

~89-
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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 iﬁ this arca of research., This is par-
ticularly true for the matrix methods.

“hile dynamic data on industrial scale ﬁnits is diffiéalt to comc by, it
wWould be most intcresting to apply this method to a larger scale tower contain-
ing twenéy to thirty trays. Sirmulating the entire unit together with the
contrel mechanism would allow the response to be computed for different
Controller settings. The use of temperaturc rather than composition as a
Teasure of response would probably be more convenient if a large number
of response determinations were made.

Application to systems involving a small number of stages is '"a natural"
for the matrix methods developed here. Series chemical reactors with bypass

. OF 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
Yhich are so small that they have little affect upon the solution. Criteria
for neglecting all elcments beyond a given order of magnitude might be

deVGIOped 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 stapge system)

coefficient matrix for component i, N x N

= cocfficient matrix for component i, N x N

matrix of row eigen vectors, N x N

H]

X
i
B
i
C& = coefficient matrix for component i, N x N~
Ly

¥, = column vector of feed rates for component i, N

T = identity matrix, N x N

ﬁi = célumn vector of feced rates for component i, N

§i = column vector of feed rates for component i, N
~ Jﬁh'= diagonél matrix of eigen values for component i

2. Scalars

Ei,n = Murphree Efficiency of component i on stage n,
- g, = vapor holdup of stage n,

G, = liquid holdup of stage n,

‘h, = vapor enthaipy of vapor leaving stage n,

I, = liquid enthalpy of liquid leaving stage n,

i = component index

I = number of componcnts

Ki,n.= cquilibrium constant for component i on stage n

L, = liquid rate leaving stage n

n = stage number (condenser = 1)

N = total number of stages

-91-
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Pn = liquid product from stage n

Qn = heat added to stage n

Ti = heat content of stagc n

T, = tempcraturc of stage n

V, = vapor rate leaving stage n

Xi,n = liquid mole fraction of component i on stage n

Yi,n = vapor mole fraction of component i in vapor leaving stage 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

Sanple Solutions for Steady-State and Dynanic Problems

1. A steady-statc 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 intervals--2 minutes and 4 minutes. The eigen values and coefficient
Matrices are given for these times, and iterations within each time interval
are shown. In thesc iterations fhe linecarized variation in the coefficient
Matrices is revised until the cnd conditions predicted are with sufficient
accuracy. Only compositions and temperaturcs are shown for times of 8 minutes
thru 42 minutes. At time 48, however, the detailed print is included so theA
Teader may compare the eigch values and coefficient matrices at the beginning
and end of the problem. The computed and cxperimcntal_compositions are shown

in Fig, 11 .
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PIN.T COVIREEE SOLUTTION
DATA 17 ©2 3,06 SPLIT .142/.1724

TOP DRAW  C. 142 CLELUX RATIM 3,040

X3EN4 0.8628  XTOLH 0,.1363  X=PX4 0.0 X

TRAY 1

Vi 0,577 Ld .88 TH 124,55
CX3EN#E A.70LR XTOLey N,2162 X=PXt 2220 X
YREN# D.8627  YTOL# 2.136%  Y=PX4 0.0009 Y

FEED# 060 PRPODUCT N0

TRAY 2

LV Co ot (I N,.589 T# 194,33
XBENE 2, 6841 XTALY 2,312" X=0X# 0, ,NnN3Q X
YRENF D,73L4 YTOLY .1399 Y=-PX#& Q0,0N12 Y

FEEO® 2.0 RPONUCT 4 NeD

TRAY 3

Vi 00731 L"J 0.‘)26 T# ‘.‘34.05

"XBEN# 0,5747 XTOLY C.41%0 XK=2X4 Q0,0073 X
YBRENE 0N.7198 YTCLE D.2779 Y-PX# T7033 Y

FEED# 0.0 . PRONUCT # 0.7 ' .
TRAY ¢4
Ve D168 L 0. 664 T4 199,91

"XBENﬂ N.4037 XTOL# 55,5235 X=pXx# n,0Lze X
Y3EM4 D620 YTOLE N,30659 Y-PXid 047061 Y

FECDE D0 PRODUCT ¥ N.0
TRAY & : :
V4 0.8006 L 1.0862 T# 205,17

XBEN# 2.37646 XT3 Ma5254 Y=PX# D.n231 X
YBENY 0.,5347 YTILE H.45873 Y=PX# Nen102 Y

FEED#H 0.266 pRIDUCTY AP
TRAY 6
v C.538 Ly 1.10] T# 211451

X3ENF 0.2762  XTOLE N.68ST  X=PXd 0,02¢5 X
YRENA 0.4192  YTOL# 0.56%2  Y=PX#¥ 0.0156 ¥

FELDH 0.0 PRODUCTSH N0
TRAY 7 ]
Vi 0.977 L# 1.142 T8 217.79

CXBEN# 1,1887 XTOL# S.7663 X=PX# C,045C X

Y3Es 2.2050 YIOL# Netx717 Y-PX7F N.322 Y

FEEL# 0.0 pannuCT 0ol .
TRAY §
Ve 1.C18 Lt 1.177 T 223447

XACNY 9.119¢  XTOU# 2.8185  X=PX# 0.0615 X
YBEN# 0.2051  YTOL# 0,759  Y-PX# 0,0355 Y

FERDH 0.0 PRODUCTH el .
REBAILER HEAT DUTY, 14729.27 _ o
CONDEMSER DUTY Glos b, DEGHEFES SUACCTILFD REFLUX A%,000
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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: 17Z change in vapor rates and 0.1%
. oan and Z K x
i ii.

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(Bi- AI).

Tolerance: One part in 105.

Iterations: Eight to ten for well separated, real values
and up to forty for poorly separated comﬁlex
values. This is based upon a'told start which
means the search is initiated at an arbitrary
point. '

c. Bubble-point calculations.

Method: Newton's iterative method.

Tolerénces::E:Kixi =1.0 + .00l for all trays.
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APPENDIX B

Program Listings

i. Steady-State Program

Given the fecd composition, rcflux ratio and distillate flow rate, this
prOg;am will compute steady-state compositions and temperatures for cach
Stagé 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 cach stage according to Amundson's

method.

HLFUN

Computes liquid enthalpy from temperaturc and liquid composition.

HVFFUN

Computes liquid enthalpy from temperature and vapor composition.

EFUN

Computes individual component tray cfficiencies.
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IVG LEVEL 1, MOD 4 MAIN | DATE = 69286 . 10/736/07

DIMENSTON X{2096)47212046),T{20),VI20)1,0(20)3A00420420)4F(6420)
DIMENSION Q{20),Y{20) 4XN{(20,0)
DIMENSION HL{20) yHV(20),K{20,6),VN(20)
DIMENSION FPR{20),HF(20),XF(20Q 6).9(?0).ANAME(6),KA(6).KB(6)
DIMENSION hC(b),KO(b),HLA(b).HLB(b)'HLu(bl.HVA(O).HVB(G).HVC(b)
DIMENSTON ALFA(20) 4B3ETA{20),5(20,46)
REAL KoKA KBKC, KD, 0
COMMON NoTeEy TCyXeHVASHVE HYCyZyNSC oHLAZHLE HLCy KA KBy KCyKDy K
COMMON KICK,ITS 4A
5555 CCNT INUE
. [E=1
o REAC(5,700)
READ(S:]) N'IC'IF")v[S’TDPyBOT,R,“J'DSC
DC 2151 L=1,1C
DO 2151 J=1,N
Z1J,L)=0.0
DO 2151 I=1,N
P 2151 AlLy14J)=0.0
1187 I0OVER=1
: ITS=1
IFLIEJNELL) GO TO 1186
N1=N-1
D0 105 I=1,N
X{1+3)=0.0
Q(1)=0.0
FR(1)=0.0
S(11=0.0
105 HF(I}=0.0
1 FORMAT(41243F5.3,124F8.3)
“C . 10 EQUAL ZERQO FUR NON CCNSTANT OVERFLOW
: D0 1111 J=1,1FD
READ(SQZ) "hF-\(M’qHF(H)
2 FORMAT(I2,F10.5,F10.2)
REALD(541121) [ XF(MeI)eI=1,1C)
. 1121 FORMAT(5F10.5)
Cn 1111 YD) =Y (d)
’ DO 1112 J=1,1IS
- READI(543) MyS(H)
3 FORMAT(]2,F10.5)
1112 y(J)=Y(d)
- READ(Ss4) (ANAMELT) ¢ KAL) yKBUT ) yKC(I)4KD(I)yI=1,1C)
Ji o & FORMAT(UIXyA3,EL6.84E16484E16.84E16.8)
: IFTI0.NEL.O) GO TO65
READ(5+5) (HLA(I),HLB(I),HLC(I)yI=1,1C)
READ(S5¢6) (HVA{I) HVB(I) HVC(I),I=1,1IC)
6 FORMAT (4X,E164ByEL6.8,E16.8)
READ{S5,71) (Q(1),1I=2,N1)
71 FORMAT(SF10.4)
READ(S,yS1) (T(J)yeJ=1,N )
51 FORMAT(SF10.5) :
Q%J< IS HEAT *xADDED** TO STAGE J
CALL TCORRT
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l G LEvEL

52

126

L1156

1, MOD 4 MATN DATE = 69280
AlC=1IC

00 52 I=1,1C

X{5,1)=1./AIC

Z{5,1)=1./AIC

IC1=IC-1

HLCC=HLFUN{S)

HVCC=HVFUN(5) _

HRITE(64725) HLCCoHVLC,T(5)

FORMAT(3H HLsF10e2y2HHV,T10.24LHT,F10.4)
GO TO 82 '
READ(S5,7) HLCC,HVCC

JFCRMAT(2F10.4)

Y{1}=FR(1}-S(1)

DC 10 J=2,1!
YIJ)=Y(J-1)+FR{J)I=-51J)
WRITE(64726) (Y(J)ed=1,4N)
FORMAT{3H YJ,12F8.4)
V{2)=S({1)*(R+1.)

V(1)}=0.9

2(1)=S(1}*R

IF(IE.EQ.1) CALL EFUN(IN,IC)
IF(IE.NE.L1) CALL EFIDRIN,IC)
TE=1F+1

C ASSUME CONSTANT MOLAL DVERFLOW FOR FIRST TRY

15

111

500
13

17
18

11

122
121
120

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

DC 15 J=2,N1
Q(N)“Q(N)—FR(J)*HF(J)“Q(J)*S(J)*HLCC
ANI=QIN)+V{2 ] *HVCC~0{ 1) #HLCC +S{NI*HLCC

DO 111 J=2,Nl1 ‘
VIJ+ D)=V ()= (QUIV+H(HF{J)-HLCCY*FR(J) )/ (HVCC-HLCC)
WRITE(G4500) (VIJ)yd=1,N)

FORMAT({20H INITIAL VAPOR RATES,/,(6F12.6))

DO 18 I=1,1C

DO 17 J=1,N

FULyJ)==FRUJIEXF(Jy 1)

CONT INUE .

D0 123 L=1,1IC

DO 11 1=2,N

AlLylyl=1)=¥Y(I=-1}+VII)

DG 120 I=1.N1 !
AlLeToD)==(YLL)+VIT+1)+S{I)4VIII2K( T L)I%E(]I, L))
BASE=(VII+1)=-V(I)*{1a=E(I,L}))

I[1=1+]

DO 121 J=J1.N

A(L,I, J)-BASE*E(JyL)*K(J,L)

I1F(J.CQaI1) GO TO 121

Ji=J-1

DO 122 M=11,J1 ‘

AlLy Lod)=AlLyIed )]l ~E(M,L))

CONT INUE :

CONTINUE

ACLoN, N)“‘(V(N)*K(NvL)*E(N'L’*S(N)’
IF(ICVER.ER.1) GO TOQ 800
WRITE(G801)(TAILyIyJYoJd=14N),I=1,yN)
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l ’ .
"6 LeveL 1, moD 4 ' MATN ' DATE = 69286 ‘ 10/36/07

801 FCRMAT(IH ,10F12.8)
GO TC 123
800 I=N
C INVERSION OF EFFICIENCY MATRIX
I=N
99 ALFA(I)=F(L., IV/A(L,I,I)
BETALI)==AlLyJ+I-1)/A(L,1,41)
[R=1-1 '
D0 92 J=1,1IR
AlLado I=11=A(LsJ s T-1Y+ALL,yJy T ) *BETA(T)
92 FlLoJ)=F{LJI=A(LyJy1 YEALFALL)
[F(I.EC.2) GO TO 93
I=I-1
GO 10 99
93 X (L,L)=F(L,1)/A(L,1,1)
) DO 94 I=2,N
94 X (14L)=ALFALTI)+BETALT)AX (I-1,L1)
123 CONTINUE
IF(IOVER.EN.2) GU TO 802
[TS=1TS+1
CALL TCCRRT
IF(ITS.EQ.20) GO TO 34
CIF(ITSSLTe4) GO TO 13
IF(IO.NE.O.AND.KICKQ EQ-O) GO TO 310'
DO 27 J=1,N
HL(J)Y=HLFUN(J)
27 HVIJ)=HVFUN(J)
QIN)=0.,0
DO 271 J=24N1
271 QIN)I=Q(N)=FR{JIXHF{II-Q(JI+STII*HL(JI)
L. QINI=QUINI+VI2)%HVI2)-0( 1 ) *HLT1)+S{N)*HL(N)
2:C. LTQUID RATES ARE O
KICKV=0
VNI{1)=VI1)
VN{2}=S(1}*{R+1.0)
DO 28 J=2,MN1
28 VRNIJ+1)=(—Q{U)+Y{J=-1 )% (HLIJI-HL{J=1))+FR{JI*X(HL{J)-HF(J))
1-VN{JY#={HE{JI=-1)=-HVJ)}))/Z(HVII+1)=-HL(J))
DO 321 J=2,N
RV=V{J)/VN(J)
VIiJdI=(VNTJ)+VIJ))/ 2.
[FtRV.LTooQQQDRQRVOGToluoj.) KICKV=1
- 321 CONTINUE
HRITE(6,4721) (VIJ)ed=1,N)
721 FORMAT{8H V RATES,12F10.3)
IF(KICK.EQsCo AND.KICKV.EQ.O) GC TO 34
GO T0 13
34 CALL TCORRT
IOVER=2
GO YO 13
802 DO 35 J=1,N1
35 O(JY=YLJI+VIJ+1)
Q{1)Y=VI2)¥x(HV(2)-HL(1))
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!
VGLEVEL ly MCD 4 TCORRT DATE = 69280 10736707

SUBROUTINE TCORRT
REAL KyKAWKBKCyKDyL L
DIMENSION E(20,6)9X120:6)V,Y(20,6),T(20),K(20,6)KAL6),KBR(6),KC(6)
DIMENSION KD{O)yHLALG) yHLBL{O6) yHLCIG) s HVALE) 4 1HVI(6) 4HVC [ 6)
DIMENSION Z(2046)+X0LD{20,46),TOLN(20)
COMMON N,TyE, FCey Xo HVAZHVB s HV s 2 ¢ DSC o HLA HLBy HLC y KA KBy KC oKDy K
CCMMCON KICK,ITS
WRITE(6,719) (TILJ)ed=1,4N}
719 FORMAT(7TH TEMPS ,10F7.2)
KICK=0
DC 1 J=1.N
SUMX=CQO
SUMY=0.0
DELK=0.0
DO 2 I=1,1C

K{JyI)=E = DN/KCLD+TLIN))
IF{ITS.EQe1) G T2 2

Y{Jy 1=Kl Y EX{Jy 1)
SUMX=SUMX+X{J, 1)
SUMY=SUMY+Y (J,1}
2 DELK=DELK+(K(J,IIXKS(I)/{IKCIII+T(J))%%2 }I%X(Jy1)
IF(ITS.EQ.1) GO 7O 1
DO 3 I=1,IC
X(Je1)=X{Js I)/SUMX
3 Y(Jtl)=Y(va,/SUHY
TESTX%=ABS{ABS({SUMX}-1.00)
TESTY=ABS(ABS{SUMY)~1.00)
IF{TESTXeGT e 001 e0R LTESTYeGT+o001) KICK =1
O TLI)I=TL) #1 SUMX=SUMY ) /DELK
1 CONTINUE
IF{ITS.EQsl) RETURN
N1=N-1
DC 11 I=1,1IC
ZINs T)=Y(N,1I)
DO 12 J=2,N1
M=N-J+1 : :
S 12 Z{Me DI=EAMy LY RY (M 1) #( Lo—E(My 1)) X2 (Me1,1)
2. 11 CONTINUE
WRITE(64718) (IX(JsyT)yd=1yN),yI=1,IC)
718 FORMAT(TH X COMP,10F7.4)
, WRITE(64720) ((Y{JyI)yed=14N),yI=1,1C)
v 720 FORMAT(7H Y COMP,10F7.4)
= WRITE(64721) ((Z(JyT)ed=14N)yI=1,TC)
;- T21 FORMAT(TH 2 COMP,10F7.4)
RETURN :
END
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l .
Y6 Lever 1, Moo 4 HLFUN DATE = 69286 10736707

FUNCTION HLFUN(J)
- DIVMENSTION X(2C16)4HVA(H) 4HVBIE ) HVCI6)4E(2046),2120,4€)
DIMENSICN HLA(6) +HL3(6) HLCIS) T (20) .
COMMON NyT4Ey ICeX HVA,HVByHVCy2yDSCoyHLA,HLDB,HLC
HTOT=0.0
IF{J.NE.1) GO TOZ2
T(J)=T(J)-0SC
2 00 1 I=1,IC
1 HTOT=HTOT+{HLACT I +HLO(IIET(JI+HLCUTIRT(J)%%2) %X J, 1)
HLFUN=HTCT
IF(J.NEL 1) RETURN
T{I)=T(J)+0SC
"RETURN
END

*
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o LeveL 1, mon 4 HVE UN DATE = 69286 10736707

FUNCTION HVFUN(Y)
DIMENSIONX(20y0)1,E(2095), T(20).HVA(A).HVB(6).HVC(G).Z(?O 6}

COMMON NoeTyEy TCyXoHVA,HVByHVCZ
HTOT=0.0 :
pC 1 I=1,1IC

1 HTUT~HTOT+(HVA(I)+HVR(!)*T(J)+HVC(I)*T(J)**?)*Z(Jpl’
HVFUN=HTOT
RETURN
END
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VGLEVEL ly MOD 4 EFID DATE = 69286 10/36/07

| : .

' SUBROUTINE EFID(N, IC)
DIMENSION E{20,46),7(20)
COVMONRNK,T4E
Nl=N-1
po 2 I=1,1C
DO 1 J=1,N1

1 E(Jel)=1.00

2 Et10,1)=1.,

RETURN
END
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l
"¢ LeveL 1, Moo 4 EFUN DATE = 69286 10736707

SLBROUTINE EFUN(IN, IC)
DIMENSION E(2046),T(20}
COMMONNK,THE
N1l=N-1
DO 1 J=1,N1
E(Jyl)=.595
E{Jsy2)=e595

1 E(Js3)=a595

DO 2 I=1,IC
2 E(10,1)=1.

RETURN

END
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2. Dynamic Program

Given the initial conditions and the new fced composition, this program
computes the response of a ten stage distillation tower to a step change
in feced composition. The intitial conditions include the stage compositions,
temperatures, liquid and vapor rates, volumetric holdups and component separa-
tion efficicncies. Flow rates and cfficiencies are taken as constant and
response is computed for each component on cach stage. Temperatures and
compositions as functions of time afe the final result which arc output.

The program is divided into the following subprograms:

MAIN

Reads initial conditions and dirccts 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.

Computes the ecigen 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
Computcs the

HOLDUP

Computes the
SOLGEN
| Computes the
formula.
AINVER

Computes the

used to compute

bubble points for the liquid compositions on every tray.
molar holdup from volumetric holdup and stage composition.
composition as a function of time according to Sargent's

-1 . . . .
term B F in Sargent's formula. This subroutine may be

compositions from a given coefficient matrix and fced

for a steady-statc solution,

- EFUN

Set component separation efficiencies on each stage.
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| | .
Clever 1, w00 & M NATE = 69796 ‘ 21759747

QAL K

CLLNDPLEX ALAMy VTG EIINY
ITHENSTEN ST, 10017 FTTINVIR,10,10) 3 ALAM{3,10)
DIMEILSTON YOI 2, TUID o VEIN) oV UIN) o SELIT) oF{2,10) 4XF(3)
DIMTNSTION XA(ID 32y XA (17 3)

YINENAION Fl17e3) K1V 7)o KAL2) K3 4XKNI3)3A(3,10,10)4F(3,10,10)
COMTON FoKyVyYeSeTy Tyal ANy LTy 115V
367 2T=2.,9) :
QEAD(S, 1)
T ARITEA,7R38)
728 EORMAT(IOHLIATTIAL CONDITIONS)
WEITE(Ge)) :

I FOPVATES O By bawr ' )
READ (G 119) "UialnT THAX, BV, 0o, TYOL ‘
QYL =RY LT 25,

119 FobkvAT(I?2401 2afyF105,F10.54710.051
SEADIS42) (200 1) o X0 J02) X0 (Je 3 s TUIN o V) hY (J),S(JY,,Jd=1,10)
2 FUEMAT(LYy7F10.5)
RFADLES, ) (T2, XFLY ) XS (2, XE(3))
3 OFGAMAT(AFLI0n)

702151 L=1,2
NG215) I=1,17
AL T L)=0,"
Xl\( ]yL)-’:'\.c"\
2G 2151 J=1,17

N .%(L!I’J):zh’"j

2151 AfLyLedd=0.0
TACCUN=N O
ARITE(GyTNDY (Ty1=1,17)
WRITE(G701) TACCUM [Xildyl)ed=1417)
ACTTF (G 7021 UXT(Jde2) 9d=1,10)
WRITE(Lg 70X I3 g d=1,10)
SRITF(A4T05) (T{J)yJd=1,10)
A 9 J=1,1N0
DO 9 1=1,2
F(I,J)'—"".C
CTFL)eERG6) FlYedY=FREXF{])

S CUNTINUE

1T2=1
. [TR=0
P01 CALL SREUNEXD)
o CALL TCORRT(X)
FllaC)=FREXF(])
FU248)=Fasx=(2)
FU344)=FR%XF(3) C
GALL AFORMALAZ XD PVNL 0N, TVCL)
TACCUM=TACCUN+DT
IF{TACCUM.OTLTMAX) GO TO 997 : , .
SALL ETGIN{ALITA) .
S SALL SCLGEN(A, By DTy NNODE, ITR, X1, XA)
T899 ~AalL EEuUNLXR) a .
CALL TCHR2T(XA)
FUYga)=FRAXE())
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Ly MDD 4 HAIN DATE = 69206

F(Py&)=FuX=(2)

Fl2ye)=FRtyp 1)

CALL AFOPRPMED Y ALPVYIL,CON, TVEL)

IT=17TP+]1

CALL SOLGENT AR DTy NNINF L IT2, X0, X))

1ASTP=0 .

M 4 Jd=1,17

TN 4 1=1,2

TEST=AASIXA Sy 1) =X2{Ie]I))

IF(TESTGT..NN2) [HSTNP=]

CONT INUFE

[TFCIBSTOR e ) GO TO 5

D) 13 L=1,3 :

it 13 Jd=l, 10

XACSLY=X5Cd oL )

IFLIT3.6T.10Y GO T 392

G0 TO 429

IFSARNTLEDL0) 50 T 17

CALL SOLGEN{ A S ¢DT ¢ NIDE g=1 4 Xi2y XA)

APITR(6yT11Y

FURVAT{ 1 AH &l INA| efrdk)

WRITE(H,70NY (1,1=21,10)

FOLYAT(LIOHITIE MINy8H STAGE, 12,71(6X,12))

ARITE(AaTOTY TACCUYy [(X2{J 1) 4d=1,10)

WRITI{Re TC2ZHIXI Uy ?2) yd=1,410C)

NPITE{Ha TO2Y X (dy3) yd=1,41C)

WARITe (67051 (T(J)eJd=1, 10}

FOCVAT2H 1 FTe241 X1 X4H C) 71:7.‘/4'()(1\(1F7.,¥))

?—” PAAT(2H y IXeIXy 4 C2 4 FT44%,9¢( IX.FT.M)

FORMATI2H g 2N g1 X G2 G FT a4y 31X FT64%))
'”’\f\T(l"X l."‘(q’*h TEMD r7 Q'Q(IX,r 7.2),
IF(]’\FC‘)M.\,].%.) nT l’o

IF(TACCUM, 5T ,11.) DT=5.
TF(TACCU 5T eb464) DT=10,

DC 8 L=1,3

NG 7 [=1,10

XC(IyLY=XR(1,L)

NG7 J=1,19

AlLyl s d)=RlLy1,J)

CUNT INUF

IF(TACCUMLGT LTHAX) Gl TO G697
[TA=1TA+]

1 Th=0

50 19 901

CALL EXIT

ERD
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11

122
121
120

.
106

REAR LY
123
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1y, 400 4 ATNION ' JATE = 69294

SUPTHLTING AP {A N T RVOL, 7, TVl

2 AL K

NIVENSION X1 (10,7)

DETCNSIONY YUIN), TE1D) ,RULLN) - (3,1D)

DIMEMST N AL02310410),K0120,2), 50171 ,VI1N),E{10,3)

,'-:r.}’y'.'"\'it'"\j = 9K9VvY;SyT,F

N=10

DL o123 L=1,2

YT O1L I=2,10C

MLy ToI-1)=Y(I-1)4V (1)

201720 T=1,0 _

A(L y Ty D)== Y (YT DI +SUT )4V T (T LIE(T,L))
SAST=AVII4L)~VI{T Y (L a=F{ T4L 1} 1))
11=1+1

121 Jd=1, 17
\f’-,f}J):'A:’qr(J,L)*"((JyL)
[Fede=Qell )} SO TO 121

Jl=Jd=1

MY 122 Y=11,J1
Q(LvIoJ)z"‘-.(LyEQJ)*(ln“‘E(MyL))

COUnT IAUY :

CORTTNUE

AL g NgNY== (VI RKIN, LIRS, L)+S V) )
CoLl HOLDUP S XTy T RV 4 CON, TV L)
j' ‘.? ]=1,1n

D712 d=ly17

MLy Tydd=0{L 1, J}/HULD)

ULy A)=FLLy 0} /HUCS)

SEIT S0 705 ) L

FoloT(1TH COHUDONENT MATRIX,T17)
APITELEG TN (LA Lyl yd) yd=l417),1=1,1D)
FURNMAT(IH 4170 9,4) '
CrONTINUFE

RETUAN

EAD
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Yo Level 1, v 4 DETERM ATE = 69275

SUSROUTINE DTTERM(LAY, T,DET, 3L 07 S L)
COMpPLEX 22Xy AL ?'J Xy IET 3 SLUDP T,y Ty T LA
DINENSTON AL/\A(Byl(‘)')(B 1G, 17 ), X023, 17,10),0(17)
DLMENSTON DUl ) y 210, ¥) yRELLO)
JIMENSINON S (10, 3)'\/(1"),‘(( ln)oc(iqu)
COUNMMON FoaP VoY o DUy My F gy ALAN

JET=CMPLX(De 2y 2aM)

ALy Ty )=CPLX (10, 0e7) :

ALy 19 2) (S Ly Ly 1) =LAMY/(=S{L,y?2,1))
AINT=1/S(Ly 24 1)

M1 )=CY¥PLX{NeT4,0,0)
D2)=C¥2L X ("IN Te00)
SLi_;pF:-Cf"f'}LX(':-C'yOr’A)

Ni: 2 J=3,1"

X{Le Ty d)=C 7LD Ny0. D)
DELUIECNELX (DG4 Ce D)

Kl=Jd=-2

D 2 K=lyKl

KLy Ted¥=X (L lod+X{LyT, K)""(L,,.,J 1)
IR EDIIN AR AN SIS SIS B EDEES |

BN

21759747

‘((LyIv-j,z()((LyIvJ)"‘(S(L1J"‘.9J""1“‘L'\.‘4)*((L'IyJ"].))/'("'S(‘.'JvJ"l),
D)= F U3 (L g d=1 g d=1) =L {d=1 =X (LyloJd=1))/{-S(LyJyJ-1))

2 CriL.TINIE
I 4 J=1,%
SLUPE=CLORELL ) *S(LeJdy 1 D)

4 )K‘T-‘-T‘FT*"((L'[,J)JQ(L,Jy‘f\)
SLOPE=SLUPT +(S{Ly 17, 10)=LAYIED( 12 )=X(L,1,1N)
DET=NETHS{L y10,12)=LAM)EX(L,1,17)
IF{1.7FQ.1) 53 TO 9

Kl=]=-1
DT=CHPLX{CsNyT.0)
NG5 Jd=1,4X1
RYX=CHPLX(]1.72,0.0)

5 DT=DT+RX/{LAY-ALAM(L,J))
SLUPE=SLAPE-DETHDT

9 PFTU2Y
NG
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[
CLEVEL 1, 0 4 EIGEN DATE = 69296 21/59/47

SUSROUTIRE ETCEN(A,TTA)

REAL K

COMPLEX ALAM T ETINY

COMPLEX ANJ, LAMy SLOPE, LAY, D

DTFENSTGH FA3910) o TULOY JALAYED210) A 13,10,10)
DIFENMSTUN FTI3, 10,10 ) B1TINVI3, 10,10) 3R 400(019)
DEMENSTON 0103 ) KL, 2, V1), Y(1D2),5(010)
COVMIN EaFaVeYe Sy Te g ALANGF T LTTINY

1 L=1,23 A

1TRyY=1

DN 2 I=1,1°"
RED(T)=NL"
D2 J=1,10
TFOTaNELY) S (1 )=2 499 (1) +A2S{A(L, [,J))
2 TONTINUE '
D5 I=1,10 _
.. 5 RUUDIY=A(L, 1, T1)=2000(01)

DT BT I=1,10 :
_ TE(OHMAY oGT o400 )) 2MAX=RMI(])
57 CLMTINUE
l‘s“’:C"’Pl_X( 7‘"'..’\,5(,().0)
IFCTITAGNFLL) LAM=ALAM(L, 1)
Rt [=1 .
coo1c0 U= -
5D CELL DETCCA(LAMGT 4D, SLUPE,A,L)
o DLAM==D/SLHDC
XTOST=ROAL (DL AY)
YTEST=a1MAG(OLAM)
S XLAM=REAL(LAM)
L YLLW=ATMAG (LAY
e XTU=EASIXLAV ) 4] (0F=-0T
YTO=ARS{YLAM ) +1,0F=07 :
IF(ARSIXTEST/ZXTD Dol Te e 00001 JAND JABSIYTEST/YTN )L Taa00CNY) GO TO
17
IF{JeGT20) GO 1A 6N
LAz LAMEDL A
J=J+1
50 TO RO -
60 IF(ITRY.FN.?) GN TO 989
LAMSCMPLX (R4AX,1.0)
J=1 :
LTRY=2
st 51 T 50
CTIB0 WRITE(H,009) : :
906G FURMAT (30K sodckiordoliiksN CONVERGE fkdx k)
7 COKTINUS -

8 ALAM(L,1)=LAM ,
S S A | .
~ms 3 TF(T.ER.IL) 6O TR 70
- J=1 : '

XLAM=XLAMN+ D1 *ABS XL AY)
LAM=CHAPLY {XLAM,=YLAM)
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. ‘
TS LEVEL 1, “nn 4 F1oin IATE = 69296 21750747
| .

- TF(ITARELY) LAN=ALAY(L,T)
.- TTRY =1
o 50 T2 SO

70 1=1

49 UTI=FEAL(ALAM{L,T))
RT2=C1 AL(ALAMIL,y I+1))
RCL=ATRAGIALAYIL, 1))
REZ=ATVAGCALAYIL, I+1 1))
AT=RTL/RT?
TF(RCP2.FCD.N) G0 T 915
A==0C1/6C?
o TR P T el e e 3902 e 8 T e LT 1 eD e AND G P e 3T e s 99 ANDGRC L Te1.01) G T B2
TOEs CuNTINgE '
ALAY (L 1)SCHPLYN(P T 1y % D)
DY=0TY,
TFLILFED.%Y 50 T 51
[=1+1
SC TE 49
52 AT=(PT1+°T2) /7.
2= (P C1-0C2Y /2,
ALAM{L,, 1Y=CM01 X (5T ,2C)
ALAS{ Ly [+1)=CVOLX(RT4=C)
TF(T.22.9) 60 TO 752
[=1+2
6y T L9
TS5 AT=PEALCALAM(L,10))
ALAYM (L, 10) =0 X(2T,0.0)
752 N 69 [=1,19
ADJ=ALA S Ly 1)
- 52 JALL OUTORMIADI, 14D,SLOPELA,LL)
U NgAMALLZE FICENS TO LARGEST 1.0 .
S NO 50 [=1,10
XMAX =D 0
N3 63 J=1,10
RT=RFAL(EI(L,y1,d))
TFLARSIRT) 6T eXHAX) XMAX=AESLRT)
63 CuUNTINUE '
NE AL J=1,10
5L TIlLy 4 d)=F1ll 41,01/ XMAY
59 CONTIMUE
1 COUNTINUF
L HRITE(4,TR8) : ‘ o
SR IRE FORMATIAGH EINEN VALUES OF 41,02,03, MATPICES)
’ NRITE(GyPSTY (ToALAY (L, Ty ALAM(2, 1) ,ALAY(3R,1),1=1,10)
BGT FUIOMATILIH 3124 2%42F 1 0eh 42Xy 2E10.642X42F14,6)
SUML=G,. 0 ‘
SUMAE=N 0
D0 690 I=1,10 S - S
L SUMA=SUMA+A(Z, 1, 1) ‘ ' .
Lol 800 SUMLESUTLARE ALLALAM(3, 1)) ) '
' CWNPITE(s,601) . SUMA, SUHL
601 FLRMAT(2515.7)
CALL MATOX(FI,ETINV)
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Y6 Lever 1, ¥on 4 EY 5N ATE = 9296 21759747
SO T M
901 2ETURN
END
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"G LEvLL 1, -‘*‘-QD 4 ‘ SOLGEN ' MTFE = 69296 . 21759747

SUSPOUTINF SOLGENT A 30Ty NN, TT7, XNy X )
TFAL K
CO“PLEX Fr.rrr¢v.utﬂvvf Py
YEHENSION X U10,2) ,XS (1N, 1),V(10'3).K(1ﬁ ?),V(IH) V(lﬂ),S(lﬁ)
1,PC1I0) 3 F(3411),C (1“),\|A”(% 10)
DTYERNSTUN XUP(10e3 g Al3,10310) 40 (3410,410),E1(3,10,10)
NERENSTON FTENVE2427,10) 45 {172), X(10,3)
Caqny FaK eV Yy Sy P FoALAMET T TTHY
T=NT
TF(TTR,NEL,N) 6O T 13
CALL AIRVEL(AyFyeXS)
13 IFCITAAFL(=(12)) 613 TO 14
ARLIDE=NNCOE
C ‘\ITQ 1-
999 TENTHEALTS/ANUDNEST )
14 D0 ©L=1,3
neo1n I=1,10
XOP(14L)Y=X"T(1,L)
IECITR £ D) Gid TH 10
D10 J=1,10
YLD T3 (T gL 40 0L, a0 =V L T dY)R(THR2)EXDT(IL L)/ (2.%0T)
10 CONT UNUR
DT 1 I=1,12
RUIN=CHUPLX(D,My0.0)
N3 1 J=1,17 ‘
RALDI=R LY+ (LT, J)*(XvP(J,L)-XS(J,L))
D3 2 I=1,419
WTALAM{Ly 1) *T
RYCST=CARSW) .
TFURTEST 6T b7 6) CUT)I=CMPLX(N,D,0,0)
IFL2TESTLGTL6M.) GO T 2
p(l)'*(l)“CrYP(w)
2 CONRTINUE
N0 2 I=1,10
X{TsLY=XS(1,L)
OC’ 4 J=l,10
=L T1AVILy 1 o Jd)xC (1)
X(I.L) X(I.L)+REAL(V)
LONT INUF
CONT INUF
DE 12 J=1,410
ATUL=2.0
S DL 11 I=1,2
Ciie 11 KTOL=EXTGL+X(Js 1)
T T 0 12 1=1,43
12 X{J,1)=X{J,1)/XTOL
Q.C NORMALYTZE X
WRITE(64722) 175

ON 1

C W

‘ﬂ;722 EovATEIIN TTERATION 412) : .
- WRYITE(GLT0Y) (X{Jyl)ed=1,12)

ARPTTR(O.702) (XUJy2)4J=1,410)
ARTTE(GE,T03) (X(Jy3)eJ=1,10)
TFLITR.NFe(—=(10)) RETURN
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-

'SLevie 1, voo 4 SOLAER ' IATE = L9296 : 21759767

TOY FRiFvMAT(ZH s TV gl X4t 01 3 FT Ay NIy Te%))

Tro LT AT (20 22 g 1Y g4t 02 35 Tede 5(1XeFT4e6))

703 PODYAT(2H P 1%y ail €3 g FTaly Q1Y FTa%))
TFOAITSeMFaANGNE) PETUYRN

ATTS=AITS+1.

G0 TG gea

RETUEN

END

‘L;'
oo
34
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_UG LEvey

399

1, 00 4 : TCODET , JATE =

SUNTTINE TCr-rT(X)

"')\EI\'L'&'V\»\'KL"{“\C

DIMENSTON Y LI0) 3T {IN43), VI ) SEY)
EAENSTON X177 93) oK {10923 4 KA(3) 4 KS5(3)4KC(D),
COVMTHN FaKeVet)¥y 5§, T

£A(1)=9.245%7

KA(2)=90,12774

KAE2) =29  A6404

KRA{1Y=49%3,01

KR(2)1=5570,19

K32 =6025,67

KC()1 V=304 ,407
KCL2)=342 487y

40212355 ,nf )

DY J= 10

1TS=1

suMy=o,

ACLK=2,0

N2 1=1,3

Ko T ) =8P {MA( Y=< ([)/(KCLTI+T(J)))
Y‘J’I)-¢‘<(J")*X(Jy!)

SUAY=SUYY+Y (JyT)

DELK=)0LKE K (S TIHRIATY/(ARCOTI+TOINI*%2 )X (J, 1)

TESTY=ADNS (ABS(SUMY)=-1.20)

2, 3 1=1,3

KUJy TY=K{Jy T/ SUTY
TFUITRSTY=A1) 1l ToD.N) G T 1
T =TI +(1.7=SUMY) /DCLK
ITS=TT7S+1

TFOITSST3N) RFTHURY

GG TO ae3 :

CONTINUT

RETURPN

.-
=N
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6 LeyeEg

Ja N

40

(%)

£

1, MUD 4 ARTRY, NATE = 6729A

SURROUTTAE AATEX (4, A])

CINMPLEX RXgMy ALy EX g

DIMENSION TP(YICY s AT, 10,10 3212, 10,17 ),EX(10} -
DG 123 L=1,3

KEy=1

D0 1 I=1,1°
IP(11)=0

DG 2 1=1,15

D02 Jd=1,.110

AT(Ls Tod)=20LyT,4)

X1=KFY-1
JMAX=T .0
2C 3 I= 1,10
[TF{KFY R 1) O T 40
Y 4 J:l,_(]
IF(TeE0. 2431150 13 3
CONT INUE
CONT INUE
=ARSEATVYACIATLL, To 1) ))
P =ARSIREAL (AT Ly 1410))
TF{O¥AX o GT o 2RGANDGRMAX ,GE,RCY GO T R
[P{KFY)=] :
IMAX =R
lr(b“‘)cLTo«.“r’) SHAAX=2C
coanTINgE
IPR=12({KFY)
N0 5 J=1,17
EXUJY=CHPLX( )00 0N)
TRF(JFNIPK) FX(I)=CMOLX (L 7y 00N
COUNT INUE
DT J=2,12 -
ATIL IRy )= AT LRy IPKGJI/ATIL,TPK, 1)
RY=CHPLY(1.04D40) :
EX(IPRI=RX/ATI(LyIPK,y 1)
DO 7 1=1,19
IF(1.FRLIPKY GO 10 7
TXCT)==AT (L, T,1)*EX{IPK])

SN0 J=2,10

11

13
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CATAL Ly JI=AT L 1o d)=AT L 1Ly 1) ¥ATLL L IPK, )

CORNT INUE -

20 9 1=1,10

200 10 J=1,7 N
ATCL ¢ T9d)=AT{L T ,4J41)
AT(L,y1410)=FX{1) .
TF{KEY . FL,10) GO T 11
KEY=KEY+]

50 T 2%

DD 12 1=1,17

17 13 J=1,410
EX0JY=AT{L, 1, 0)

N 12 J=1,10C

K=IP(J)

AT( Ly Iy K)I=FEX(J)
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14
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1y M2 4 MATRX

M 14 J=1,10
DC1E I=lyl0
EXCIY=AT(LyTed)
2N 14 1=1,10
XK=1PI(1)
ATCLy Ty dY=FX(K)
CONT INUFE

TRETURN

END
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'S ey Ly 00 4 HaLCUn ‘ DATE = K0266 . 21/7%9/47
SUTDOUT T SO0 PR ) g% 3T ¢ Wl L, TVOL)
DIVEISTOON ML) o M1y 35 1L 0)
2T 1 ~J’=l,]0
VOL=TVL '

WTAVE=SX (S L) E7 041 14X 121 %52, 124X 0y 3)*106.16
SG=0.931-.0004AK%T ()
IF(Jdetzde 1) VTL=00N
[F{J.T01N) WiL=2VoL
UL =L S5 /0T AVE
1 AUCJII=HI(T ) =50 /454,
"ETUNN
Ewl)
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'OLevel 1, ko0 4 ATV R NATF = 69296 21759747

SURROYUT THE ATNVER Ly Fy¥)
DIVENSTION ED(1N), ALFA(CIDY),,LFTA(TN)
DTMENSTON A{3310,10) DU (10,10 ),X{1Cy3 1 4FLl3,10)
D0 123 L=1,3
DO 7 I=1,17
FOCL)Y==F(L,T1)
DL 7 J=1,10

T DUMTTJ)I=2(L,1,4)
[=19

99 ALFAMI)=F2{T)/NUntI, 1)
PETA(D) == (T, 100 /70UMT,T1)
IP=1]~]
AC 92 J=1,1IR

Yy T=1 ) =A:~<J,1-13+Jun(J,1)#asrA(1)-
a2 ED(JI=SFOUII=DU{Jy IV RALFA(T) '
IF(I'_QQ.)) ‘-.‘ T'\. 22

[=1-1
. GO T a9 :
G5 X{LlyL)¥=F0013/2U4(1,1)
20 56 =210
G X (T,i)“’\lFa(IH'FLT’x(Ii*X {1-1,L)
122 COMTINUE :
QAETURY
CERD
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v‘? Levir 1, U™ 4 FFRUp WNTE = 69294 21/ 8°/47

SUIPCY INE RN (D) :
DTS X0V 5,42, 001V, 2)
ChvwsnN ‘
C EFFICTIONGY GENERATIOA A 2 ok drde ek o ke okl ok
270 1 J=1,1"
Eldyl)=am2}
ElJdy2)=a622
1 ElJy2)=4623
Tl13)=1."
E{1M,1)=1.
1Q,2):1.
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APPENDIX C

Physical Properties of Benzene, Tolucne, p-Xylene

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.

~-145~
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Physical Properties

1. Vvapor Pressurc (_3)

ln (PO) = A-B/(C}T)
. PO = Vapor Pressure, atm.
T = tempcrature, OF

A B 27 ¢
* Benzene 9.2487 4998.61 . . 364.427
Toluene 9.3774 5570.10 0 °°  362.879
p-Xylene 9.46406 6025.67 .. 355.661
)

2. Vapor Enthalpy (17)

h, = a+bT
h = vapor enthalpy Btu/lb. mole
T = temperature, OF 750 T 2500
a b
Benzene 14240. 22.10
Tolucne 15560. 26.90
p-Xylene 16260. 35.40

3. Liquid Enthalpy (17)

HL a + bT
H{ = liquid enthalpy Btu/1b. mole
T = temperature, °F 75¢ T  250°

tou

: a b
Benzene -1750. 37.5
Toluene -1780. 42.8
p-Xylene ‘ -2700. 48.0

4. lLiquid Specific Gravity (17)

SG = specific gravity relative to water G0OF
T = temperature, °F, 125 T, 250

- SG = .931 - .00066 T

This is an average density for benzene, tolucne, p-Xylene and is
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.mixturcs of benzene, tolucne and p-xylene kcye
analyzed using an F § M Model 700 gas chromatograph. Even though industrial
and practical grade chemicals werc used the elution peaks were sharp and
peak areas could be approximated with two triangular segments per componcnt.
Fortunately, the rclative 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 ( 19 ) 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 arca is shown

in Figure 1E . 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 Thermal Conductivity
Detector Current 150 m.a.

4. Temperature Settings

Injection Part 180° C
Oven ~100° C
Detector - 1700 C
5. Carricr Gas Helium
Flow Raté ' 1.0cc/sec.
~154-
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6. Retention Times

Benzene 29 secs.

Tolucne 45 secs.

p-Xylene 73 secs.
-155-
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APPENDIX F

EXPERIMENTATL DATA

1. Computed and experimental data for efficiency determination
runs either under total reflux of continous distillation.
Tables 1F thru 5F.

2. Processcd 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 ecach

component,

Area of the benzene peak = Hlxwr+H2xW2

i

Area of the toluene peak = HyxWgtllxW,

Area of the xXylene peak H xw5+H6xW6

5
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Lizta et Q
Myoyr 1 e . Tinrme

Trnitizl Comfitiors

Loy v AR g [
Feed ] D.A0G

‘Diahillene O,7HA

Potvoms (OPRART N}
e "2“ 2 o, °j _‘:1‘7

Refl-~ #-tio 2,14

Yegnanae
;ﬁﬁé(minunes)
0.0

1.25
2.75

£, 00
4,00
3.00
10.0
12,0
14,0
17.5
20.5

ale Troetinang

Toluene Zrlene
0,251 N0
0,214 0.0
0,0RA n,n
Q. AT2 . n,0

Wreefion annene
0,648
0ezTH
Q.57
0.607
D724
APRRIL
0.752
O,7RR
0.789
0.812
0.755
0.821
0.024
0.828
0,827
0.850
0.¢58
0.056
0.060

~164~-

Rote

Th.moles/hr,

0,128
n.117
0.250
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nata~Set 10 (Rinary)

Trays 3 and € verses tire.

Initinl Condi<icnsiiole % “enzerne ¥icw Rate
Feed 1 44.6 0.850
Distiliete 977 | 0.13
Rcttcers 5.7 0.117
Rellux Rutiq .03
Feed Z 08,6
Tray 3 “rav 8
Tine ) lonzene Tinre il 7 Zenzere
0 36,5 0 7.9
205 4;3'09 O _ :qg
4.5 47,9 5.75 . 9.5
6.5 5. 4 4.75 10.5
9.0 51.4 6.5 11.2
12.25 55.6 0..5 11.;
17.50 54.4 .50 11.
21.25 . 59.4 17.50 15.7
26.00 61.8 21.50 14.4
20.50 62 .5 26.25 15,3
5550 62.5 29.50 15,2
59.00 63.0 35.50 16.0
44,00 66.5 50.05 17,1
£2.00 68.2 54,25 17.5
54.30 67.0 49.25 16.5
5¢ .20 68.0 | 54.75 18.0
o 50.50 18.1
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DATA SET 15

TP TRAY VS. TINE

INITTAL CONDITINNG MOLE FRACTIOMS
BENZETE T MLENF XYLENE

SEEN 1 AR SRR NeH46:1% N.I8G40
DISTILLATE DeHT7528 N,3149) N.DN114
30YITO™S ATSARE YA CaT9R1LY Ng 16927
FFED 2 Yeh TR 045025 DeNOL&L 4L
QUFLUX RAT TN 3,14 )
RESPOMSF
TIME(MTMUTES AENZENC TOLULENE

oo : N, 62 Tan Ne46337

25 Te51370 Ce6#5233

1 Ne52111 Coe4T5289

Z .’\.5’07?(3 ~(".4/0-0'3{(v

3 e D4 146 N 317

5 Ve 53T432 (e 42257

7 NegS5HEAIR Ge4NT57

g9 Qe HOGTH Ne36236G

11 Geb2H5E 036183

13 Mer2291 Ne3T45H4

15 D4062899 Ca3HRL4L

17 NGA3THR 0,35989

i¢ N b4 267 N.34849

21 NeHb3ANH] 0.33383

23 N £686T4 0.34395

25 00‘5‘6(:')7 C033735

37 CekT059 032707

29 NebLLY 0e32656

31 NeARET2 0,33035

33 Ne6T202 0432585

26 C. 62069 N,a31715

39 Ve 68720 Ne31065

~166~

RATE

L. MOUES/HR,
N 26600
2415700
"e109N0
e26600

XYLENE
0, 00273
Go n" 3/97
N, NL360
N.0ON328
D.0203137
0, 00311
N, NN3ANSK
0.0D2373
0., 0N25Q
Q0,ON248
N,002857
D, ON262
Q. 00254
C.0N255
nN.N231
0720209
De0N239
0.72226
0,N0237
CaNN214
0.0N216
N,00215%
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DATA SET 16
TRAY 3 VS, TIME
T5ITYAL CONDLITIONS

MOLE FRACTTOINS PATE

RENZENE TOLULEXRE XYLENE  LR. MOLES/HR.

FEED ) Do Hb86T 0.46626 0y NABNT Ce26A00
DISTILLATE  0.32667 0.17273 V. 0C0O6N 0.14200
INTTOMS G 04069 0.21702 N.13438 N.124900
FEFD 2 0, 33253 054394 N.NT324 Ne26600
REFLUX RATIO 3.4
QESOUNSE
TIMELMINUTES) PENZENT TOLULENE XYL ENF

noe NoN8ATL N,23655 0.07471

Nt SRR T X N.33163 0.075567

1.5 007756 0.213235 0.08147

.3 TaNT420 0. 66793 n,n7780

€ 000~ £.52532 N.OTT22

:I Ged7002 CeB4172h Do ME0NH0

9 (07157 N.54704 0.179565

11 0.N7533 < 237562 £.0230n

13 C.07655 0.33993 0.03397

15 0.97391 De 34557 0. 03053

17 0.07224 0.84504 rLO%2T0

16, 0.07384 0.584143 nN.N3471

21 CoNbEASG N,88770 07184

23 0.37008 0434535 LY

25 0.06300 N.35523 N, 05148

27 0.0675° 035608 007604

29 0.06233 (e55412 0.03156

33 N.06458 0.55133 N, 03409

37 N.065T4 - 0.84972% n.,na501

41 Ce5752 0.35924 C.013325
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DATA SET 17

TP TRAY VS, TTwE
[NITIAL COM WYTI' NS MIJLE FFACTINONS RATE
BENZENF TOLULENF XYLFNE L2, MOLES/HR,
FEED ] Q.000K3 Ned&H] Ve D582A Ng 276D
DISTILLATE Qe3DR33 T.14420 TJeXD0KT Na14997
ACTTOMS CeNOYER G,80672 De 12392 NJ127T7N02
FFED 2 {.31842 0.60174 D.0%213 N.275600
REFLUX RATID 2.6
RESPOUNSF .
TIMo(INUTES) AFNZENE TCLULENE " XYLENE
QJ Tta759%1 N,19351 t.00159
1 - Ny TH220 0 Ng21712 C.CN163
2 N.T6814 042239939 0.00198
5 CeT4827 06?4365 N.NN208
7 C.T1724 Na25083 0.00217
3 0.70375 Ce 29699 ".aN0236
11 575"63 MNe32221 N.NT272
13 «.u5“ 0.24439 G, NN2459
15 O 64269 S 0.35410 2.00300
17 0.63057 Qe 26692 Te0N247)
193 0.5105% 0.35633 2,002323
21 C. 60378 e 39235 C.00325
23 N,5907¢C 0,40n012 C.0N318
25 De57217 0442455 N, C0327
27 0.5560619 (e 43042 t.0”339
29 054210, 045433 Na"I35) .
31 0. 33‘)':}9 0.45‘)52 (\.*.zw"‘lt
33 0.51¢C1 N47724 CaN3T8
35 B.50724 Ce4G33 0.00343
37 0.51546 Qe421N03 Ces 035N
39 050591 Ne4BO4Y4 N.00365
41 0448914 0.50663 0.00423
43 048555 « 51763 N, 00372
45 Gea723 .5?917 N,07399
G475 Q.45314 0.54270 0. 00417
~168~
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DATA SuY 1¢
T2AY &4 VS, TIMC

INITIAL CONDITIONS MOLE FRACTIONS DATE
BENTENE TOLULENE XYLENE  LB. MOLES/HO,

EEED ) n. 5:4 :q 0.39281.  0.75420 0.27600
SISTILLATE  0.92385 0.07671 0.000724 114009
30TTONS N 10230 Co?T104  0.12626 6 12700
FEED 2 N.29421 0.£3708 0.75364 0.27500
REFLUX RATI) 3.16
RESPONS L ,
TLHE(RINUTES) SENZENT TOLUL ENE XY LENF

o - S hT42E N.32A51 0.00523

1.5 N 52608 0436699 60633

3 0, 60541 0, 30295 0.00751

% NgHT9I07 41212 s YONN]

7 51111 fe 47995 . 00895

9 249057 0.45414 0.00199

11 Ao45011 0.53924 £,0115

13 0.4405] 0.54333 0.01106

16 039259 ¢.5a0593 0011733

17 0433662 0.63120 01212

15 Nl 36800 0.63915 N.01195

21 0.34015 164778 ALC1207

23 0. 22655 0.65974 6.01341

25 0.20425 0.63225 0.01350

27 0.27711 0.71293 N.01399

20 0.26596 0.77775 0.01130

31 D.26118 G.7252% 0.91353

13 Ce24773 0,74517 CLU1410

35 0.2330¢ 0.75219 0.01475

37 0.23142 0.75392 0. 01466

39 0422090 N.76398 N.N1511

a1 n.20765 n.775692 N, 015642
43 Ge20740 0.77312 0.01442
45 (e 20940 0.77440 C.N1574
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DATA SET 19
DISTILLATEL VS. TIHWFE
INITIAL CCONDITIGMS

BENIENE TOLULENFE
FEED 1 0.294994 NebH43TH
JISTILLATE Ne5%277 N AOBIN
3UTTOMS Q.71212 CoATORD.
FEED 2 0.51301 Coe43223

REFLUX PATID 4.306

RESPONSE :
TIME(MINUTES) LENMZENF
00, Ne55277
1 Ny 5400
3 NG53729
5 N o594
8 NeB5467
10 . . D.67438
12 ' Ne HQNNT
14 : Ne69856 -
17 CeT1604
20 - De 74007
23 Gel51¢02
26 Ne7677)
29 : 0.,78359
33 0. 73409
36 . 0.79329
39 DL.75465
43 B RS B Y
H7 R Ten1198
c1 N.81461
55 N, 81007
59 0.82544
.63 0482243
51 082547
71 " 0D.431121
75 0,33223
79 N,8296¢
83 D.3%3338
- 87 _ 054137
G2 ‘ ’ 0.839)1

MOLE FRACTIONS

THLULENE

Ca44510
0.45%513
G751
Qe &aDNAL
Q. 3’#5?9‘
Na32592
Ce 30543
030145
0.2P395
D,25993
00 2435?
Ne 23223
021041
0.,21591

Q.20535
P.lQR’;?
C.18832
Ge13539
C.109aQ3
0.17454
0.16757
N,17433

- 0.18379

0.16777
0.17031
00 16"162

N.16099

-170-

XYLFNE
NeNHERH
NeND2173
0.117’16
N. 05376

LA,
Nel
Nel
NN

Ne2

XYL ENE

N.NN213
Oe ONINNH
DeNONN
N.02000
Q. NGNN
o HDNNN
C,00n07N
C.0nN000
Q. 009N
C.O00IN
Qe 0ONI0
0, 005000
NN
Co. COZNN
0.07000
Ne 0NN
N,0N7N
C. 000QJ0
C.NNNN0
C.0ON20
0.000190
0,00290
N, 0007090
C.00CHD
NeNNNDN
0.00000
C.NNONN

S 0.ni0Nn

Q. 2C720

RATE

MOLES/HR.
0200 :
1800
3400
0209
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DATA SET 20
DISTILLATE VSo TIMF
INITIAL CONDITTONS

BENZLNE CTPLULENE
FEED 1 055348 0.2925%
DISTILLATE 0431513 040248
3UTTOMS CeDT044 CeSlhairh
FEFD 2 De31796 0e6D2R6

REFLUX RATIO 3.0

RESPUNSE™
TIMEIMINUTES)
ne .

O~y

60.t

66
69
73
77
g1
&5
a6

AQLE TRACTICNS

DENLENE
2e21318
N.216006
Q0.G6C730Q
N,87313
Ne27345
0.35310
0.233041
0.%32697
CeB1T12
Te75104
D¢ 74120
0073427
0.77134
N,70200
0.69195
N0.65%38
Qe H6T86
065145
0.63385
0.62833
N0.62511
0.6200C
0.60705
0.59602
9. 590’4’7
0.58043
0. 59642
N0.5%8613
0.58802

TCLUL ENE

D,0%443
0.08354

0.09261 -

0.10113
O.12117
0, 12655
C.145690
016959
17303
0.18233
0a21296
0e24302
0.25129
0.26573
0.22805
0.293Nn7
D430825
0e3D442
Ne33214
0.34855
0e36615
0.37162
0.37439
0.38009
0,39295
Ne40393
C.40353
0.41957
C.40358
N.413R7

0.41173

-171_

XYLENE
D, 04898
0.00N33
0410892
0.07218

L.
0.2
0.1
(.‘.',\

0.2

AYLENE

f.0NN032
000290
C., 00210
C.0nN0R
N.0N0100
N. 02000
Q. o0nN0
CeD0DN0
Q.0NGR0
0.,00099
0, T0ONN0
0., C0NNOD
0.£0000
CeNNONO
C.C0090
G, CNH0NN0
0.,000230
C.0N0920
0.000N20
C.00000
0.00900
C.0NODO
0.00000
C.C0090
0., 00020
0.00000

RATE

MOLES/HR,
2209
1309
2600
D209

N.CO000

0. 0NCO0
0,00000
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NDATA SET 22
TRAY 6 VS. TIME
INITIAL CONDITIONS

MOLE FRACTIONS

BENZUNE TOLUL #NE XYLENE
FFED 1 031152 0eH1450 0.07391
DISTILLATT 0.521721 0.47533 D.00Z2%
IPT TS CeD1157 NeB1275 0 16048
FEED 2. . QedTHTH N,49564 N.N275¢&
REFLUX RATLIO 4.22
RESPONSE
TIGC(AINUTES) BENTENE TOLULENE
noao A T AN APREELE
O+ He06THR G.583N04
2 0,069083 D.R7103
4 Nel1163 Couv344
& N.11357 N.35654
8 Nel23147 Neiith D593
10 NG12962 N,B3140
2 0.,13129 0.23765
14 0.13339 Ne 53500
16 Cel3450 033407
18 N,13225 ° Ne Q3054
21 De16272 NaB2T22
24 0elbts2?2 N.A2515
27 (tel1%4922 Ne82040
30 Nel4b4at 0.32454%
334 0144500 . NeB2267
6 0.15528 0.31624
39 0.15301 0.318646
4 S.16124 0.80885
45 Dele283 0.803815
48 0.16127 0.,31157
51 0.154667 0.81312
54 0.16417 0.80930
57 - 0416085 0.80543
&0 0.1625) D.R1112
63 0.15990 N.31364
67 0.16667 0.30713
71 Q.17216 CeR(C107
75 N.16338 C.81098
79 Ne1ORT4 0.80703
85 - 0.17703 0.79776
-172-

L% .

RATF

MOLES/HR .

020200

Nel
0.0
0.2

XYLENE

N04LRE
L4928
N.03899
N,034373
D.03240
Qe (P3234
N.N3398
0.03107
0. 031569

0990
9319
n2n0

Ce03143

e 03020
0.030N5%
0.02863
0,03030
N.02993
0.025933
00,0283
0.027063
C. 02991
0.029N2
0.02714
0. N2691
NeN2652
0.02603
N.N26133
002646
0eN2620
0.02677
0.02514
Ce002423
D.02520
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11
12
13
14
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DATA SET 13

DETERMINATION OF COMPONENT
SUPERFICTAL VvAPOR VELOCITY

W1l

1.290
1.310
1.620
1.570
3.520
l.140
1.190
1.180
1.270
1.210
1.340
1.600

1.620

H1
0.970
1.550
2,460
4.070
5.820
6.530
7.770
8.690
5.040
0.782
1.460
2.220

3.840

4.310

5. 800
6.940

8.500

W2

1.850
1.390
1. 520
1.600
1.380C
1.810
1.720
1.850
2.560
1.480
2.200
1.500

1.150

H2

0.030
0.090
C.130

0.220

0.360

0.360
0.260
0.320
0.230
0. 045

0.045

0.115

0.280
N.300
0.280
0240

0.440

EFFICIENCIES
1.15 FT/SEC

W3

2.020
1.930
1.950
2.120
1.900
1.910
2.000
1.900
1.880

2.070

H3

G.160

6. 8930
5.730
44390
3.250
8.300
8.519
T7.960
g€.320
7.700
7.280

6.060

4,930

2.200
2. 400
2.250
2.100
1.50¢

1.780

H4
0.310
0.340

0.310

2
L ]

W
(e}
D

0.320
0.230
0.230

0. 160

0.250
N.320
0.320
0.389

0.290

2.390

2.200

2430

0.183
0.105
N. 056

0.028

W6
1.112
2.000

1.400

0.550

1.237
1.600
0.75N
0.800
0.090
1.110

1.879

H&IDE&T.
N.N65
Ne N30
NeN32
0. 120
0.731

N NOS

0.007

0.001
n.000
0.154
n.130
n.411
n.n31

N.N15

NeNN5

0.000
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10
11
12
13
14
15
16

17

DATA SET 14 A
DETERMINAT IGN OF CUMPONENT
SUPERFICIAL VAPOR VELOCITY

Wi
1.220
1.230.
1.250
1.500
1.300
1.530
1.420
1.530
1.550
1.180
1.250
1.300
1.410
1.450
1.370
1.350

1.440

H1
1.530
2.160
3.190
4.570
5.680
6.520
7.470
8.400
9.360
1.350
2.030
2.990
4.240
4700
5.650
6.930

8.500

W2

1.580
1.500
1.890
1.230
1.490
1.500
1.900
1.450
1.500
2.000
1.100
1.600

1.450

1. 150

2.100
1.730

2.100

H2
0.050
0.130
1.350
0.240
0.260
C.260
0.280
0.440
0.480
0.056
0.140
N.125
0.200
N.260
0.170
0.320

0.230

EFFICIENC IES
0.99 FT/SEC

H3

1.990
1.940
1.907
2.000
1.860
1.900

l.780

H3

8.230
7.710
T.050
6.570
5.400
4.73D
4. 189
3.340
2.460
8.280
7.980
7. 540
7.000
6.620
5.580

4.890

3.660

1.400
1.500
1.300
1.750
1.800
2.200
1. 850

2.360

Ha

0. 290
0.320
0.320
0.240
0.220
0.289
0.240
0.220
0.140
0.330
04260
0.300
0.310
0. 260
0.180
0.270

0.220

N.732
Ne562
D467
D410
0.180

0.094%

N.05)

OoO?’f

W6
1.300

1.600

0,000
n,00N
7,010
1.590

1.300

N.80D
0.000
N.000

0.019

HATIDENT.
0.045
0,050
D. 020
D019
N, 200
0.200
0.000
0,700
0,000
0.Nn62
0,050
N.N27

0.0290
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10
11
12
13
14
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-DATA SET 14 B8
DETERMINATION OF COMPONENT
SUPERFICIAL VAPOR VELOCITY

W1

1.240
1.470
1.210
1.290

1.490

1.400
1.260
1.360
1.340
1.300
1.400
1.480

1. 780

H1

1.250
1.475
3.32n
4.260
6. 430
6.880
8. 480
9.460

5.220

4.550
5.560
6. 880
8.130

8. 800

W2

1.700
1.450
1.4900
1.850

1.490

1.480
1.640
1.600
1.380
1.820

1.400

H2

0.065
0.065
0.160
0.160
0.230
0.440
0440
0.460

0.520

0.055

0.080
0.110
N.145

0.230

. 0.430

0.270

- 0.500

EFFICIENCIFS
1.25% FT/SEC
W3 H3
2.120 7.7890
2.040 5.6490
1.990 7.280
1.940 6.090
1.860 5.920
1.390 4.889
1.900 4.340
1.660 3.360
1.640 2.299
2.300 7.970
1.927 7.820
1,920 7.320
2.070 7.200
1.880 6.880
1.860 5.930
1.870 4.730
2.240 2.940

2.000

1.700

0.250

0.230

0.120

N0.149

Ne 1"5

24490
2530
2610

2.390

2.617
2.300

2.880

H5

0.&80
Ne?250
0.256

N.142

0.153
n.088
0. 042

N.N18

W6
1.750
1.400
1.350
0.750
1.600
N.CN0
0.000
0.00N0
0.0

1.6580

1.637

1.A00
1.820
1.232
N.0N"
0.000

N.000

HSINENT.

t.N40

D022

. N15

N.011

0,010

£.000

DaNDT

N.0NNN0

0.000
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