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‘This project was(hﬁér;ecqnd part-of a long—tétm study into
the control of an ektrective distillation‘unitt A fifteen‘stage, _‘
extractive diétillatiqn celumn'wasrre—built end.operated over.e
range of Operatlng levels : Overhead'product'acetone bompositidn

was llmlted to approxmmately 0.94 mole fraction acetone due - to

“tray llquld primlng A steady state simulatlen was_develoPed to

ald‘in a better jnfeﬁﬁtanding of‘the process : Murphree vapour

tray efflclenc1es were adjusted W1th1n the 51mulat10n to match
& :

_experlmental and 51mulated product compositlon results The

simulation was used to accurately predict unfltted experimental
t

results. Dynamic behavmour of the column was studied by relating

product composition responses to changes/;nj;Z;ngbance and

b
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. data was relatlvely n01sy._

- e

R & .
fmanlpulated variables.

Dynamic behaviour was analysed by

Experimental e

frequency response and real time response fitting._

Flrst order transfer functlon models

with dead tlme, fltted in the real time domaln were satlsfactory.'
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" CHAPTER 1

" INTRODUCTION L

X - . . .‘.v_‘ Lo ‘.
The hlstory of computer ccntrol in- chemlcal procesé
lndustrles streﬁches through the: past decade. Appllcatlons .

were first undertaken in the lateJlSSOS W1th dlgltal computers

using supervisory control enhancmng the Operatlon of conventional =~

-

analog controllers. Computer applications‘continued to grbw and
‘a wide range of computer hardware ‘became avallable with the
introductlon of mini computers in the 1ate 19605. -Thls new
technology gave greater user flex1blllty and a contlnued }
reduction in hardware cost but computer control did not gain
a clear advantage over conventronal analog methods. -
At present the question stlll/pemalns; will computers
tak® over the control field? sSmith “{32).comments: -
“The fact is that while we have seen great
_advances in the computer itself, we have
seen precious little ‘advancement in what
we know about how .to utilize its capabilities
effectively. It is the author's opinion that
when subs:/ptlal progress is made in this
- latter ‘ared, then the computer will “sweep
the market“ "
'Thls project represents the second stage in a long-
term computer control study-of a complex chemical process.
The general aim of this work is a realistlc control applicatlon
in which ‘the advantages and disadvantages of computer control

\\ .
N K -1 -



"V-may be evaluated With this experience, more effective control'r

,iirethods may be developed

R Process Description T

The process chosen for this pro}act was. ‘;f?
'extractive distillation. A mixture of methanol and acetone

T

'-k,was separated using _water as a soﬂvent Figure l—l presents

fa proposed\ffhw and Ihstrumentation layout for the process.
_ﬁAn acetone-methanol mixture is fed to the extractive distillafion
J_column.‘ An acetone-methanol mixture forms an azeotrope of 0.80
imole fraction acetone at atmospheric pressure.' in order to.
break this azeotbbpe, water enters the column above the feed
pOint Water increases the azeotropic acetone concentration_r
and at approximately 0 30 mole fraction water the’ azectrOpe |
is completely broken.j Jackson (22) presents a detailed”
description of the vapour liquid equilibrium relationships.
in extractive distillation ’ |

A distillation column is an efficient vapour- liquid
'contaCting.device which separates components of different
‘volatilities. In the present application, the extractive
' distillation column is operated to obtain an overhead product
of acetone and a bottom product of methanol—water.' Vapour,
generated by an electrically heated reboiler, flows upward
through the column trays. A water cooled condenser condenses

'the overhead vapour; A fraction of the liquid is drawn off

as overhead product'and the remainder returns to the column.
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process in the chemical industries. DlStlllatlon is required

- 4-‘..

- The bottom methanol—water mixture is fed to the second
solvent stripping column: Methanol the more’ volatile component

forms the o&erhead product and the bottom product, water, is

‘_returned with-eolvent make-up to the extractive'distillation

column, The'present work focuses on the extractive distillation’

column. The solvent-stripping colypn will be designed,

.constructed'and'studied in future! ork:

.Figure 1-1 indicates the basic instrumentation required
for the control of the extractive_distillation‘unit. Major

equipment (including pressure transducers for flow ahd*liquidA-

level indication, control valves,*voltage regulators and stream

composition analyzers) requires a substantial financial investment

'and_in this resPect present work was limited. These automatic

instruments were not available and manual product stream .

composition analysis, flow rate measurement and control were

substituted' Details of the flow and instrumentation scheme

used in the present work are presented later. However, the
long term objectives of the control work require full 1nstrument—

ation of-the extractive distillation column as depicted in

Figure 1-1.

o ! ! - n

1.2 Distiilation Importance-and Control Difficulties

Distillation is a relatively common but. 1mportant

to separate process products, often at. the terminal stage of



'purlty control 1n these cases.

<

;refinement in the'process.;Theﬂp{;duct must meet its

pec1f1cat10ns because it is most paluable at this point.

U To meet spec1flcatlons in ‘the face of large uncontrollable’

-
dlsturbances, product purrty is regulated above the requlred

level. Product purity overspeciflcatlon reduces,maxlmum feed

throughput of the,unit and increases energy requirements.
- - . : o

Production of tne‘entire process may‘beylimited by the

: max;mum dlstlllatlon feed throughput Energy requirements

1nclud1ng cooling water and steam can be large and costly. '

Processes, in Wthh component separatibn.ls dlfflcult or

‘hlgh product purlty is spe01f1ed requlre high reflux ratios.

)
Slgnlflcant energy savrngs may be obtalned with tlghter product

)

-Yet distillatlon control 15 dlfflcult Columns are
bl

-subject to frequent disturbances of widely dlfferent magnltudes.

Some of these, 1nclud1ng feed rate and composmtlon, can be -

. measured but others, including reb01ler heat input and column

heat losses, can not. Slow colUmn response adds to control

- difficulties. Unmeasured disturbances enter the. system and

affect product purity. A controller detects this change and

nanipulates a variable t0'offset.it; HoweJer,-a column with

a large number of trays responds slowly to correctlons and the

product is off speciflcation during this perlod Compoundlng

f:this difficulty is the interacting nature of column varlables.

Dlstillatlon3is typical in this.respect, of many multivarlate

3



systems in the cnemical'industry; Changing.one'system vériable
C.may affect mahy variables to dlffering degrees. " In dlstlllatxon,‘
interactlon of controlled varlables as functions of manlpulated

varlable changes are important. = - . v

1;3,-Review of*Previous-Work and Summary of froject ObjectiVesﬁ

I A !

‘ The generel long—term objectlve of this prOJect is to
evaluate the. dlfferent control methods presently appliéd to
.r distillation and th this experlence develop more effectlve
'controlnmethods(jujgwever, more specmflc work 1s requlred to
obtain this overall ob]ective. d | -
Jackson's work (22) was an initial step in the long~
term étudy of an-extractlve d;stillatlon unit. Hls work
included building_an extrectibe distillation.column;_evaluating.'
'zits steady state.performanceg interfécing oasic column'instrument-
ation to a controi comouter and developing a basic real;time
eoftware.package. n-thirteen.tray extractive distillation
lcolumn was built with 5.08 cm diameter stripping and absorbing
sections and 3.81 cm diameter solvent redovery sectibn. The
column was interfaced to the&control computer. This‘included
.column and feed stream temperatures, feed stream flow
measurementsrand relays operating process. status lights
and on/off feed temperature control. A real-time sottware
package was<deﬁelopedlto ponitor manual colunn operation and -

perform on/off control to maintain feed stream'temperature



set'p01nts.; Steady state experiments indicated thatlthe small
dlameter solvent recovery section was severely limiting column
‘_ operatlon.- Vapour velocity increased in the solvent recovery
'section, causing tray liquid‘priming at moderate’rebOIler'heat'
input * The bottomltray,also weeped at'these'conditions and
h was ‘caused by 1mproper sealing between tray and column wall
Jackson recommended complete rebuilding of the extractive E
distlllation column due to these major operating problems
Therefore, an inltlal objectlve of this project was,
to rebu1ld the extractlve distillation column and prevent
excessive tray priming and weeping. Steady state performance
and operating rapge of the calumn had to be evaluated This

_was to include development of a steady state 51mulation that -

taccuratelY-described experimental results. Finally,-a preliminarv

understanding of the dynamic behaviour of the column-had to be
undsrtaken. This required product composition reSponses to
.disturbance and manipulated-variable changes. From this work
a process‘model had to bé estimated in order that future control
work could be conducted |

Control work could not: be undertaken because automatic .
product composition analysers and controller instrumentation

were not available. - However, future work w111 include ~

installation and development of this equipment. Then different

‘methods,of distillation control for the extractive distillation .

column may be evaluated. A-descr}ption_of'these control methods

y



iS‘pfesented in'the_hext haptéf,
In summarg,fhe ob;ectives of this'ﬁbrkjﬁeré:'_.
(1)  .to rebuild the extréqti?e'distillation colﬁth
and evalgdte.itéiqﬁerafing range and stéady statérperfoimanqe,-
“(ii) dévelqp a_sfaady-stéfé'éiﬁulatidn that aqéurately
describes;tﬁé_experimentél'resuiﬁég'ahd: |
N Tiii) undertgke prélimina:y'workrto undérstand-the 

‘dynamic behaviour of the column.

D



CHAPTER 2

REVIEW OF DISTILLATION CONTROL

This chapter presents an overall review of dlstlllatlon
-concfoi. A large amount of work durlng the past twenty years
has concerned dlstlllatlon control and only a brlef outline
will be glven Wllllams (47) organlzed the 11terature by
classmfying distlllatlon control schemes according to their®
control theory sophistication. Thesergeneral control methods

and their distillation control applications are presented.

2.1 Distillation Control Difficulties = .- .
Distillation_endlothef'chemical processes, including

heat exchengers and reactors, have Charactefistics thet make.
control'difficult' These 1nc1ude, (i) ‘non-linear relatlonshlp
between varlables, {(ii) multlple 1nteract10ns between process
variables, (iii) poor or non-exlstant process measurements and )
(is} large number of variables and possible control lcops.h

- -In distillation, tHe_relationship between feed rate
and overhead and bottom product compositions is ncn;lineer
,end:becomes more_prcnounced with hiéher.prodcct_purities; . .,
A pfccess model must consider these types of non-iineer : |

‘relationships for tight producfncomposition control. However,



3

'systems. : - o =

.adjustment gives better control, but this is not a hard and

g - 10 -

o ¢

,deriv1ng accurate process modelsfis dlfflcult for large, complex

K S o

A second difficulty, multiple interadtions,‘occur - <
between many distillation variables Interactions between
overhead and bottom composifions is a. major control difflculty.
Frequently, overhead product rate controls overhead compos;tion ’
However, due tp 1nteractions, bottom. comp051tion is also affected
and must be controlled by a. second manipulated variable to off-
set. overhead. product rate changes

1

Quick’, accurate process measurements.improv%QCOntrol

“loop performance. But, good measurements hay not‘be available

in distillation. Composition measurements.have large time lags

assoc1ated w1th stream sampling and analysms " In some cases,

comPOSitipns can_not be measured and poorer measuggments, such
) : Ty i .

as‘temperature'er pressure in‘ lticomponent distillation, must
be used. | |

' Designing loops with good control performance is ”
difficult because there is usually”a large number of control.

and measurement variables. Overhead comp051tion in distillation

can be controlled by overhead product rate, column reflux rate

Ve

or reboiler heat input. For good column_control, ch0081ng

between these three p0531b1e manipulated variables may be

. "difflcult From general experience, overhead product rate

fast rule, The dynamic behaviour of each-distillation unit

l-r"



- 11 -

o

is unxque and it is thls characterlstrc that'aetermines control
1] . .

. -
ol

loop de51gn and performance

- 2. 2 Dlstlllatlon Control Objectives

‘ A wide range of distillation column control methoés
are avarlable.. These range from Smele feedback coqffol to
;pon llnear time optimal control ‘Control model ch01cejﬂﬂ
’ 1ndustry is_ determlned by plant safety and economlc return. F

|

The control system must glve stable operatlon within safe

v
e

column operatlng llmlts and exclude open loop lnstabllltlee\.'
“due to 1nstrument failure. Economlc return is a, secondﬁmajor T“
con51deratlon. Product value and column fixed and operatlng |
costs are factors in the choice of a control model In one
.extreme, automatic feedback control or even manual operator
correctrons have economical advantages because product value
nd operatlng costs are small However, in the case of a
E@ropanefpropylene fractlonator, where the overhead concentration
. of propvlene prodnct;muet be 99 percent, large economic losses
are’ encountered with product comp051tlon'off specification. In
‘the latter case, more sophistxcated control schemes are necessary.
The level of Sophlstlcatlon is dependent upon the rate.of .
'e;onomlc return, Wlth manpower and equrpment requlred to |
1mplement the control scheme taken 1nto-account,'
The levels of sophistication of dlstlllatlon column

'control, as classrfied by Williams (47)-, are glven in Table 2-l.-

Reference control methods within these levels are presented
‘ P .

o
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TABLE 2-1 . R

Levels of quhlstlcatlon of Dlstillatlon Column Control ’

" e ;\

LeVel 5
¢ Modal control and
. time optimal control
- (1, 12, 21)

'Level 4
quaptatlon of parameters

Level 3
Multivariable non- 1nteract1ve

control .
(8, ;1 25, 28, 32, 46)

Level 2 , )
Dynamic predlctlve and
S utility optimization control
(26, 27, 29, 31, 34, 38, 39, 40, 49)
. . :}

- « | Lever 1
Basic dynamic control
(6, 30, 41, 48)
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» T et

there.. williams gives an extensive blbliography whlch 1ncludes
l 104 references | These are- not 1ncluded in Table 2-1. Control
methods from ‘each of these levels Wlll be descrlbed along w1th
‘thelr appllcatlons to dlstlllatlon Hlstorlcally, srmpler'
methods in Level 1 were. 1n1t1ally used and more sophlstlcated
.levelssdeveloped; At present Levelsvi{ 2 and 3 are generally
'used in 1ndustry Levels 4 and 5 are belng developed from
more of a theoretical standp01nt ‘and 1n1tial appllcatlons are

I . k)

being attempted.

_ i
2.3, Dlstlllatlon Control Methods T N 5

Level 1, “basic dynamlc control, is based on 51ngle
input - 51ngle output llnear de51gn theory. . Appllcatlons in
dlstlllatlon 1nclude feedback control of. the more important
product stream composition Eilther overhead or bottom productjv
.comp091t10n is controlled by adjustxng overhead product rate

B

ox reb01ler heat input. Product composition may be measured
1nd1rect1y (but qu10k1y) %y us1ng temperature or celumn pressure.
These measurements can be related directly to comp051t10n for a
blnary system with components -of SLgnlflcantly different boxllng
poxnts. _But, compositlon must be measured directly in a muitl-
component system, unless the key component of interest has a
large effect upon temperature relative to the other components)

Faster control loop responses are obtained by plac1ng the

composition sensor several trays from the- controlled erd of

FRY

B
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. . < . 3 . .
. - the column. There is an opttmum sensor location for each
“particular distillation unit. -
| — Controller?settings‘are selected by standard design

techniques when a ‘process model is.available. Ziegler and

NlChOlS, Cohen and Coon, Lopez and Sntith and Murrill have

presented recommended controller settlngs based upon dlfferent
P »
performance crlterlon. These criteria at best provide initial

estimates for controller settings which'ineVitably mus t be
ftuned On;line in-real processes. Experlence and on llne
tuning are usdd if there 1s no process model In Level 1
COntrol‘ models describing the process-are- usually "black box"
type rather ‘than a phy51cal‘pr1nc1ples type model ‘The,latter
?\type uses basic englnfsring prlnc1p1es, lncludlng mass and |
energy balances and quillbrlum relatlonshlps, to fully
deScribe the distlllatlop process. Models in-this form

have a large number of variables and are non-linear, but

ack-box" transfer function

b

describe the system accurately

models consist of simple dyna

'c re‘ationships between single

1nputs and outputs. 'These relatio ships are determined from

process experiment or an accurate deter 1nlst1c model oﬁ the

\ unlt.‘ ‘

PR ' .. A simpleitransfer fonction is obtained'by fitting
outpot data'resﬁltino‘from afpre-specified input. This nay

be done in the frequency (20) or time domain (35). These

LY
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methodf are described 1n detail in a latter section of this

<

chapter. Transfer functions are low order approximations of.
the column response to variable changes First and second

order systems with‘dead time are usually fittedAﬂz, 23, 49) .

. Transfer functions describe the system in continueys time

and are useful with analog controllers. Ho r,\with wider

‘use of/ direct digital control, a discrete ime, Zetransform
'approach has been used 'In one metho' the Zetransform is L
calculated from the S- transform (41) A Second method identifies
the transfer function model form via the Box and Jenkins approach
(5) and the unknown parameters are least squares fitted (37)

<

Controller settings are designed from either’ continuous or discrete

1

_time'transfer functions. )
7 Feedback control gives good‘results for.columns where
one.product compOSition is of primary importance. Feedhack
contrpl 1oops for both product énm9051tions day be rnstalled
if- interaction between overhead and bottom composmtions is
small. The degree of control loop interaction is 1ndicated
" by the relative” gain matrix {39) and resulting interactmon .hg.
‘1ndex It is defined as the ratio of interaction -~induced
variable change to the controlled variable change This
approach has been successfully applied by Nisenfeld and

Stravinski {34) to predict control loop 1nteraotion and to

o

design control loop variable pairings with the smallest

qinteraction. However, 1nteraction is still presenk.and
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'cannot be ellmlnated w1th thlS level of control theory. A

second magor problem is slow response in large columns under

lfeedback ¢ontrol. Column feed upsets cannot be detected

qulckly in .columns w1th large holdups.. In‘these cases, dynamic
predlctlve control has 1mproved column control performance
Level 2 control lncludes dynamlc predlctlve and utllity.

optimization contrel. Dynamic predlctive control is used ‘when . .

* disturbances entEring the system can be measured ‘and acted upon'r

beforeisystem‘outputs are affected. In dlstlllatlon, commonly

oy

measured dlsturbances include feed rate and c0mp051t10n Feed—

forward control can- be 1mplemented to offset these measured_;

disturbances when a process model, relatlng the dlsturbance
and controlled variables, is known. . The process model may be
in'transfer function form or derived from energy and mass

balance relationships with dynamlc compensatlon

In a transfer function apprdach the process dlsturbance

‘ model .relating feed rate and composition to product composxtlons,

as well as the process manipulated model relating manjipulated

o. -

variables to product cdmpositions, are experimentally determined.

First or second order plus dead time transfer functions are

usually adequate. The control model is - -the ratio of the process

disturbance modeigto the process manlpulated model for each

A

Ldisturbance-controlled variable palr.;

-~

Mass and energy balance control has been widely used

in industry by Shinsky‘(39) and_others (33, 34) ., Thls method

s
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is a simple but effective -approach-to feedforward control iﬁ1

dlstlllatlon | Normally, overhead product rate. and b011—up

rate are the manlpulated varlables but, in specmal dlstillatlon
/\15

defined in terms‘of‘control set points (overhead'andlbottom_

cases, other variables can be selected. Overhead,rate

-compOBltions) and dlsturbance variables’ (feed rate and

comp031t10ns) u51ng steady state total material and doﬁponent/ﬂ-
mass balance relationshlps about the column. Thls mass baiance
equatlon is in a simple algebraic form The second manlpulated
varlable, boll-up rate, is ad;usted to maintain the separatlonaj

factor for the set p01nt ‘product comp051tlons. Usually

separatlon factor is'a functlon of boil-up rate to feed rate

[}

/"'
ratio. 'Therefore, to maintain a constant separatlon factor,

the b011 -up rate to feed rate ratlo is held constant by adjustlng :

b011-up rate in proportion to feed rate disturbances. This is

‘the form in which the energy balance equations are applied..

These relationships between manipulated}'disturbance\and

' controlled variables are reasonably accurate at steady state

s

.conditions. However, during a response from one.level to'anotner,

there is a transient error due to diiferent'dynamic-characteristics
between the‘disturbance—controlled‘variable and,hanipulatedw,

controlled‘variable pairs.’ Tﬁerefore,ldynamic compensation is

-incorporated into the above steady state model to accounmt for

these_differenbes. Simple first order lags, adjusted on line,

have proved effective.



by a feedforward- feedback'method. Feedforward-methods, as

'variable non—interactive control. In this method, control is’

Distillation control using feedforward contrxol alone

is not effective (49). Product compOSitions tend ‘to drift

'around set points due to process model inaccuraCies and un-

measured.disturbance effects. Better control is obtained

described above, are combined with. Level 1 feedback control

Measured disturbances are offset using predictive control and

product comp05ition errors, due’ to model 1naccuracy or un--

measured disturbances,,are corrected by feedback control.

Utility optimization control is also included in Level

2 control Utility costs for condenser‘COoling water and pre-

'heater feed steam are Significant in large distillation units. .

‘Cooling water flow. is minimized by controlling to a desired

cooling water temperature increase, as well as outlet condenser

product temperature set point Distillation feed.is normally
preheated by the bottom product stream to. conserve heat energy

in industry. A secondary steam preheater controls feed

temperature but fluctuations in feed rate and bottom product
o
temperature or rate are difficult to adjust for. By measuring .

these disturbances, feedforward feedback control .as described

v

by Williams (47), is used to obtain better feed’ temperature
control ‘ - ‘ S '

y .
.The third level of control BOphlStlcatlon is multi- - ... oo

designgﬁfsuch that a change in set point of one variable
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Ainfluences only that variabie.” Control loops are;non;inter-

acting when the: product of the process matrlx and control

transfer function matrix is a dragonal matrlx.‘ Then, controller

settlngs for each loop may ‘be de51gned separately, ueing single
1nput single output de51gn theory or by on-line tuning.

Control problems may occur in distillation when hoth S
product comp051tmons are under feedback,control due to control

1oop'interact£ons. " Changing vapour boil-up to control bottom

composition also affects overhead composition. Likewise,

'changing overhead product rate to control overhead composition

distugbs bottom composition. An'interaction index, as previously
_ _ g

discussed, can measure these interactions. However, Level 1,

-

basic dynamic control, cannot reduce these interactions.

In multivariate non-interactive coutrol, the‘product

of the process matrix and control matrix is a diagonal matrix,

The process matrix describes the sihgle input-single output
relatiohships.between the'controlled and manipulated variablee'
in transfer-functioh form. fThese transfer functious are‘uSually
first. and second order’ lags with dead time and  lead-lag networks
(28, 46) : The choice of a control matrix has twogrestxlctlons

The product of the process matrix and control matrix mus t form

a diagonal matrix and process matrix terms mus £ be physically

-.realizeable;—Terms— wlth"negatlve dead“tlme arerunreallzeablerr*r““—“

‘Values of the terms in the diagonal matrix are unrestricted
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';therefore terms in the control matrix can be given a wide -~
range of values. Advantages of uSinquspeC1fic forms of the
'control matrix are discussed by wWaller (46) With the‘control
matrix calculated the process control loops are decoupled
Feedback controller settings are deSigned using.single 1oop,
‘methods or on- line ‘tuning. - B 1 |
Decoupled controllers simplify design of controller
‘settings but there are‘disadvantages. Non-interactive control
is designed to allow set point‘changes in one control 1oop
not to affect the'perfOrmance of other loops. HoweVer, as
Foss (15) comments, chemical processes do not require seruo
'performance but the- diminuation of disturbances. (Servo
'performance is only required during a small fraction of
equipmenb operating time which includes start up: and set
'-point changes.) Niederlinski (32) stateawthat interacting -
.control 1oops gave ; better disturbance attenuation than non~
interacting control in the case that he studied Therefore,
' decoupled ‘control is a valuable method in cases where control
loop interaction is severe, but of questionable value otherwise.'
The fourth level of sophistication includes control with

adaptation of parameters.- In this method, control system parameters_

are updated from current operating conditions. This method has'

proved effective—for—driftrngmand—non—linear processes+including
heat exchangers and chemical reactors. One drawback is the
expensive digital computer and programming requiredfto implement
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" the updating algciithm; There'has'heen.vety‘little'wcrk'on'
this type of control in dlstillation to date.

\\u?he hlghest level of control sophlsticatlon lncludes'
modal and tlme optimal control ‘ These two methods determlne
" the control conflguration in different ways but both use
accurate nqnnllnear-models to initially describe the process;

Mbdal.cont:ol is deslgned tc'incfEase|the rate of
response of the natural modes ofethe.system‘(eigenvectcr-
. eigenvalnehpairs of the state matrix). To acccmplish this,
‘the manipulated vanlables must be‘aligned with‘the modes and
the modes of the'systen measured, Then the time constants
(or eigenvalues) can be adjusted tHrough a prOportlonal
feedback control matrix, to decrease the closed loop system
,response time. | |
~ .Modal control has been-designed'for‘sevetal distillation
cases (10, 12, 16). Initially a deterministic process model is
developed from the ncnﬂlinear.differential equations describing
the column and lineafized‘about the normal 0perating_le6el. |
* For large systems, “the crdet of the state matrix is reduced
but 1mpbrtant characteristics of the system (smallest eigen—
values) are retained Modes of the reduced state matrix are
1 calculated and the manipulated variables aligned as described

Pv Gould (}6). Finally, feedback controller cqnstants_a:e

adjusted,‘increasing the value of the smaller eigenvalues
and increasing the closed loop response of the distillatlcn

column.

o



'In time optimal control feedback ‘and feedforward’

gains are evaluated that mlnlmize a quadratxc functlonal of .

-

process states and control 1nputs. A process model is usually

determlned from dlfferentlal equations descrlblng the system.'

Tlme optlmal control has the dlsadvantage, as with modal
|

control, that all the state varlables must be measured or

estlmated “The estlmation may be obtalned from several methods

‘lncludlng a Luenberger observer or Kalman-Bucy state estlmator

but Foss (15} glves several dtsadvantages w1th these ‘estimations.
Modal and tlme 0ptimal\control of dlstlllatlon has not

been generally applied in industry."Thls is largely due to the

| almost 1mposs1ble requlrement that all of the states be either

measured or estimated accurately - A second reason is the.

‘marginal economic improvement that these control methods will f

' give over.the present'feedforwagd—feedback'methods in most

industrial applicatiohs.

2.4 Present Work in ReIation'tolDistillation'Control

A naﬁural question now arlses, how does the present
pro;ect relate to the overall dlstillation control work that
has been. presented? This progect‘ls the second stage of ‘a
long term research program on the appllcatlon of dlstlllation
-control to a pilot plant column, Inltlally, basic experlmental

work must be carried out to obtain thlS objective. In the

first stage, the-extractive distillat;on'column was re-built
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‘and operated over - a w1de range of column dperatingdconditions.
..This work 1is presented in a later chapter Basic dynamic
_,behav1our of the column was experimentally‘determined in the
 second stage of this pro;ect No control work was implemented
due to the. 1ack of instrumentation on the pllot plant column.
‘Automatic cbmposition analy515 is required for the overhead
and bottom product streams. Instrumentatlon is also required -

to adjust overhead product rate and boil-up rate and control

L)
o

product compositions.
Theldynamic behaviour of‘the column was‘described by
simplified transfer functions relatlng 51ngle input—output
variable pairs. Disturbance varlables (feed rate and compositlon)
and manipulated variables (overhead product rate and boil-up
rate) ‘were related to the control variables (overhead and.
bottom product compositions). This was done in the frequencyﬂ
and time domain. | o

-

Pulse testing was conducted to determlne the fregquency
;response of the column The ‘column was operated at steady
_-state conditions, then a rectangular pulse was manually
introduced'to the input variable. Product samples were
_taken‘at regular intervals and analysed. Frequency response

“was obtained by relating the input and output responses by

a fast Fourier transform algorithm. Results were plotted in

Bode form (amplitude ratio and phase angle versus frequency) .

Simple first‘and second order systems'witﬁ dead time were 2
- . N b . m .
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fitted from the Bode plot. ‘Low order.transfer.functionS" 'c_
- descrlbed the low frequencp area (2, 23, 49)._. . t} : (

Transfer functlons were also fltted in the time domain.
Column . responses were obtalned with rectangular pulse and s{ep
;changes to the anut. Flrst and second order transfer functlons
with dead time were. least squares fltted by a non-linear )
regression routine (Marqguardt's compromlse). The results‘
for the‘dynamic behaviour of the -column are giyen in a

o b .

‘later chapter

The above work was a “black—box" approach in
descrlblng the dlstlllation column model ' A second approach
.uses material and energy balances to ‘develop a determlnlstlc
model . ‘The next chapter descrlbes a steady state simulation
of the extractnve distlllation column Pllot plant column
‘operation can be better understood from~thls mddel.  and a

determinlstlc model developed that accurately descrlbes the

colen.




' CHAPTER 3

S;Enby STATE SIMULATION

~

Prev10us work in thls project (221 presented a graphlcal
" hand calculatlon to represent stage—to—stage comp051t10n changes
within the extractlve dlstlllatlon column.- Using‘this'Calcul—
.ation, the number of ideal stages is calculated for a g1Ven
experlmentally determlned steady state. Thls rs compared
to the .actual number column stages and the overall column
-eff1c1ency calculated

This calculatlonal method has three drawbacks. The P
graphlcal hand solutlon takes about thlrty mlnutes for a
complete solution, This is +t00 time consuming for a large
number of cases. Secondly, this_method req01res reboiler:
product composition to start stage- to—stage calculatlons
up the column, Thls restrlctlon is satlsfactory for '
calculatlon of overall column eff101ency from exPerlmental
column data. But when column efficiency is known, calculation
of reboiler product composition can_not‘be determined without
a’ lengthy 1terat1ve solutlon._ Therthird drawback‘is over;

" simplifying assumptlona. These include 1gnor1ng heat balance

and assuming egquimolar overflow. The effect of varlatlons in

feed temperature can.not be determi

o - 25 -
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percent up the column at expérlmental condltlons, due to

vapour comp081t10n,changes.

-

By contrast with the manual calculatlon approach
quick accurate steady state calculatlons are p0531ble W1th

a digltal simulation.‘ The complex dlstlllatlon process is

'"'Abetter understood wrth thlS model and . large number of cases

- But steady state models determine proce;s gains between

'disturbance variables and product composxtlon Magnlghdes' s

hare calculated to determlne the effect of’ dlfferent process

varlables on column performancel ‘A second advantage is a A
better understanding of column dynamlcs Process time lags '

and'dead'time can only be determined by a d simulation.

of.lnput changes for experlmental column testwork were

designed'USing these results. A steady ‘state model has

Y

.a third advantage It is -a first step to a complete determlnlstlc

model. However, accurate tray eff101enc1es and proven equilibrium

i

relationships are requlred for a determlnlstlc model. "These may-
be obtained through a steady state simulation.

o

. , . _
3.2 'Cqmputatlonal Methods for Distillation

.

- re are- three general groups of methods" Jsed 1n the

analysis of dlstillation columns.' These include (1) group

methods, (ii) stage-to stage calculatlon methods and (ill)

" successive apprdoximation methods. Each method is appllcable
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to different types of problems. The following-description of

these methods- s an overv1ew of an excellent presentatlon by

Klng (24) e T )
Group methods relate number of column stages dlrectly
" to product comp051tlons. This approach requlres algebralo
| ations to represent the combined effect of all stages on
p%zduct c0m9051t10n These equatlons‘are developed‘u51ng
51mp}1fy1ng assumptlons 1nclud1ng llnear equlllbrlum relatlon-
.shlps and constant flow rates within the column An example ’
%
of this calculatlonal method is the. Underwood equatlons.r
ot | Thls”type of,balculatlon is unsu1tab1e to the‘extractlve

"

distillation column because the . assumbtions are unrealistic;
Sbage to stage methods requlre flxed condltlons at-
_one end of the tower and sequentlal stage calculatxon along
-the column The McCabe - ~Thiele dlagram‘ls ah appllcatlon for
~a binary system. A method for three components was presented
'in a graphlcal form for the extractlve dlstlllatlon column (22)
It con51sts of alternative uses of equlllbrlum and materlal
balance relatlons to go from one’ stage to the next. This
'method is attractive in de51gn calculations and experlmental
work where product composrtlons and flows‘are spec1f1ed, and
the requ1red number of stages for the separation is calculated
WHowever,vlf the numbqr of stages is set and either product

*

" a compositions or flows. are unknown,_thls calculation requlres

A r . A
-

' . R A, . . R - L -
. : [ . « L - W . . .
LI ' t ‘/‘} s o . " : o
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. - i . \ - . . . .
. . - .o . _

an iteratl;i\solutioﬁxnzzhls is not practlcal for a multicomponent
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,system with a large number of s

Succe551ve approxlmation methods .are requlred for

problems where the-number of st

tages

ages ls flxed and the degree

~

of separation lsitalig;izfﬁ. They are divided intO‘tWO‘grohps;

. relaxatlon methods apd 1teraE“bn methods.

Relaxatlon methods foll

the column as it approaches ste

all stage flows, compOSLtlons and temperatures are assumed

The calculat10na1 method con51d
Condltlons fc; each stage (%) a
enthalpy and component balances
,-the calculated balances on adga
When these stages are in turn r

is 1mbalanced and must be recal

Relaxation methojls arxe hlghly S

_especially as he final SOluth

ow the tran51ent behav10ur of

-

ady state solutlon., Inltlally

*

ers each stage separately

re recalculated ‘to obtaln .
. These new conditlons changer
cent stages (i-1) and (i+1)
ebalanced stage (i) still
culated oh the next 1teratlon.

table—but converge\s&g:ly,

n is approached ' Therefo ey

they are used for difficult prob;ems whlch cannot be solved

by other methods.

Iteratlon methods ‘also
Stage. comp051tlons ‘are calculat
equllibrlum relatlonships. Sin
are usually in errox, calculate
correctlon procedure using thes

L

more accurate set of conditions

]

v v .

e

assume condltlons for all stages.
ed for the columh using.mass and

ce the orlglnal assumed condltlons
d comp051t10ns w1ll be wrong NI
-

e opmpos1tlons determines a

for each stage. These Wlll

be used in the next-iterationfﬁ\The Thlele-Geddes (43) and

——

'-f’"‘o:}_

L2
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- stage flows and temperatures. .These new stage conditions are -
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- e- convergence methods (19) solve stage comp051tlons by a stage

Kg
. w N
to stage calculatlon. However, these methods are subject to

-~

computer truncatlon errors and computatlon dlfflcultles arise

" with multiple feeds.' In the Thomas trldlagonal matrix method

stage‘compositions-are calculated,.wlth adjaceng stage
interactions taken into account_by_a series of linear‘
equations in matrik.form "This‘method is four times faster
than the Thlele—Geddes method  (3) ." 'After stage compositions
are determ;ned, more accurate stage conditibns are estimated
by a correction procedure. This may'include a multlvariate 

Newton scheme or a bubble p01nt calculatlon The efztivariate

-
ot

Newton scheme calculates new stage flows and temperatures from
equlllbrium and enthalpy balance equations with stage inter-
actions. This procedure requ1res a large number of calculatlons

The bubble-point method_calculates new condltlens for each

‘individual stage. This caldulation is mudh-faster but because
stage lnteractions are neglected requires more iteratlons for

-convergence.. The choice between these two me;hods is dependent

upon the prbperties of the column to be simulated.

The‘Thomas tridiagonal matrix metbod ie1u9ed to_caiculate
stage compositions in the simulation of the extractrve distillation
column, Bubble—pointgand enthalpy balance calculations correct |

t

used in the next iteration.
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- 3.3% Extractive Disti‘l’iation . Column Simulation

[
T .

'f.

The overall convergence sqpeme for the steady state
51mulat10n 1is givenvin Figure 3-1. A general description is
given here A more detailed description, including program
'llstings and flowcharts, is given in Appendix B. |
- Initially, column’ operating conditions and parameters
must be definedo These include (i} number of stages, (ii) -
feed plate locations, ﬂlii) feed compositlons, flow rates:
and temperatures, (ivy pressure, (vr stage efficiencies,
(vi) reflux ratlo and (vii) either overhead product rate
or reboiler duty. No product compositions are specified
as might be given in a.design problem case.-

Stage temperatures, flows and liquid comp051tions

B0
are estimated for the particular column operating conditiéns.

Naturally,lbetter_initial estimates will require a fewer '
number of iterations for convergence. Unlike most distillation
systemsgdinitial liquid compositions are required because
equifibrium relationships are’strongly dependent upon
composition rather than temperature. - (J
| Mass balance equations are solved for component lquld
flows usmng-initial estimates of stage conditions. The Modified'
Thomas methdd was used to solve the tridiagonal matrix rather

- than the Thomas method. he latter produces computer truncation

errors when the equilibrium ratio - (K = y/x) approaches 1.0 (4) .

et
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Set column 0perating_conditions‘
" and parameters .

" Assume all stage temperatures,

flows and liquid compositions

y

. Solve eomponent mass balance .
equations by Modified Thomas Method

Calculate Liguid Compositions

!
l -

&

No

Are ‘calculated -
11qp1d compositions
for all stages constant

Yes.

Recalculate stage
temperature by
bubble-point calculations

Are the calculated total
component liquld mass flows
equal to total liquid flows for -
all stages?

No

Recalculate total stage flows.by

solving enthalpy
balance equations

Dominant Eigenvalue
. Convergence Promotion

]

4

Column

Converged

B FIGURE 3-1 Convergence Scheme for the Extractmve Distlllatlon



thuilibrium ratio-for methanol ranges from.O.? to 4,d'for‘
the" acetone -methanol-water system. o

Initial estlmates of stage condltlons are wrong,
therefore the sum of component liquid flows will not correspond
to the deslred total llquld flow.: However, normallzed 11qu1d
composrtlons are determined from the component flows. These
compositions are compared to the composxtlons calculated during
- the prevrous pass 1f the compositiong are dlfferent by more
‘than 0.025 per cent, component liqud flows are recalculated
Flows_change because the component mass balance equations are .
a functlon of equillbrium relationships which are dependent:}
upon temperature and liquid compositlon o

- Stage temperatures are determlned by the bubble—pornt
.method when calculated compositions are constant. In this
calculation with lquld c0mpositlcn given, stage temperature
is varied to obtain vapour mole fractlons summlng ‘to 1.0.
Equllibrlum gata for the acetone-methanol—water system is -
supplled ;y th%;Enthalpic Wilson equation. ThlS method has
been shown (7) to give better results than other methods.
Vapour compositions as predicted by the Enthalplc Wllson equation
were compared to those given experimentally by Griswold 17y
over the ‘range of column.operating conditlons.‘ The averagé
error for acetone, methanol ‘and water for 16 points were
0.0168, 0.0182 and 0.0134 mole fractions, reSpectively and the

largest errors were 0. 035 0.034 and 0.036 mole fractions,

respectively.. These errors are introduced into the 51mu1ation
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:_More accurate éqﬁilibrium‘rélationshipg will‘hayé td bé
':déVéLopedéif'these_errors cannot‘be!tolerated._
. Next in £he simulation, calculated total femponént
“iiqﬁid flows are compafed to set liquid‘flows for all stages.
f;If :1éws for any stage differ by mé;e thqh 0.05:per ckﬁt}‘the
‘itgﬁﬁtibn procedure cdnfinuesl Totai stréamiflows_a reset
.by”solv;ng ehthalpy balance equations by Hansonfé (lé) Method
"I when 6§erﬁead produét rate is set or Method IIlwhen-reﬁqiler'
dutY'is.set} | |
| ‘After-the enthalpy balance calculat;ohé; stage temperatures
and ﬁapou: fi0ws:are recalculated by‘thé Dominant Eigenﬁalﬁe‘
Convérgence Prémotion roﬁtine'(36), iThis algorithm has béeh.
‘included to assist difficﬁlt cases-tO'convérge. The vast '
majority 6f cases require no assistaﬁce from.thisiroﬁtine,
| The néxf‘itefation ié again started by calculating
oomponeﬁt‘liQﬁid flows. .Mbst cases require between five énd
twelve iterations to convérge. - This corresponds to ten to -
twenty seconds of computer CPU time on a CDC 6400. Thefeféré,
a large humber of.casés are analysed to determine the efiect_
of many différeﬁt variables: .

The firsé'step in the simulation s tudy Qas to
determine.model accuracy. Jackson's work (22) presents |
a graphical solution of a 10 tray column. This problem o FA
was solved by the simﬁlation'and the results are.given in

. Table 3-1.
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'-The_grapﬁical solction;and simulation resultstcompare‘

'very favourably. .All'column'ooeratihg coﬁditions and'parameters
' are calculated or’ estlmated accurately in the SLmulatlon except
for stage eff1c1enc1es.- Correlations are avallable but un-
reliable for small diameter columns. Column stage efflclenc1es
were var:.ed to‘match experlmentally determxned product |
comp031tions in the second part of the simulatlon work.
Using these eff1c1enc1es, column condltlons were altered
" to determlne thelr effect upon column operatlon Ihls-work
is presented later. | | |

A;simulation relates a mathematical‘model; through
:theory and empirlcal data;-to a-realjprocess. This process
is a fifteen'Stage extractive cistillation.column which is

described in the next chapter.

. : N
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' CHAPTER 4

PROCESS EQUIPMENT

‘The first stage of this work was rebu1lding the
extractive distillation column as recommended by. Jackson
7(22). "This was required due to several process problems.
| The prev1ous column s capac1ty was - anited by liqu1d
priming in the solvent recovery section. This section was
3.81 cm in diameter compared to the 5.08 cm diameter absorbing
and stripping sections. Vapour veloc1ty increased by 75 per
cent due. to column- diameter change. This created high llqu1d
tray levels in the. solvent recovery section .

Tray weeping was another ma]or operating problem.
Previous column trays were strung on a steel rod and inserted
"into a 91.44 ¢cm x 5.08 cm I.D. Q;V.F..glass pipe.f Teflon
collars were machined to fit the outer edge of the‘plates
Land prov1de a tight fit against the inner glass wall, But _
_.due to ‘the semi- -fluid characteristica of teflon, plate: collars
‘deformed and leakage‘occurredh_ Therefore,_it was recommended
that the column be re-built. Tray weeping ;round the teflon-
collars was eliminated by machining 7.62 cm_dianeter sieve

plates and sandwiching them between sections of 15,24 cm X

5.08 cm I.D. Q.V.F. glass pipe.

- 35 (o
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A third problem was associated with the Vibrostaltic
'feed'oumpe ‘These pumps produced'rlow by'high freguency
mechanical pinching of 0.96 cm surgical tubing.‘ fhis‘tdbing
would deteriorate with use, produCing a. gummy residue that‘
'-accumulated in the feed systems, The Vibrostaltic pumps
'were also unreliable Feed flows would change or completely
stop and congtant operator attention was required for steady
flows. ‘The pumps were disCarded due to these problems and
feed‘storage tanks were placed above the column for a constant
pressure head. .This arrangement produced reliable flows over
the required>operating.range. | |

The above pr051Ema required major changes'to the
extractive distillation column, ‘However, feediand solvent
stream 1nstrumentation, ‘reboiler and condenser systems and
computer interfacing and software remained unchanged fr m

the work of Jackson. ' The following is a description\oET\\\,/f’“’/\/;e

the equipment after final modifications. Durin\\the_inltial
stages of-thislwork, sieve‘tray de31gn was modified to
preVent tray'weepingu Initial tray design and reasons for'
changing to the present design are presented in the next
chapter. ' - ‘ / B :

- Figure 4-1 preeentsfthe flow diagram for the extractive
: distillatibn colunn' 'Discussion of process equipment is presented
under the following sections- | | |

l. Feed and Solvent Streams

2. Extractive Distillation Column
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FIGURE 4-1 | FLOW DIAGRAM -
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C  cooler ' ' _rotamaeter
CW cooling water. : ‘ RD . reflux divider
D drain : ' SS solvent sfordge fank
DP differenticl pressure “TC\ thermocouple
Ffitter _' vV | valve
FST feed storage tank 'VAC | variable AC power

1B ice bath ' W waste
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3. Reboiler and Condenser Systems
4. Computer Inteffacing and ‘Software

.SK.LSEream-Analysis

4.1 . Feed and Solvent Streams:

Feed and solvent.stream‘layouts:aie given in Figure 4-1,
_The 10 liter storage tankg are placed on the labdratory rack

abo%e the column' Feed flows from these tanks, through 0.63 cm

stainless stee -tqu g, to the on/off valves (V1l, V2, v3, vd) .

Staihless stéel and glass are used iﬁithe'feed'systeq because:
acétone.disolvestygon'anq;rubber tubing. Feed tanks #1 and

.#2 are #elecﬁed by valves V2 éﬂd V3:;e5pecﬁively.  Feed flow

is adjustea by auneedle-valﬁe (V5) . A mitcron filter. is placed -
inliﬁe to preveht foreign material clogging the glass érifice. |

'Differéntial_pressure across the orifice measu%éé‘flow‘rate and
visual;measufémentslare made with a-F & P Co. Pr%cisioh_Plow—
rater. 'The preheater is'a 30.5 cm x 1.27 cm 0.D. tubé,tﬁouﬁd
. with‘resistancé Qire. A thermocoupie_measufes 6utlet stréam
temperature:and.é Powerstat transformer'varies.power‘inpdt tq :
"'-aﬁhe‘preheéter. The preheater outlet is connected to thé_feed
‘po;t of the £entﬁ tray from the tpp'of the colﬁmn. Total feed .
system liquid hoiduﬁif;om valve (VS)-to column in;gt is 65 ml.
® .Solvedt and feed stréamé are_s;milar.A H;wevé%, only
one golvent étoragg tank is,réquired aﬂd lin%?_to the_gl;éél'

orifice are tygon, rather than‘étainlesg/éteelltubiﬁg.- The

' outlet from the preheater is connected to the feed port in

. ’ . ’ ) - N “ '. 3
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the flfth tray. ﬁ/_

Feed and solvent streams glve reliable flows whlch .

have to be manually adjusted only occas1onally. -Thls is

W

largely due to removlng the’ VlbrOStOllC QUmps and movlng the
storage tanks_overhead.
. . ) ' : oL S B ‘ 5

4.2 Extractive DiStillation Column

1

- The extractive dlstlllatlon column con51sts of
thlrteen sieve plates. ‘These are separated by 15. 24 cm X
5.08 cm I D. Q.V. F glass plpe, tapered on both ends. - Each
palr of glass plpes are clamped together by a set of flanges
gFigure 4-2). Plastic rings seal’ the glass pipe - sieve tray
golnts. ‘ | B | | |
o quUld overflows the we;riand flows ‘down the'downcomer
. in normal_column-operation. A llquld seal at the bottom prevents
'vapour by passlng'the plate through the downcomer. The.O.lG cm
thick sieve plate has 93 holes, 0.089 cm diameter, through |
which vapour passes and mixes with the lquld |

The plates have been designed in order that‘oPEratlng' ~

‘condltlons within the column may be obtained. Temperature ofi

vapour enterlng the tray is measured by a thermocouple ‘inserted
through the sieve plate wall.

Vapour and- liguid samples can be taken from each plate.

~ An inlet tray vapour sample may be obtalned through a tube that

;'ls inserted below the plate. A llquid sample is taken from the

plate, through the sieve plate wall and heat exchanger by :
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FIGURE 4-2 SIEVE PLATE LAYOUT
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- 0.32 em O.D.\zubing. fhe air cooled heat exchargers 7.62 cm-x

0. 96 cm 0.D \ubing,vprevents 1iquid semple‘ rom‘vapourizing.

Each plate has a feed port located near th downcomer. ‘A feed

stream may énter this port and flow down the’ 51de. “the

. .
downcomer,'onto the tray below. Column feed plateelocation.
can be changed to obtain optimum operating conditions.

‘A hot air jacket surrbunding he column, allows

observation of the 0perat1ng colum d insulation from room -
temperature. .The ]acket was constructed from two sectlons of
©°13.34. cm I.D. Perspex plastic pipe with hOlES'drllled.ln
-appropriate‘locatipns for stage liqui¥ and vapour samélers,
thermgcoeples and feédiparts. Each section was cut length-
'wise'inte.two pieces-in ogder that the jacket could be placed
rarOUnd‘the column. 'Hot;air is directed ieside rhe jacketlat‘
‘the base of tﬁe,colhmn by a hot air gun with Qariable temperature
dontrol. lTemperateresear the bottoﬁ and top of the air jacket
Gare BdPC and 55°C,”respecti§ely et'norhar o?erating conditions.?
This cerre5ponds‘to the approximate tray teméeratures at these
loeatioes. o -‘ o q- -3
S v |

Vapour is generated by a reboiler and. flows upward
rthrough the{trays to e eondenser during column operation. Here
the vaéeur.is condensed, part is.drawn off as overhead product,

and the-remeinder.flows from tray to tray down the column.
~ - : ‘
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4.3 Reboiler(;;d‘abndenser Systems
Both the reboiler and‘condenser have been descrlbed

. B o e . 1
in detail by-Jackson (22). A general descrlptyon of the '

equipment and modlflcatlons will be glven here,

-—

The stalnless steel reboxler supports the column and

rests on angle-lrons clamped to the laboratory frame. 1t is

: normally operated w1th the llquid level sllghtly Ielow the

outlet of the electrically heated sldearm quUld holdup
is 327 ml. Tests were conducted with reboiler heat output
meaSuredlover a range of power inputs. These results are'
given in Appendlx A. | \
Bottom product flow was modifled from,that descrlbed
by Jackson. 1In that arrangement, liquid level was meas ured
"by_anrinc ined mercury manomefer with contact points .for -upper
and loweruléﬁel'linitsg A Vibrostaltic pump turnea on and off
at these‘limlts;u Unfortunately, manoﬁéter contact polnts
corroded, giv'n poor contact and erratic reboiler level -~
'control behav;;i}\ Therefore,.this ligquid level controller
was replaced by a smmple reboller overflow arrangement The
bottom product flows by grav1ty and column pressure through
an ice "bath and overflows/Lt a set exit . tube height. Thls
h81ght is adjusted to obtaln the desired reboiler 1iqu1d
level. "The holdup between reboiler and tube exit is 25 ml.

L3

The condenser and reflux divider have been described

LR
ﬁby Jackson. The condenser is water cooled and totally condenses

o

the- overhead vapour.; Liquid flows down the condenser, through

- . ‘.:-‘ l’: o -.
\ - N . ) ® ' '. QL’Q’ -
- . R 3

a

N . . . . .
- e b N |



R P

the reflux divider and onto the top tray of. the COlumnl A
fractlon of - the. lquld passing through the reflux divider

is dlrected out51de the unit by a’ magnetlcally actrvated

e WO NP

funnel. Thls overhead product stream is cooled by a water

— e

jacﬁeted graduated cyllnder,and flows to a waste bottle.

4.4 Computer Interfac1ng and Software-, - o %.' o |
The extractlve dlstlllation column is a relatlvely | - -;

complex.unlt in whlch La number of variables. have to. be measured

' o

and controlled for steady operation. . Jackson 1nterfaced the

column. to. the control computer and developed software for a

prellmlnary monitor/control package as a first step towards

direct digital control Thrs work has ‘been .described in detail

v
by Jackson’ (22) and a general descrlptlon wlll ‘be glven here.

‘ The 32K Nova 2 digltal control computer is connected
to the process site by two Belden twisted shielded pair
transmlSSLOn cables Process thermocouple nv measurements
(reb01ler, condenser, feed preheater and solvent preheater
temperatures) are %onverted to current signals by Acromag
transducers They are transmitted to ‘the computer where a
: voltage signal is obtained by placing a resmstdr in. series.
.Feed and solvent gstream flow rates, measured by differentlal
.”pressure cells ‘across the oriflces, are transmitted as voltage

. signals. These- voltage signals are inputed to an analog to

-digital converter (ADC). A relay box at-the process contains

\ . . | | "L/ﬁ“
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elght relay switches. _These are used as on/off switches
'for 115 volts AC supply in the process. They operate five
_51gnal llghts, two feed preheaters and a reflux d1v1der

‘Computer relays actlvate these sw1tches wlth a. 51x volt
&S

r'supply Two manual swltches at the process are: monetored

by the control computer through contact sw1tch lnputs.‘"when
product samplesharg taken during an experlment the sw1tche5‘

: are actlvated and the control computer notes theltlme Theser'
times are outputed on the teletype and .give a summary of the
samples taken.

Computer software was wrltten to méasure and log
process varlables, control feed stream temperatures and monltor
feed stream flowrates Reboiler, condenser, feed stream and
- solvent stream measurements ate’ obtalned at regular lntervals,
converted to engineering_units, androutputed to the teletype.
Calibration curves for ‘the conversion from A/D units to
engineeriné units are given in Appendix A. Feed stream
temperatures are controlled to the desired set point by on/
off control of power supplled to the preheaters. Preheaters
are turned off or onh when above or below the set points, respect-
ively.' Stream flow-rates are monitered, logged and compared to
_the.set points. If outside a given limit,a light is turned on
at the'processltelling the operator that the fiow,is in error
:and manual adjustment is necessary. D ‘/ﬁ
‘ A parameter change routine is included in tﬁe software
package._ Program parameters which determine program periods,

r
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rdigital to engineering units conversion. constants, set pOints
e  and limits may be . checked and changed on- -lineé if necessary.
) LOgged'data'is’punched onto paper- tape and converted
. to computer cards, From these, data is presented graphically

‘and averaged for an experimental runi . - ' s

' The control computer has made the operation of the
extractive‘distillation column and analysis of_the measured
-variables easier' Unfortunately, a utomatic'analysis of liquid

product streams could not. be implemented and samples were taken

+ and analysed manually with a gas chromatograph

4.5 Stream Analysis

During an experimental run, overhead and bottom product -
stream 5 ml samples are taken every nine minutes. These samples .
are analysed manually with A Varian 90-P3 gas chromatograph
Porapak Q column packing separates the components and a
v : thermal conductivity detector produces a chromatograph gignal.
;ignal arca, corresponding to each component, is determined by
a Hewlett—Packard 3370B Integrator.‘ Cnromatograph‘and integrator
settings are given’ by Jackson. | |
5alibration curves relating peak area to moles of
pure component are given in Appendix A., The calibration is
linear over the range 0,0 - 1.0 p- 1iters. Sample composition

is deteﬁmined by converting component peak area,to moles and

then to mole fractions. 1In this calculation sample size is
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independent. Each sample'is analysed‘twice-and'an avetage‘.
. taken. | ‘ “ | |

lAn estimate of the reprodueability of the gas
'chromatograph analysis is given in Table 4-1.

These. ;ﬁsults indicate that the analysis is very
reprodnceable; Overhead samples are more reproducaable than
bottom samples. - ‘

 This chapter has presented a‘ﬂescription of the processk
equipment -associated with the extractive distillation column.
In the next chapter, steady state results for the column will
‘be given. This will include equipment modifications, column _

o erating range and combarison of steady state simulation and

experimental results.
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. CHAPTER 5

A

 STEADY STATE RESULTS

' This chapter presents expérimental results relating

to the steady state operation of thg‘exﬁractiVe distillation .

column. The first section is a short description of tray

- modifications, These modifications prevented tray weeping

o

at design bdil—up:rates. " Column opefating levyel and limits

-are'presented in the'second égction. Manipulated and disturbance

variable limité, as reétriqted'by-tray weéping and priming are
given. In the final section, the steady state simulation is
related to experimental results and the effect of disturbance

and manipulated variables aré?predicted;

5.1 Column Modifiéations

'The.first step in this project was rebuilding the
extractive distillation column. Tray weeping and .an under-
sized solvent recovqu sectibn made this necessary. 'A new

thirteen tray coluﬁn‘was.designed_with sections of‘l5.24 cm

‘% 5.08 &m I.D. Q.V.F. glass pipe between egch.tray;V/Tray

design parameters are found in standard digtillatibn textbooks

(24, 45). The following range of sieve tray parameters are

generally applied iﬁ-industry;‘holé diameter 0.16 - 1,27 cm,

-~ 49 =
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free area 5 - 15 per cent, plate.thicknese 0.16 = 1.27 cm and.‘.
~weir height 1.27 4.7.62 cm._'In view Of these recommendations}
trays'were built with. 178, 0 095 cm diameter holes and 9.83 per
‘cent free area. Plate thickness was 0, 16 cm and weir height
l 91 cm. Theee plates were tested with ‘acetone and water to
.represent the column's solvent recovery and stripping sections
No weeping occurred with boil up rates greater than 55 kcal/hr
. for acetone However with water, weeping wae observed
throughout the reboiler boil up range (0 - 320 kcal/hr)
This difference in behaviour is due to the chemical’ properties
of acetone and Water.f Surface tension of acetone and water are
significantly different Acetone, as with most organic
compounds, has low eurface tension (20 dynes/cm), whereae
water has high surface tension (60 dynes/cm). This difference
could—account for the observed weeping. |
'Traye‘were rebuilt with 93 holes, 0.089 cm in diameter
to reduce weeping with water. This correSponded to 2.85 per
cent free area, in contrast to the original free area design
- of 9.83 per cent. ' These trays were tested and Weeping occurred
at 30 and 130 kcal/hr for acetone and water, respectively ' Thie
‘was well below the design boil-up rate of 190 kcal/hr. Therefore
the tray design was satiefactory with respect to weeping. -
Tesats were next conducted with design feed and product

rates to determine the lower boil~up operating limit of the )
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column. Trays 6 and 9 weeped with a bOil -up rate of 160

' 3
'kcal/hr. It was felt that tray unlevelness was partially

responsible for this weeping. Therefore, a 1.91 cm spacer

was’ inserted between column and laboratory frame, thus tilting‘
the column 1. 2° Experiments were repeated and trays 12 and
13 weeped but at a higher boilﬁup rate (210 kcal/hr) than
before The lowest boil-up‘mithout weeping (150 kcal/hr)

was obtained with the column tilted 0.4° from the original
positlon. These tests indicate ‘that weeping characteristics

are very sensitive to tray 1eve1ness.

5;2‘ Column Operating Level and Limits

Equipment ‘operating levels in industrial processes
‘are set to maximize economic return within safe operating
limits. -However, the extractive distillation column is not
experimentally simulating a physical plant, therefore columnl
operating level is not set. This 1evel is somewhat arbitrary
-but must be within the column operating limits and give an

acetone -methanol separation that is typical of industrial

‘columns. Ideal operating level is midrange between the upper

and lower limits of disturbance and_manipulated variables.

In this case,‘the column is disturbed and controlled over '’
the widest possible range. -9 .
The . "base case“ operating level of. the column is. given

in‘Table'S—l. The extractive dietillation column is brought to



TABLE 5-1

. Base Case Operatlng Level of the Extractive Distillation
o - Column - Run 23-3 _ ' ’ :

15.86 gm moles/hr

Feed rate .
- Feed temp ' : 45.0 deg. C. _
Feed comp sitlon : S 0.5910 mocle fraction acetone
‘ : : T 0.4027 le fraction methanol
. : . ~0.0063 ole fraction water
Feed tray _ ) 11 -
Solvent rate . - ' 27.32  gm\moles/hr
Solvent temp. o B 70.0 ' C.
Solvent composition s 1.0 fraction water
Solvent tray ' ' 6.
. . _ _ ,
‘Overhead product rate _ 10.28 gm moles/hr : :
Overhead product composltlon 0.895 mole fraction acetone
- (approximate) 0.065 mole fraction methanol
‘ .0.040" mole fraction water
Reflux ratio - . 1.756
' Boil-up rate _ - ’ 200 . kecal/hr
Bottom product composition 0.004 mole fraction acetone
(approximate) 0.170 mole fraction methanol
0.826 mole fractipn water:’

13 + reboiler + total ndenser

Total trays



this steady state level at the beginning of each dynami.c

test. . Disturbance and control parameters'are then perturbed,“

with step or pulse changes, to obtain overheadrand'bottom?

*.. -

composition dynamic responses. Dynamic behaviour of the

Y, -

column is presented in the next chapter
Base -case 0perat1ng level varres witnln a serles of | ST
.experiments (Table.5-2). Manual settlng of feed and borl -up -
.rates produce this error. Overhead product rate is set-
indirectly by boil-up rate and strongly influences overhead R
product composrtlon Installlng an automatic overhead product f s
rate tontroller ‘would reduce the overhead COmp051tlon range
(0;894-— 0.910 mole fractlon acetone)‘and.glve better base
case reproducatility. |
| ‘Base case tray liguid heights and volumetrlc holdups
are given in_Table'5-3. Liquid helghts are measured v15ually
and range from 3:2 to 9.5 cm. Heights are lowest ln.the
solvent recovery section and highest on trays belpw the solvent
and feed trays. Volumetric tray holdup is determined 1ndirect1y
from pressure drop acrosslan operatlng tray and tray cross~'
sectional area. Dry tray pressure drop is very small, Tray
holdups are relatiyely constant throughout the column (32 - 42 ml).
The reboiler has a large effect upon column dynamlc behaviour.

This is due to the large reboiler holdup in comparison to tray

" holdups.



TABLE 5-2

" Range of Base Case Operating Level

-‘v

[

bverhead product composition 0,910 to 0.894
|{mole fraction acetonée) '

EZal

[}

Overhead product rate é  ;‘- 10.8 to 10.3-
{(gm mole/hr) : :

Feed rate 16.4 to 15.9
(gm moles/hr)

. r * .
! //

Feed_coﬁpositidh gné///fr 0.593 to 0.588
Hmole fraction acet ) 1 ' _ .

Solvent rate | 28.1 to 26.6
"{{gm moles/hr) o .

(B
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TABLE 5-3

Base Case Tray Meights' and volumetric Holdups . ‘ ﬁ

..\-o " ‘ N . n
T . ’ . . L

. | : . -
Liguid Heigég; (cm) Volumetric Holdups (ml)

L

) . -
: - 1 '
Condenser : _ K o ' _ - 35 :
ray 1 S . 3.2 - 32 T
"2 . | 3.2 .. 32 - y

n 3 . : . 32

weoogq o | 3.2 ' 32 ‘

"5 o o 32

n 40 i'.
5

~ 32 - N

0@~
1

" . - 40 E
! , , 38 . i
"10 - , 3.2 S R A 3

i
" 11 AU R O A i

“o12 1. - 7.6 . T 33 :
’ v : N ) o
"13 ; : - 3.8 : .32

, (highy | 409
" R (normal) : 327
S (lLow) - 257

Reboiler lLevel

B A
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Reboiler holdup is normally 327 ml Upper and,loner
11m1ts of 409 and 257 ml occur . durrng column dynamlc response

testrng. Reboiler level varles with total holdup on the

. .- :
G obelie e e aetbt s 5 Ly

trays. ThlS is affected by boil-up rate and lquld rates:
w1th1n the column. To obtaln constant reb01ler holdup,'
the bottom product gravity overflow system must be replaced
by an automatlc level-controller. -

7'_Base case feed and solvent stream temperatures are
. set at 45. 0 and 70 0 deg. c. ,-respectlvely. _Ih§ control
computer uses on/off control to regulate stream set’ p01nt

~

~at 13 second in vals and base case flows: The temperature

temperatures. Z;;jfe~5 -1 presents stream temperatures taken.

.
- (]

controller checked stream temperatures and took control actlon

<

once per seCond. ' Stream temperatures have a max1mum error

€

of 1.58 and ‘3.29 degree C for feed and solvent streams,-
respectively This error may be reduced by regulating

g
applred preheater voltage with a PID controller.

l A distlllation column has a number of. varlables that
may.limlt the operatiﬁg—range Inadequate feed- flow, under—
51zed reb01ler, llmlted condenser duty or tray primlng may

det the upper llmlt Low internal column flows, with tray
weeping resulting, set the lomer llmlt. The upper limlt for

-the extractive distlllatlon column is primlng on trays 7 or 1l. j\

Feed tlow rate;'reboiler duty and condenserfduty are restrlcted

T §
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below'nanimum outputs; ' The lower linit is weeping on‘.trays
'6 or 13. o | o ) _ i‘-~ | A |

° . Table 5~ 4“§1ves the extractive distillation column
steady state operating limits.' Upper and lower limits vere
determined for. disturgance variables (feed rate and compositiony
and.manipulated variables (boil-up rate and overhead product
rate) This data was obtained(from,steady state operation

The column operated satisfactorily for short time periods.
outside these limits during experiments 1nvestigat1ng the .
'dynamic behaViour of the’system. Feed rate is normally set -

at lS Qh%m moles/hr ‘and. has an upper llmlt of 18.0 gm moles/hr
due to- tray 7 or 11 priming Priming occurs. when high liquid
level on a tray carries over with vapour to the tray above. This
is-unsatisfactory because one eqnilibrium 'gstage is. lost due to
liquid back mixing. _Tray liqﬁid“level and priming vary with
'liouid rate, vaponr rate and- tray position within the column.:
The acetone rich solvent"recovery section has low tray liduid

‘heights (3.2 cm). In contrast, the absorbing and stripping

séctions have high tray-liquid heights_(3.2‘— 9.5 cm)‘and

higher methanol-water compositions. 45cetone concentration

. "and tray liguid height decrease rapidly toward the bottom

of the stripping section. High ‘tray liquid level coincides
with high %;etone concentration in a predominantly methanol—
water mixture. When feed rate increaseg, more aceﬁéae enters -

the column and tray‘? or 11:1iquid heights increase and
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priming occurs.

)

»

The feed rate lower limit is tray 13 weeping ~This

. tray weeps slightly during normal operation. Liquid is lost on

tray 13 when total liquid rate is less than the tray weeping
rate. This did not occur with the lowest experimental feed
rate of l4 9 gm moles/hr

.Feed composition is‘normally 0.591 mole fraction o

‘acetone and has the same effect upon column operation as

feed-rate. Trays 7 or 11 prime at the upper limit of 0.656
mole fraction acetone At the lowér limit (less than 0.560
mole fraction acetone) tray 13 weeps |

The normal boil -up rate operating level is 200 kcal/hr
Higﬁ vapour and liquid rates at the upper.limit of 235 kcal/hr
produce priming. _Tray 6 weeps at the lower boil-up limit of
150 keal/hr. | | -

Upper limit for the overhead product5rate is unknown.
The column operates satisfactorily at a productfrate of 10.5
gm moles/hr. Tray weeping occurs at an upper limit when.
increased overhead rates reduce tray liquid rates significantly.

The lower overhead product rate limit is‘9.0 gm moles/hr with

tray priming. - This corresponds to an overhead product conc¢entration.

~of 0.94 mole fraction aéetone. At this oVerhead concentration,

acetone is pushed”lower down the column. This increases tray

liquid levels and produces priming. Column modifications are

required for overhead acetone concentrations greater than 0.94 |



-

-

mole fraction. Liquid'height on tray 7 would be reduced
by increaSLng hole diameter and downcomer cross ‘sectional
- area or decreasing ‘welr height : Introducing an anti-foam

‘agent into the solvent feed stream is an alternative solution.

5.3 Simulation and Experimental Steady State Results

| This ‘gection relates the steady state simulation to
experimental results.r Mathematical models of a process often -
have parameters that cannot be calculated accurately from -
Lbasic engineering principles. Catalyst activity and decay .
are reactor examples. -Murphree tray vapour efficiencies
are‘difficult to predict in distillation. | o .

Tray efficiencies are influenced by liquid rate, vapourel'

rate, tray physical parameters "and chemical propertiee of the N
distilled mixtures. A wide range of efficiencies have been
reported, They can be negative in multicomponent systems due
to component diffusion interactions in liquids (44) and'greater
than 100 per cent on ‘trays with incomplete’ liquid mixing. Hieh
plate efficienciee {60-100 percent)°are reported (14) for eievel
plates. For multicomponent distillation with n components,
efficiencles ‘may be different for (n 1) independent components;
Saturated liquid tempqrature requirements sct the n-th
component efficienCy Stream eamplee weroe taken at base
case Operating levele in Run 23~3 (operating cenditions given

in Table 5-1). Samples included overhead and bottom producte,

tray 5 and 10 liquid, tray 6 and 11 vapour‘and‘reboiler vapour
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(Table 5-5}. A eeriee of eimulation cases .were computed_using“
'different efficienciee to fit experimental compoeitions.
Table 5—5.givee the final fitted simulation compositions and
Murphree vapour'efficienciee ueed;"Experimental product_and
‘vapour compoeitione compare well to the simulation, but liquid
compositions do- not High acetone concentrations in the
experimental liquid results can be attributed to poor eampling;
‘The sample is drawn Off the tray, carrying with it vapour that
15 bubbling through the liquid. The vapour has a higher
acetone composition thus giving unrepreeentative liquid
eanplee. Relocating the liquid sampler in the downcomer.
liquid eeal ie a solution to this eamplinguproblem.‘

Reboiler component Murphree vapour efficiencies are .
calculated directly from bottom product compoeitione, known
vapour equilibrium relationehipe and reboiler vapour Fompoeitiona.'
For Run 23 3, ‘calculated acetone, methanol and water afficiencles
are 198, 120 and 132 per cent respectively. The reboiler is
generating vapour.higher‘in acetone and nethanol composition
‘than .an equilibrium stage. These componente have lower boiling
_pointe,than'water and‘are,vapourized-eaeier. vapour and )
.liduid do. not attain equilibrium becauee vapour-liquid contact
time ie'ehort ' The eide-arm has a ‘amall volume and vapour
wleavee the slde- -arm above the reboiler 1iquid level. Reboiler
efficienciee may be affected by reboiler liquid level and heat -
- input but regults were only obtained: at base case operating

conditione.
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, Tray efficiencies of 90, 75 and 90 per cent were'
:obtained for the solvent recovery, stripping and absorbing
fsections, respectively These efficiencies were manually
adjusted until close agreement was . obtained between: simulation.
and experiment results. A non« linear regression analysis was
not used in order that the sensitivity and interaction among |
;the efficiencies could be understood
‘The steady state simulation results are relatively
 insensitive to plate efficiency variations - Changing all
tray efficiencies from 60 to 100 per cent will only produce
a 0. 05 mole fraction increase in overhead acetone composition.
Sensitivity of overhead composition to changes in individual
section Murphree vapour efficiencies is given in Table 5-6.
Overhead acetone composition is sensitive to the absorbing
section efficiencies and both overhead methanol and water
f_to the efficiencles in the absorbing and solvent recovery
sections. The stripping section efficiencies have a
'relatively small effect upon overhead composition

_Other steady state runs were simulated using Murphree
efficiencies obtained in fitting Run 23-3 data. These runs are
at thenbase'case‘operating lovellor at other‘levels obtained,'
during step changea in dynamic tosting (Table 5-7). Parameters
ranged as follows; feed rate from 14,83 to 17.07 gm moles/hr,

fcod composition from 0.575 to 0.608 mole fraction acetone,

T
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~ overhead: rate’ from 10.101 to 11. 20 gm rnoles/hr and boil-up -
rate from 155 to 200 kcal/hr. COmparison between Simulation
and experimental product compositions are given in Table 5 8.
The predicted overhead acetone and methanol comp051tions tend
; to be lower than the experimental and water higher But in
general the Simulation accuracy is good The poorest
agreement is obtained in cases with 1ow boil- up rates
(Runs 23-2, 24 -2). This may be due to different reboxler
efficiencies at these conditions. Future experimental work
should include the effect of boil- -up rate and reboiler level
on efficiency. . |
" The simulation model predicted the effect of
disturbance and manipulated variable changes ‘upon overhead
and-bottom.composition. The effect of feed disturbance
' changee,are given in Figure 5-2. Cases were run_at different
‘levels of feed composition and rate with Run 23-3 reflux ratio
“and boil-up rate held constant. Constant overhead acetone
composition and bottom water free aqetone composition lines
were interpolated from these cases.- Both.feed acetone composition
and rate increases produce ‘higher acetone\concentrations in the
product streams. The distillation column produces non- linear
effects from feed composition ‘and rate changes. '~ Steady state
'open loop disturbance gaine can be calculated from this data.
. Figure 5-3 shows the effect of manipulated variables

on product compositions. Results were obtained by varying
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URE ' 5-2

DISTURBANCE EFFECTS ON PRODUCT COMPOSITIONS
CASE OPERATING LEVEL , RUN 23-3 '

>

FEED RATE. ( GM. MOLES/HR.)

——  bottom product { mole fraction acetons water free )
/ t . .

.'= % . overhead product ( mole fraction acetone )
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(_)VERI-EAD RATE

*

( GM. MOLES/HR.)
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-FI%URE 5.3
'MANIPULATED VARIABLE EFFECTS ON PR
BASE CASE OPERATING LEVEL ' 23-3

COMPOSITIONS

o7 r
05
| I0.3.'
IO.,‘I

9.9

20 _
INTERNAL FLOW (BpiLUP,RATE,GM. MOLES/HR )

iy

- bottom product (mo!e fracﬂon acetone water free )
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overhead proddtt rate and boil- up rate wrth constant feed -

_rate’, and comp051t10n (Run 23- 3 condltlons) ‘ Product comp051t10ns'

are very sen51t1ve to overhead rate. Changes in internal flow

rates have a. moderate effect at 1ow rates and- small effect at

. high ratesr' These varlables produce non llnear effects on

product comp051t10ns.

~The 51mulation results are. valuable in determining

—

«steady state galns._ They were used in desrgnlng the/ﬂagnrtude

“of- the varlable changes for the experlmental dynamic testing.

1

" The dynamlc behav1our of the dlstlllatlon column is descrlbed

'1n1the next chapter.
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CHAPTER 6

ANALYSIS OF THE DYNAMIC BEHAVIOUR -

Thisﬂwork is the segond part of a.long term project
on the application of distillatiOn-cont:oi._'The.objectite
.of‘the extractive.distillation project is to evaluate the -
different lenels of sophistication of distillation'conttol.
,These methods have beén descrlbed in Chapter 2. |

However, in order to design a control scheme, a“
process model 13 requ1red relating the dlstorbance and.
Jmanlpulated varlab}es to the control var;ables. This model
?an;be either in a physical or "black boa“ fome A physical
model describes the SYStem by.a'series'of non—linear'ditferi:iiiLQQ"’
.eqoatlonsvbaSed on basic engiméering principles. These may’ '
1nclude mass and energy balances angd equlllbrlum relatlonshlps
The non-<linear equatlons are- linearlzed around the de51red
operatlng conditions and the order of the resulting proces;
_matrf;treduced'tb_make the oontfoller'design computations easier. -
In‘bontrast; "hlach box" modeis relate singieginpnt A‘sinole
h output process éariable pairs in transker function form f. o ?
Transfer functions are obtalned by fittlng‘tﬁe output data
from a pre-spe01f1ed 1npu; Input—output data can be obtained
fromaeither thé process equipment or a dynamlc simulation of the

. >
unlt. g :

%l '«—‘72-
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The tblack‘box" model approach‘is.presented in.thisi
chapter. It is felt that the “black box“ model based on _.
process experiments would be more- accurate than a physical
model. The latter model requires estimation of" several

important process characteristics which cannot be accurately

'”predicted These include stage efficiencies and molar holdup

as a function of liquid and vapour rates,'

Preliminary work was conducted to develop a dynamic
i51mulation of the extradtive distillation column. Differential
Aequations describing the unsteady state behaViour of the -
extractive distillation column (total and component stream
continuity equations and energy continuity equations) were
solved using a predictor~corrector method (Adams—Moultan-

Shell Method). Steady state output results from the steady
state simulation were used to initialize the dynamic simulation
calculations. Time step sizes were varied to determine stable

steady staé% level calculations with the largest step size

© Relatively .small time steps (0 18 - 1.8 seconds) were required

This preliminary study indicated that Aa 1arge amount qf work
would be required to fully develop an accurate dynamic model
of the extractive distillation colimn. Therefore, it was‘felt
that experimentally determined dynamic responses would produce
reliable results more quickly. Future work may- include dynamic
simulation-that may be verified uith,experimentally determined

responses. \
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The:felationshipjof disturbance (fced rate nnd" | -
,composition) and manipulated (overhead rate ‘and internal’
.column flow) " variables to controiled variables (overhead
: and bottOm compositions) were investiegted by experimental
column responses " Each disturbance and manipulated variable
-~ was manually regulated in. the form of step and pulse inputs |
to_determine the responses of the controlled variables. |
Transfer functions-relating.the inputlnnd‘output‘vdrinbles A

were determined éfom both the freguency and time domaine.

6.1’ Frequency Response ana.Time’Donain‘Methods

| In‘the-frequencf approach, the-Bode‘plot (log amplitude
-ratios vs. loo frequency and phase angles vs. log'frequency)
is’ obtained from the ratio of’ the Fourier transforms of the
output and.input-responsast The process mathematical model

may be determined from the éode plot (31), or- controller ‘
constants estim%ted by the Ziegler—Nichols method (9) . Pulse
testing is required to determine the frequency response of a
sjstem.. An input variable 'is manually adjusted from a normal

steady state level and the output variables asured. The

amplitude and’ shape of the input pulse affect thelfrequency
response results. The~amplitude should 'be large.enough to
give reasonable measurement accuracyrbut'it should notldrive
the system non-linear or outside the operating region of the
”equipment. A rectangular pulse is usually not as good as a

~triangular shaped pulse, The advantages and disaduentages

~
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of different pulso shapes aro discussed by Hougen (20).

_Improved high frequency reeulte are obtained by shortening

-v_the pulge duration. uowever, there is ‘a doterioration of .

accuracy above a "breakdown froquency o ﬁhie frequency 1is
a function'of data accuracy and tha time intcrvai—botwecn;
data points. - To obtain frequency data out to’ frequency W,
radians/time unit, a thoorotical minimum enmpling rato canﬁl

be determincd from Shannon 8 Sampling Thcorem

-
v

‘ u
o
where AT ie tho time. interval between data pointe.

SR rectangular input pulse approximately nine minutes
in duration was used in the presont work . Accurato Bode plots
werelobtained for a dietillation column:uei*g a rectangular.
puleelin'fEEquency response data preeentod by.Wood and Pacoy
(49). A rectangular pulaé‘wae used rather than a triangular '
pulse becauee:it was easier to implement experimentally..
Product:compoaitione wery sampled at 4.5 minute intervals.
This correeponde'to a res onee accurate to'e frequency of
0.7 radiane/minute. - | . |

‘ The frequency r09ponse data relating the input and
output’ variables wasg calculated from a real- valuod vorsion -
of the Fast Fourier Transform preaented by Dollar (13) _ Thia

algorithm wag reproduced and checked by comparing computational

examplee preeented by Dollar. E@ES] |
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Experimontal froquency reaponso data presented in Bode
plot form was fitted- by first. nnd accond ordor transfor functiona
with dead times usino a non- linear rogroaaicn routino (Marquardt'
Compromisao) .. Theso results are compared to the trannfcr -function
parameters obtained from tho timc domain. |

The oxporimontnl time rosponsc data may bo fittod
diroctlﬂ_by first and second ordor tranafor functionﬂ with -
dead time using a non- 1inoar ragroasion routino, Tho-roctangulnr

input pulse is approximated by two otop - chnngeu. One ntop chango

is at tho start of the pulso and tho sacond steop chapge is .in

- tho opposito diroction at tho end of tho -pulso. Experimental .

_stcp changa _responsos may bo fittod by a singlu stap. chango
tranafor function model . |
Exporimontnl rosulta obtninod by otop, changoa aro widoly

usod in induatry Proccss - rosponsos can bo fittod by first or

~ ~Boecond order ayntomn with doud timo grnphically, whoroas puloe

toating roquiron computor computations : Howovor, pulso toating

using woll dosignod inputa obtainsmoro proooas model information,

'_‘ospocially at highor froquoncios Both puluo toating and stop

"mothoda."

changes ara used- in thn prosont work to ovaluato thoso two

6.2 Exporimental Results Relating to' tha Dynumic Bohaviour

Bottom .and overhead product compoaition rosponses wore

detornined for changas in\diaturbanca and mnnipulatod variablos,:
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-:‘Rosponsos to a aingle input vuriablo wore invcstigated during
each cxporimcntal run.i The extractive distillation ‘column
was operated at’ normal operating input vnriablo levcls B
;(Table 5-1) for the firﬂt four hours of oporation to obtain
'column ﬂteady state. Then, product etroam Bampling was startad.
“and step or: pulac changoe wero introduocd into tho column.
- product aampling was conductod nt g and 4-1/2 minuto invervals
 for atop and pulse changes, roapectivoly. Sumpling continued
‘for.npproximato;§‘nlnoty.minutos; at whioh timo,‘a now atoady
stato lovel was obtnihod‘ Normally two stop changes aod one or
two pulﬂo changoa wero introducod during an oxperimerital run.
Approxdmutoly 140 samples woro Lakon during onch run,
Theso - ﬂamplcu worc analyscd manually using a gas chromatograph
unit doacribod previously, Each aamplc was analyaod twicu with
‘tha roﬂulta nvorngod Samplo analyaoa ruquirod approximutoly

twcnty five hours por experimental run. ~

A aoftwaro packago monitorod the oporation of tho
‘cxtractivo distillation column, Th;u includod ;ogging ovor-‘o
hoqd ang bottom column tompcraturen,_food flow rate and.tcmp—‘
oraturo and'aolvontrflow'rnto and tomporaturc.‘ Warning‘lighta
at tha proccan uito woro turned on by the contrel computor
whon flow rnéis woro . outsido apocified limits. Tho oparator
‘would manunlly correct tho flows.‘ Fcod and aoivont temp=
eratures wero controllod around a aot point by on-off control.

A dotailed doacription of tho softwarc packpgo and process

iﬁtorfucing iu givoh by Jackson (22). . ' "'_ - . iz
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'lColumnwreaponéos wete dotarmtnoq-fotriﬁuut variable
changes in toed'rate, feed'compoaition, ovorheadnrate &ﬁd
'intornal flow; A largc experimental offort is required to
‘fully describe the dynamic bohaviour of the column  The.
behaviour is primarily dopcndcnt upon the column's physical
characteristics and chcmical propertioa of the componanta ‘
soparated., However; important aoconda;y effects include the
oporating”lovoi of tho column, maqnitudo of.iuput vuriéblo
changes (due’ to the non -linear column offccta) and intcraction
_among input variablo changes., Only a preliminary invoatigation
into tho dynamic bohaviour of the c01Umn ‘was conducted duc to
tho\limitcd ‘amount of oxporimontal timo and thao largo amount
of,tlmo to conduct und analyac'a run (5-6 days) .

}‘Roapouﬂoa to focd rato stop and pulno changen arc
‘prusonted in Figurca 6-1 und 6-2 roapoctivoly Ovcrhoad product
composition is roprosented by mole fraction ucotono a bottom
‘product componition by mole fraotion ncotono, wntor froe.'fTﬁg
‘lattor roproﬂonta tha product of a sdcond column, the golvent
_'rccovory cofhmn. .Tho bottom product of tho_oxtractiye
_distillation column would bo- fed to this column whero tire
wator would bo comp;otolf-soouratod. The-dosignrand construction
of thin column will bo carried out in futurc‘work of this ptojoct.-

Tho product‘compooition rasponses are csuontially'comploto
within ninoty‘minutou of-tho foodirnto change, Froquoncy touponae
- ragults in Bodq‘plotutorm.for.feaq ruto pulse respprises 1n'6vé£;

hocdinnd bottom product compositions are given in F;gureu.G-S'
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;and 6.4 respectively. Frequency response can be seen past‘
“the first cornering frequency.' The theoretical breakdown
frequency ‘as predicted by Shannon 8 Sampling Theorem is.
indicated In overhead composition response, ‘the frequency
- response breaks down, before the theoretical frequency due to
: experimental noise : However the bottom composition frequency
response‘is exceptionally good and’ data-is obtained up to the
~ theoretical frequency.‘ |
Parameters fitted by a non- linear regression routine
for first and second order transfer function models in overhead
"composition are presented in Tables 6-1 and 6 2. Responses Using
these models have been compared to‘experimental responses in
Figures 6-1 to 6-4. -A first order transfer model describes ‘
the experimental results accurately except for ‘the response'
to the rectangular pulse in Run 18 3., In this case, a second
order model is required ' - - i~‘
" The transfer function. gain is larger for .a step response
than for’a.rectangular pulse. This is a’ common observation'for
Nall of the input variables studied and is likely due to non-
linear effects. - More extensive testing with different magnitude
variables changes 18 required to confirm this. .
Table 6 3 presents first ‘order model parameters fitted
to the bottom product composition response | Bottom product
;compositiOn gains and time constants are smaller than that foxr
the overhead » Therefore bottom product composition is affected

-
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_faster and to a smaller degree than the overhead This‘is due
to the high proportlon of acetone in the feed stream (0. 60
'mole fraction acetone) and the 9051t;on of the feed tray (3
trays above reb01ler but 8 trays below the condenser)
Product comp051t10n responses to feed comp051t10n step
-_and pulse changes are presented in Figures 6-5 and 6-6, respecE—
1vely: These results are very noisy compared to the' .feed rate
change;results. Feed comp031tlon_changes have a very small
effect upon the bottom product composition TQain’of-0;076‘A‘
mole fractipn acetone, water free/Almole fracgion acetone in -
ifeed for the step change) .
The frequency response of" the overhea& product
compcsitlon to a feed composition pulse is given in Flgure
‘6 - 7. The range in which the Bode plot is accdrate is reduced
due to experimental noise but the cornering frequency‘can stild
be seen.. No Bode plot could be obtained for the bottom product -
comp051tion -pecause the response was obscured by comp051tlon '
measurement noise. This n01se is due to poor reb01ler mlxing
(resulting in unrepresentative samples) and gas chromatOgraph
analy91s error. Bottom product compositlon is approx1mately
0. 82 mole fraction water Small errors in the acetone and
methanol compositions are magnifled when a.water free composltlon

-

ba51s is calculated.

First and second order transfer function model parameters

el
]

=Wﬁ e presented "in Tables 6-4 and'GFS for overhead composition .
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» responses to’ feed composition changes There is na significant'
improvement in fitting a second order model to the experimental

data. A second order model Ray d'scribe the response better,

.j_ﬁespecially to a pulse input, if experimental measurement noise

"is reduded. . - _

Product composition responses to o rhead rateAstep_
'and pulse changes are presented in Figures 6-8, 6—9 and 6 10.
~ These’ results are Similar to the feed comp031tion change
-responses. The product composition measurements are nOlsy o
"and the bottom compOSition is affected only slightly (gain%
,r.of 0. 025 A mole fraction acetone, water free/Agm mole per 3
hour of overhead rate) | .

Overhead rate pulse changes were made in opposrte
directions from the steady state in® Figures 6-9 and 6-10.
No well defined. bottom-composition response was ohtained
w1th an overhead rate pulse increhse of 3.933 gm moles/hr.
However, a response was observed for an overhead rate pulse
decrease of 3. 196 gm moles/hr (Figure 6 --10). It is inter-,m
'esting:to note the experimentally determined bompOSitions at
Vapproximately 32 .and 50 minutes. These points are. significantly

- L3
below. the trend of the response and analy51s error is udiikely.

Qa
A possible’ explanation may be associated with the liquid flow
fcharacteristics of the erOLIGI.l In this case, the overhead
product rate.is decreased, forcing a larger acetone ridh flow

down the column into the reboiler.: This acetone rich liquid
! res
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flow returns to normal when the overhead product rate “is
f-increased to its initial steady state value ' However, thet
liquid flow wit in the reboiler may move in a plug—f\ﬁé
.fashion down the reboiler._ A fraction exits through the :

.

bottom product stream and\the remainder flows through the ..

ide—arm heater where a smail amount is vapourized The,"'

J

_unvapourized liquid returns back to _the’ reservoir section’

',of the reboiler.' If the overhead rate pulse duration is-'

',1ess than the recirculation rate within the reboiler, two \

slugs of 1iquid, one acetone rich and one acetone ‘depleted,.

;  would recirculate within the reboiler until mixing occurred

This may explain the. bottom product response in Figure 6-10.
Final response values are different than the initial
steady states values in Figure 6-10. This run shows exper-

2
imental problems associated with column parameters changing

during a’ response. Slight changes in }eed rate, solvent “_

rate or reboiler liquid level may change the product compositions

-.significantly HdWever, responses generally returned to. within

acceptable limits after pulse ard step changes. |
Frequency response results of overhead comp031tion to

an 0verhead rate pulse ' is presented (Figure 6 - 11}. The

range of accurate frequency response results is xeduced due-

to compositfbn measurement noise. |

First and seqonﬁkprder transfer function model parameters

are presented in Tables 6-6 and. 6~ 7 for overhead composition
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response tvoverhead.product rate-changes. 'éecond-order modeis
improve the fit of the experimental results slightly. Changing
steady state levels durlng a response (Run 22- 4) produce poox
results., Flrst order ‘time lag for Run 22 -4 was calculated as
72 2 mlnutes, as compared to an average of 38 3 mlnutes for_‘.
“the other c¢ases. L i
The final varlable to be investlgated was product
comp051tlon response to 1nternal flow changes.' Experlmentally,
this was dlfflcult because two varrables had to be manually
manipulated, reb011er heat input and reflux ratio. A change
in reboiler heat 1nput would- change the overhead product rate
as»well as 1nternal column flows. Therefore, reflux ratio was
manlpulated to obtain constant overhéad product rate However,'
in. the two runs attempted‘ ‘this was"never aCCOmpligbgw;Ef-the_wl.l
-accuracy requrred ‘ Prev1ous work on the effect of overhead
product rate changes on overhead product comp051tlon,%nd1cates
that a 0.1 gm mole/hr er\vr in overhead rate will produce a
0. 0051 mole fractlon acetone error in the overhead comp051tlon.
Overhead product comp051tion is very sensitive to overhead
product rate. The problem was lnten51f1ed becaUSe the ;over-
-head product flow was lntermlttant (requirlng manual measurement)
and the reflux ratxo was dlfflcult to adjust to an accurate set
point. | | | |

product composition response to a step change in reboiler

-

. heat input ;Sapresented in.Figure 6-12. . The amount of component
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separation is reduced with a decrease in internal flow. This = . ‘i
lincreases,bottom\product acetone concentration and decreases
-overhead product acetone composition.i However, in Run 24-1

the overhead acetone comp031tion 1ncreased because the over-i
head product rate decreased by 0.37 gm moles per hour.- Exper— o
imental work to determine responses to’ internal flow rate

changes was terminated because it was felt_that'overhead'

Y

product rate could not be controlled manually to the regquiregd

acbura(?>> o o | Lo
& .

6.3 Appraisal of Experimental Results

From the three successful studies relating the product
f-composition responses to input variable chan;es, it is concluded
that a first order'model with dead time satisfactorily represents
: the extractive distillation column, Recommended transfer
functions are presented in Table 6-8. Second and higher"a
order models are not significantly better due to the relatively
large n01se associated with the product composition responsd?
Bottom product composition response is,noisierlthan
the overhead. This:is l&rdely due to poor mixing in the re-
boiler, resulting in unrepresentative sampling. However,
tighterjpontrol of feed rate, feed temperature and reboiler
liquid level would improve column frequency response results, Y
Determining the process transfer. function model in the

time domain using step changes proved satisﬁactprx\\hThis was

due to the low order.models_gitted because process & sponses

!

@ o /
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- _were’ relativelyq%Oisy But lf responsa noise .and sampling
period are reduced,ofrequency response techniques are useful
High frequency characteristics of the process can be

: investigated only hy pulse;testing methods . .'ﬁ‘ L <

Mare work.is'requirea to fully nnderstand_the dynamic _i
behavioun of the extractive.distillation column; Non—linear
'effects due to different Sized input. disturbances were not
détermined. But experimental results 1ndicated that process'
gains for pulse changes were smaller than those for step
changes. Not only may the size of the change be important
but alsolthe-dlrection.‘ A comparison between‘Run 22-3 -and
22-4 shows significant dynamic behaviour differences with
input variables changed in opposite directions.

Overhead acetone concentratlon was affected stron

i

but bottom acetone comp051tion weakly bchhanges-in feed
. . ' I
1

te,
feed composition and overhead rate. This was due’ to the '\eaay"
state operating-conditionS'@fjthe column. . Overhead product”Qf
- composition was normaliy at 0.90 mole fraction acetone.
Therefore, changesbin molar acetone feed could be transiated
‘to the dver‘.ad directly Qottom'product acetone compeosition
" would be mdre sensitive if the top section of the column was
operated,in more of a plnCh region. However, tray priming .
will occvr‘at high dcetone concentrations in the overhead

product Thérefore, tray modifications to prevent tray priming

are required to increase bottom comp051tion senSitivity.
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This work has only presented a prelim;nary study 1nto
) the dynamlc behaviour of the extractlve dlstlllatlon column.
More work is required to determine the process model and de51gn

a control strategy

.__-
r
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- CHAPTER 7 -

CONCLUSIONS AND RECOMMENDATIONS . . <

Initiallwerk in this projeot.iﬁ%luded rebuilding‘the

._flfteen stage extractlve dlstlllation ceolumn. 'Tray_hole size

. and free ‘area were crltlcal de81gn varlables for column

operatlon free of tray weeplng.' The column was operated at

a wide range of operatlng levels to determlne the operatlng

range. Overhead product acetone concentratlon was llmlted

e
to approxlmately 0. 94 mole fraction due to llqu1d priming

~on tray 7.

g A steady state 51mu1atlon was developed to aid in a
better . understandlng of the process Column liquid and vapour
o
samples were taken durln;:kxperimental work and 51mulation

results were matched by adjusting Murphree tray‘vapour

_efficiencies. These results'indicated tray efficiencies

were 75- 90 per cent and reb01ler eff1c1ency approxlmately
150 per‘cent These eff1c1enc1es were used 1n the srmulatrén
and predicted experimentally determlned product comp051tlons
of unfitted experlmental results with- reasbnable accuracy.

‘The dynamic behaviour of the column was‘studled by

'-relatlng product composition responses to changes 1n

Q

,disturbance and manipulated varlables.. Dyanmic behavrour

I

was analysed by frequency response and real tlme response

A+

- '.107 -
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. fitting. Pulse and step changes were -made and low ordered//\\\’f'

transfer function models obtained Experimental data Was

relatively noisy. First order transfer function models

.. with dead time, fitted in the real time domain, were o .-

"_satisfactory.- Pulse testing using frequency response

techniques is superior in determining high otd\r*models_

with high frequency characteristics. R ™

RedUCing response noise and sampling interval is.

required to determine column dynamic behaviour w1th more -

accuracy Tighter control of feed rate, .feed temperature,'

reboiler 1iqU1d level and overhead product rate will reduce *
response noise.

The next major step in the extractive distillation
project is to control ‘the column product compositions u51ng
different levels of control methods. However, process
measurements -and controllers are required to implement
computer control Anmajor effort is'needed to develop an
automatic on-line product and feed stream composition analyser.

Instrumentation must be evaluated for this application and inter-

faced to the process and control computer. Measurement dead

time associated with sample line flow and sample analysis

'must be minimized éinally, instrumentation and computer

interfacing is required to control overhead: product rate_
Q
and reboiler heat inputr
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APPENDIX A

S STREAM MBASUREMENTS

Y
Process measurements 1ncluded feed and solvent flow
rates, column temperatures and stream comp051t10n analy51s
| Feed and solvent flow rates were lndlcated by
differentmal pressure cells measuring pressure ‘drop across
glass orlflces. Measurements at spe01E1ed flow rates changed
sllghtly from run- to run ‘due to trarsmitter drlft and traees
of air in pressure tap Yines. Therefore, flow calibrations
) were conducted{before each run.~.Measurements were logged in
analog-to—digital oonverter units_at specified_fiows-around.
'the.operatdng level. Flows weré logged in a:alog—to—digital
units during runs and converted to engiheering units in’
subsequent data sortlng and reductlon i
'Reb01ler, condenser, feed stream and solvent stream
temperatures were measured by thermocouples. lThese readings
were converted to Ce151us units and logged Thermocouple
transmltters were callbrated at three temperatures and- fltted'

,to the follOW1ng equation,

T (deg. ‘Celsius x 100) OLsm + 2881, x - 44. x°

where‘x is" the thermocouple A/D readlng minus the reference

> thermocouple _A/D reading,

- 113 -
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Samples from the process' e analysed with a Variarn.

90 P3 gas chromatograph and a Hewlett Packard 33708 Integrator.

3

‘Details for the chromatograph and lntegrator settlngs are glven

by Jackson (22) . 1Initially, the chromatOgrdph was callbrated
by 1nject1ng 1 al samples of known composltlon and plottlng
the number of moleS‘of each component in each sample versus
component ‘peak area. However, the resulting callbratlon
curves were non- llnear, in contrast to the llnear relatlon;
ships generally obtalned from thermal conductrvmty cells.h
Therefore, the callbratlon was repeated for each component_
by injecting pure samples of varylng size and plottlng the.
number of moles versus component peak area (Figure. A—l)
These results gave the expected 11near behavrour but when'
the syrlnge 1ndlcated no sample, ‘an integrator peak area‘
occurred. ThlS is due to small amount of residual llquld

inside the_needle when the syringe was fully depressed The

rre51dua1 lquld would be vapourlzed in the gas chrOmatograph
.sample injection port and produce a non- -linear callbratlon L

’when sample size was constant and comp051t10n varied.

=

‘Sample size reproducabillty was very lmportant durlng

gas chromatograph calibration. A clean syrlnge and a1r tlght

-teflon seal around the plunger w1re was requlred

Durlng routine sample analysis, a syrlnge holdlng the
sample within the needle (Hamilton $7101) was pr erred, rather

than a syringe holding liquid withln a glass barrel (Hamilton
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¢#701)' Analy51s with the latter syrlnge produced Tesults‘
\hlgher in the more volatlle components Sample in the needle
{type syrlnge would completely vapourize but only a fraction
 of the llquld (rlcher in the more volatlle components)would
vapourlze with the glass barrel type syrlnge. ‘

Flgure A-2 presents callbratlon of the electrlcally ,
heated reboiler ‘heat output as a functlon of applled voltage. |
.The coﬁdenser was attached directly to the reb01ler durlng
‘these tests.; Pure solutions of acetone, methanol and water
were b01led at constant applled voltages and’ the output vapour
condensed and measbred. _Separate calibration curves were
.obtained“fon each componentland diftered‘hy‘%s much as 20
per cent.  This behaviour is fikeiy due to ditferent reboiler

heat losses. Acetone, with the lowest reboiLer temperature,

corresponded to the highest‘measuied heat output.
‘ . o .

*
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FIGURE' A-2  REBOILER HEAT QUTPUT AS A 'FUNCTION.
| " OF APPLIED VOLTAGE . '
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STEADY STATE SIMULAQION FLOW CHARTS AND LISTINGS ; ._,ﬂ'"{

N | \ o
Flgures B- l to B~ 4 are loglc flow -diagrams for the‘

-steady state 51mulat10n of the extractlve dlstlllatlon column

‘Program TOWER ls the maln llne program Data is lnltlallyl?
m_read and varlables 1n1t1allzed ' Thls program calculates_

fcompohent-maSS'flow rates u31ng.the trl—dlagonal matrlx form

aof the mass balance equatlons ‘A general form of these equatlons
is presented by Boston (4). The spe01f1c form for the extractlve

. distillation column (feed and solvent streams,‘and ‘liquid product

streams) is given below:' . . -
:“‘;} o .
(1 + Wi /D) 1y - Syl : o= '\f1 ...... (1)
—ln_l + (1 + Sn) ln ‘T,Sn+lln+l : | = fn:. (n=2, 3, ,- N=1)
slyp v o Syl . =ty
where Sn = EnKnvn/L
Wy, = total overhead molar product rate
L, = ‘total tray.(n)'mola; liquid .rate
,vn' = total tray (n) molar vapour rate -
K = ‘equilibrium ratio-
E = vapour efficiency

~ 118 -
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I

'tray {n) molar component lquld rate

-
]

component molar feed rate o tray (n)

(non zero for feed and solyent traye)
.Equations (1) are sblved.for'each'of'the acetone;‘methanol;
.and water components by the modified Thomas method (4). )
‘Equlllbrlum‘relatlonshrps (K ) are.called from subroutlne_’

L KVALUE and enthalpy balance prOVLded by elther subroutlne

‘ \
ENBAL 1 or ENBAL 2. Convergence of tray temperatures and

R . : -

,-<‘f' vapourArates;are promoted by‘subroutlne CVGP. Program TOWER
chects'the‘difference'betwéen_the calculated total liquid
flows and redulred liquid-flows.and'lf_they'are‘wlthln_a .

'f5pecified tolerance the calculationS'are terminated.  Final

”column condltlons are. prlnted and punched onto cards. Howevery
if the errox in liquid flows are outside the tolerance, mass
‘and energy" balance calculatlons are contlnued.

In the flow dlagrams, each lOglC step has been
associated with numbered lines in the program llStlﬂgS
T%e llstlngs have been spiced with comment cards descrlblno

the program. Requ1red input data and 1ts format is deséribed

" at the beginning of program TOWER.



;

F
R,

ST

N N - L . R
FI.GUR&”B'l“‘ rogram TOWER . e S :
!I :. . ' l . S " -
- S ) . o & -
A ' Read in data and print out same | B :
: . . ' l : - : (147-301)
~Initialize work vectors for N : . h\ﬁ\}
component flow calculations ' - (301-350) .
(356) '
(375) ©
. Components liquid flows calculated v
c (Mass Balance) o {375-446)
No, ‘Ccalculated molar component flows o
s constant? . e (444)
Yég : : | . {447)
Stage temperatures and vapour o -
compositions calculated " (450-454)
.~ .(Subroutine. KVALUE)
. | calculate energy balance
T - (Ssubroutine ENBAL .l or ENBAL 2) o
' ‘ if calculated total liguid flows (458-465)
within 10 per cent of desired flows ’
Calculate convergence ‘promotion L
algorithm (Subroutine CVGP) ) (466-524)
] . Are calculated total
 liguid flows within 0.05 per cent :
No - "”"'“"””"TQfVrequired—flOWSnﬂ .- (53?)7 IR
. Yes r ) - - _ (5_§2)
print and punch final ggnditions ' L
— . of tower : : (552-633)




1
c‘_.——th' B _ "Il
FIGURE B-2 - —. ‘ . : Ce
- SUBROUTINE KVALUE . =. - [ »
o2 N i
’f/),wcilculate component vapour composition. - R C
- from liquid composition and temperaturé . (63-103) _ é.
| o. §
Do the ' ;
o calculated » . '
SEPIr, No Re-estimate ' o
{106} vapour compositions ; : .o : . :
o add up liquid #gmperature (107-124)4
to-1.07? ; .
2
calculate non-equilibrium vapour | - L 3
composition. from Murphree Vapour . ‘ s s T
' efficiencies ' ‘ (129-137) . ;
! ! T g ] . ) .
Ccalculate equilibrium constants X = ¥/x ‘ (138-142) .
: . . - :



'\, ~ FIGURE B-3-

* SUBROUTINE ENBAL 1

_Calculate total stream enthalpies

Calculate stage enthalpy _increase
if inlet vapour and outlet liguid
rates increased by 1 gm moles/hr

- o o .
:Calculate enthalpy unbalance for .
' each stage { '

El

Calculate new 1iquid and vapour
rates  for enthalpy balance

S
A

El

-

{39-42)

(65-68)

(70-103)

(116-119)




a .
ot
DA _“’f .

Calculate total stream’ enthalpxes o - -
from functions- ENTLIQ and ENTVAP 4 (66-69)
, ~ B U - ‘ r..
— : . | ] ;
‘Recalculate reboiler vapour rate /P\\ - o ,
if heat .input is non-zero . - 4. (70-81) -
| i_.v,
Calculate total enthalpy changés ' '., R o
and flow if stage temperature was = : . o o
1ncreased by 1 degree c (“’/T\L; f ﬁ\“JBB*lii:'- o
: . : : '
- '$ ~ /‘-_‘
e ’ nf-\
Calculate stage énthalpy unbalances 2 R L
| (imput-output)  _ v = . (138-172) -
~ ’ . - K
‘ . - -
¥ . ° ’— ‘ﬁ"
Calcdulate required liquid and_ vapour T : _
: rates for,ap_enthabpy'balanqe : “/’f' ' (184-230)
o~ '
" | e L .
“ “
FIGURE B-4 Subroutine ENBAL-2 ~ © . . . .
. /) L S123 - o .o
'. . —' . . N " } . ‘
- N T f/ s -
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T124;‘l
DROGR A anpb(1~DUT.ﬁUTDUTaPUMCH)

r********qna*ﬁ&**********u&*auua*¥a¥a*#*ﬂ*#*¥*nfu»aa*}**»#4*4*4#*#%44*#*
STEADY STATE %IVULATION FF AN FXTRACTIVC nI%TILL"TInN TOLER
SFPFQﬁTING ACETﬂNE—PFTHh”OL USTNG \ATFR ' :

WDITTFN HhDCH—AUGUST'1QTA RY “-L-'nNFTLL.
RFQUIRE FQUIPNFNT:PAPAEFTEPSy FEEQ fOND}fIONS» éEFLUX RATIN -

ANMD EITHFER (1) QVFRHFAR PROMUCT RATF OR ‘
(2) PERNILFR HWFAT - IMPUT {BATLURP RATF) _-" . °

\

"GFNFRAL METHON = SUCCFSSIVF APPROXIMATION As hFSfRIPEn RY
L d. KING, #SFPRRATION PRNACFSCES#*,s CHRT 11

vwASS nnlANéc RY SOLNTICN AF TRINIAGNANAL &ATRTX : _
AS DFSCOIRFR RY JuF,., PNSTNN Aun's.L; SULLIVAm, C.J.(.F.‘
VoL 50s NCT. 1072 PG A63 :

ENTHALPY BALANCE AS DRACRIBED RY C. J- KING FOR CONSTANT PRORUCT
ENTHALPY ‘BALANCE AS DESCPRIBEN RY N.N. HAMSONSMFTHOD 111
SCOMUTATINN OF MULT STAGE SEPERATION pRﬁCESSFQ*

FOR RERGILFR HFAT INPUT CASE

,CONVFRGrNrF IS PROMOTFD '3Y NOMTINANT FrfF”VALUF MFTHOR AS
CMODTFTEN BY MASATOSHT MISHIN . -
****l******#%****%***?%****+*%r*?%**&4***%%%*W#*n*%w****#H%****#*%%%*#*

- -

" | | |
NATA INDUT. . L _ 7~
Q -

#***************%%***%******%¥ﬂ%***t%%4%4%%**4#*#%****ﬁ%%**#%**#**%****

 CARD MUNBER vNDTAnLES S FARMAT

1 FLAG FOR CONSTAMT OVFRHFEAN RAFF (- CONSTANT PRODUCTS ) sa4
OR RFROTLER HFAT INPUT (FLCATING PRONUCT)

L2 - _ TITLEL . L . LYY
3 : - . TITLE? _ 18A4
4 _ : , TITLE3 . 1RA4
5 - NDe OF COMPANENMTS, SOLVEMT STAGE NQ.» FFED STAGE NO, ;A

_ TOTAL NO. OF QTACFS { STAGFS O o FROM CONDENSER TO PFQOTLFR 4T3

TMAANNANANAAANAAAANANANAAAAAANAN

>

6 ‘ sFNT RATF,TFVP,FRZPTION VAPOURsACFTONF MOLE - FRACTINN 81844
LVENT METHANMOL MOL FRACTTNAM

. VENT WATER MOLF FRACTION — ° o 1615 .4

R FEED QATF,TEMP,FRncrroh VAPOIR ACETONF vOL FRACTs 5G15.4

", FEED METHANOL MOLE FRACTION - o

Q  FFED . WATFR MALF FRACT 1N - - 1r1%.4
10, ®1SFF¥ FLAR,CONDENSER TEMD, R%nanFQ TEMP R E T L

IF #TSEF% FLUAG 1S$-0 TAWFR STAGS TFMP TAKEN AS LINFAR SETWFEN
COMDENSFR AND RFANILTR . . i ' :

IF =ISEE® FLAG NOT O INDIVINUAL STAGE TCMP, ARF. RFAD nrXT
1cn,u.c.. STrGF TEMPFRATURES FROM TAP TO POTTON : 5G15 ek

-

B [n} .
1 ‘*I'FE* FLA 9C0HDFH°EP DPF%ﬁHnL.PFROILFR PRESSURF  J24G1R.4 s ]F .6
IF '®18EF% 18 2 TOWER STACE PREGSURE TAKFM AS |IHFAR RFTWFFN

| ‘cnizgyan ENR RFROTLER . - :
. IF-¥TSFF* 15 NOT O INRIVIDUAL STAGE PRESSURFS ART Pean NEXT
11A582Caa STAGF PRFSSURFS FROY TAP TO ADTTA: . . 5G15.4

N

- - ) "\ . . v
. L . - . . . . .

+ b3

t -

po_TH

A LT W

s i il i e, o

s —




A YyAAnn.

" IFFLAG FNFRGY CONDITION FLAG

P n(\ﬁ;ﬁf\ﬁ(\n}ﬁf‘n(ﬂfyﬁT\nr\ﬁf\nfﬂf\ﬁfjr\n(ﬁ\ Wfﬁfl\:ﬁf)ﬁfﬁfijf\ﬁrﬁﬁiﬁﬁfﬂfﬁﬁ NAA

. - = 125 -
~N ¢ '

12 #Ichu Fimu,PrFLUX PATIﬂsPFEGILFP VAD”U” P"TE’
CRFEALIED ROAT tapyy - T?-fl7.ﬁsnfgo
[F ®ISEF% T Ar 18 0 REBAJLFR VADQHR PLTE 15 USEN FNR AL ©Tarcs
AN CLIOUIR RATES ART CALCULATED RY OVFRALL MASS DRyte e o
CIF RISFES® FLAG [S NOT O INDIVIDUAL STAGE VAPQUR PATET AND | TeiiID
SATES ARF OFA~ pEXT SR : ' S
12252,Cea STRAF vmnaup PATES FRA™ Top To BATTAw ° SAYE Ll

12FsF4Gee  STARF LT1OUIN RATES FROM' TOP TO BROTTAM  ~ - SG15.x

MOTE— TF TNDIVINUAL VAPUUR AND IﬂUID RATES ARE RFAN N TwFv
TMUST VEFP EACH STAGRE IN TATAL MeSS RALENCE + QR = T~ .NNE A SaLHR

CCIF.THERE 1§ AT A MASS RALANCE TUE SIHUL&TJnN WILL »rT rhvwrﬂfr
Tﬁ A (Ac— '[Tu‘f VASS R AMCE ‘ : o ‘ -

1% © MURPHREE VAPOU® FFFICTENCIES FAR QtCTTONS TOPSMIDTLE.SATTOY oo
REENTLFP o ‘ % ‘ L
TR VETHANOL EFFICIFNCY L C ) 3C1%44 !
138 WATER EFFICIENMY | /. S5G615.4 i
CACFTOMF EFEICIFNCY 16 NnT REQUIRED nrrHUQF OALY Two : j
FFFICIFNCIFS ARF INPEPENDANT o
14AsR,Cas LIGUIR CreprSITIONS fACFTﬂNFs'FTHﬂ“ﬁys IATFRY Frp EACH ’*AGF ;
FROM COMDENSF® TN RERAILES - - o 361R.4
**ﬁ*&**##******% i%&#-’f-x—#%#r—*-ﬂ-**a #l--u#*-u- **a****%#*-&*nﬁﬂ MR ‘*x-u-n-w-mu‘ +iHHt-
DECTNITTPN ~ TeRnRTANT Vrplanurs
**********%**%**%*-“-**%‘-**‘*%,H} “‘*%**!l—-&%**%;&lﬁ.***i&*#**}***sﬁ-:1--!!-4-&**%*-#-:&#%1.‘**
’ 9
4
ALETY (JOTAL LINUIR W FROM STAGF(1) (G MOLES/HR)
8OILUP P HEAT INPUT Tn RE3NILER _ (KCAL/HR)
RVII N TOTAL VAPCUR FLOW FROM STAGF(I)} (GH MOIFS/HR)
CONDUT CCNDENSFR DUTY' (KCAL/HR) : :
E€TsJ) MURPHPFE veonle EFFICIPNCY FOR STAGE(I, rompoanrtJ)
FXI1sJ) EQUILIBRIUM CONSTANT K=Y/X FOR <T%G¢t1),cowpomr“T¢J)

FRROP LARGFST FOLCTINN FRROR. RFTMFrm CALCULATED AND DFSTREN TATaL
LIAUID STAGF, FLNY -

-FRROR2 LARGEST FR\CTIPM NIFFFRFNCF qFTwEFM TOTAL LIGUIN STAGE FLOWS 1
SUCCESIVFE COMPONENT MOLAR FLAW CALCULATIONS

FEDC(J) FEED STRFA™ COMPOSITION FCR COMPOMENT() (MDLE FRAC)

FEDFRV FEED STREAY FLAW FRACTION VAPOUR :

FFPR  FEFD STRFAM FLOW RATE (GM MOLE/ZHR)

FEDT  FFFD STRFAw TEMDFRATURF (NEG, CJ « a

" ICFLAG CONVERGENCFE CANDITION FLAG

=0 IF ERRNP GRFATFR THAN O, Oq5 (QONVFPFNCE CALC”QATION Cn‘TINU
=1 IF ERRDRLFSS THAM 0,005 FASF IS TERIFINATED

=0 IF ERROR GREATFR THAN 041 NO ENERGY SALANCE PERFORMEE

o =1 IF ERROR LESS THAN 01 ENFRGY BELANCF PERFORMEL

1F FEED STAGE NOo (NUMAZRED FRNOY TOP OF COLUMN INCLUNTNG covrEnge
1LOOP  MAIN ITERATION LONP MO (ARPOAYMN VASS AND. ENERGY RALANCE ChL7UL)
ILOOP? LOOP ND. FNR MASS PALANCF CONVFRGENCF CALCULATION -

I1L0oPa Nn. OF JTERATIONS COMPLETED WITH ENMERGY SALANCE ct L’ILQTFD

4

INDVAP N, OF TMDERPFMDENT VARIABLFES THAT VARY,\ 'APOUR RATF nmn T
: an EACH. STAGF FXCFPRT TOTAL CONDENSER
15 . SCLVENT FEED STAGE \n.,STAGF% NOD. FROM TOP' IVCLUPING COMDTN

ISEE FLAG TO INDIFATE IF ?”RE INFOPVATIC” IS8 TO RE RFAD N

™
v

iy

iy .
ek



AANNAANYANNAYAANNA

AN

3

oY

= 126 -

. : ) - -

1T TOTAL NQ. OF STAGES, (INCLURFS TRAYS,fONRENSER AMD BEROTLFD)
MC . TOTAL NOe. DF CNOMPONENTS- ’“VDﬁNrNT(1]ACFTﬁVE (21 TTHANOL (21vA -
o) PRESSURF STacr{1) {72 HG)Y. - . i
RERRUT, EANTLFR mUTY: (XCAL/HR) )
RR RFFLUX RaTIp < : '
SE{IsJ) CONMPONENT *CLES FLOMS FAR aT’CE(I)aCO IDCNENT ) (GM MOL/HE)
- SNVC{J). SOLVENT, FEED CoMPNSITIAN Fop C““D”*E”TIJJ (P LE FRACTINM)
SAVFRV SOLVFNT =SRACTION VIPAUR - :
SHVR SCLVFNT FFFN RATE (GM MOLFS/HR) ‘,
SAVT 7 SOLVENT FEFR TFMP (DEG. C) | I
RERS STAGE(]) TEMPERATURE  (DEG. C)
vep INREPTNT VARTARLIS, VADOUR RATF “AND TF“DFRATURF

X{lsJ) LTOUID CCMOOSTTION ST “GELI )+ COMPONENT( J) (MOLE- rF FTIOKJ
Y{IsJ) VAPQUR GOVPQ&;W‘DN‘QTAGC(I)-CQ“P”NC“TIJ) (McLe FRACTION)

. | , . L - . T .
3 . . ‘ . -

~

r****‘#**%*%***%*****#**4***#*%**f****ﬁ*****%****#*****#*###%*#********’

CONaN SR/ BV{aC) R (2015 T{20) a0 {20) S (2Ns2) 9T s [SsIFsrp
COMUNN /REK?/ ER{PC,2) 38010274 2) s SPR(20,31,SED(2092) 4SCR(20,7)
COEVON /BLXA/ .TEFLAGS ICFLAG,TILONORP

COMMON /BLK&G/ X(?0-3lsY(”CoB)sEK(?}OE(?Us?} . L

CAMMAN /Rl KE/ WL(?O)aHV(7Ol,SFfvﬂyq),DnTLUP,fﬁvpv,qﬁv"Lsrﬂnbv,FfDD
TLsFENC{?Y9SCVC (2} sSOVT4FFNT, ~OSNDUT ZRERDUT -

DIMFNSIQN TITLFI(18) TITL’?(]RI;TITLF1(1°‘$£}
1 PL(?O), thzq)q ALI?20)a OVI(20) s S(2042), SO 4
2060)y SEPPUT(3), TSFT(5) : :

RL?{?nls SrDDUT(E]s
7Qaﬂ)s TRLI2C)s VAR

c s ‘ | - )

'(*#****«K—ﬂ-i%********{-%*ﬂ******** **-&-*-i%-s-:‘**%‘#**%%%%*-:=¥'%*%%#%#-ﬁ#{-****%-u-;s 343 3
c . - \ ' -
C READ IN DATA AMD PRINT CUT SAME

o . ) ‘ ' -
PRINT ! : _ . .
FORMAT (*1*v//q=Xs*FXTRA(TIVE DT'TILLATION SIMULATIOM 0F ACETONF,
]MFTHAQHL, WATFR SYSTEM¥s//)

C READ FLAG FN® STTHFR CANSTAMT QVFRHEAD RATE (#CONSTANT PRODUCTS®)
C OR REBOILER CUTY CONSTANT ( QVERHEAD RATE FLOATYS
C FLOATING PF?"‘PUCTS*L 1 5 -
~READ 2, TSET X
7 FORMAT (5a4)

PRIMNT 34 ISET
FOR™IAT [ #45Xs5p84/7)

3 TITLE CAPDS : o A )
READ 44 TITLF]sTITLEE’TITLFo‘ : : ‘
- FOR¥AT (1BA&4) ° . ‘ ‘
CPRINT 5, TITLquTTTLF?sTTTLF? o ‘ ? o
FORYAT {# %1RA4+2(//+1Xa1808)) ‘

ol

pygseerenp -
AMD
REAT 69 NCWIS sTE T : ’ . . _
FORMAT (413} - S . ; .
PDINT 79 NCs15 ’IFaTT . ' ‘ -
T FNDEAT (8 %e /s 3% %CANPANENTES o T11 4755 o 5O VERT TRry LT I S
1#FFFN TRAY Nﬂ.”sfpoquX!*TnTAL Vﬂ- OF TRAY3x,.17) )
S Is1=15-1 . ;

COUBAMENT S s SALVEMT STAGE M., CSED STAAT NN,
TTAL *Ne OF STAGES : 2

b

by

bantha e sl Roranterdd




4

14

1.1

-'\

12

18
10
of

“ FORMAT

" READ B

Fal

e —————— . e

Z 127 -

3

I1SDi=15+1
1F1=1F-1
IFO1=1F+1
RS ERRES!
“SALVENT AT TEYD, ’P\ﬂTInM VARALR ANA (““POCI’7”‘°
PELY R, SPVR, SAYT « SAVEDV 4 (SAVCIT Y« T=1 900
FOfrn PATE TSp, FOASTIAN VARPOYR AMD C~'PASTTION
READR 2, FV“P;F’“l,frDFPVa(FCPC(I)sI—I»“C} '
FresaT (5C19.4)

SAYRV=RAVeRSAVEDY

SAVRL =5AVR=§aVRY

FFOPV=FERRsT=nFnY

FENRL=FEPP-FFTRY

PRINT ©
FNRMAT

1ADCLIP s COVE Y
‘ﬁ’“,’ﬁVT,SCVcPV,IJ0V((1)sl—],nc)

PRINT 11»
PRINT 10

1URSCNP Y *
PRINT 11
FORVAT

1

.

{ *’//1¢X!*FEED STREZAM CHMHITIOMS

1% x,;,,cv,;quvpuT STREAM COMDITIONS

,Cr”P’frhTsF:p:"V1(rch((I)'I“]ﬁNC)

TFEAR T;vch:Tncrs

BEAD 17
FORVAT
IF

Gr TN 1%

SET TF#o Tr LINFA® INTERPOLATION
I=141T

DO 14

[ISEF.EN.") .
RFAD ALL TEWDFRATUSFS TF
(T(I)sT=141T)

s 1SSESTIT)»THIT)
(12+7134422G1544)
oo Te 13 .

( *v/sTi(=X9qG16 59/1)

1SFE I8

1 .

I *TSFEx 1

N

T(II_T(1)+(T(IT}—T(1ll/FLqAT(IT—1)*FLOAT(I*])

CONTINUE

"DPINT 16
(4 *s//y=X1*TRAY TEXPERATURES

FORMAT
PRINT ]10

(T{I)»

I= 1217

READ PRESSURFS

~ RFADN 17,

1F

READ B,

S Gh 01N
SET PRESSURE Tn0 LI“FAR TNTCDD“L“TION

PN 1e 1=1

(ISEE.FN.
READ ALL PRFT
(DfIJs!=l;PTI-

ISEFsP(
)

o IT

11,B(IT)Y

oo T0 17
SSVURES IF

ISEE IS 1

(NEG.

IF *ISEC%

Fy#)

IS e

Plt)= PI])+(P(IT}—D(1))/FLDAT{IT—1)*FLODT(I-1)

CONTIMUF
prIVT 20
FOaRUAT

CREAD IZSEF

READ 12

(n(llo

I"]vIT)

PEFLUX RATIO,
IETF 4 PYLIT YN LUD

(% %9// qy’*TPAY PPFQSUDE§
PRINT ]}{

POTLUP RATE

IF

(1SFFaTN.0

1€ ISFF 1

AN TR 21

READ 9.

{2vI

1
V1=

REAN STAGF
]sIT)

VAPCUR

(MM HGY#)

AND LIQUT™ RATFS

N

AMR RFAQILT

-
1=

(FLOW.TFY e

L]

MHEXT

"y

TemT

(FLcvaEVPgPDFCchﬂ

WDFRLOTION OV

JAPD

i e s e et G

o St



24

25

24

i

7R

20

a0

21

a¥a]

“ap

23

a4

26

=T

37

18

PEAN 8% [PLII)aT=1,1T)

A=) (1) /(
G0 T e
1€ ISFF

crLuLS T

ne 22 T=1s
BVET)=PVI(]
CONTIMLUF
CC 27 1=1»
LRVIET Y=V
ChmTIMHt
A 4 1=1.
SLi) Y =FPRxR
BV(T1=CVI]
CONTTINUE

TNTAL CMDEM

RY([1)=0.0
nO 25 1=2
BLty=aL 0
CAMT I MUE

9~ 26 1=18,

CRL(IY =LY
COMNTIMUE .
ro 27 I=1F
LT Y=L
CANTINUE

DL(TT)-DL(

POIMT 50

FORMAT (% *4//457,

"PRIMT 11s
poInT 20
FORMAT (=
PRIMT 11
PRINT. 21

FORMAT (%
"TORIMT 17

RV(7}—Q[(1}1

To~
IT .
T

1741
) +FFNEV.

131
V(?)/(DD+1.0!
};CthV

SER

1sv1
}

1Ft
FHSOVRL

2 1T
Y+enVYR| +FEDRL

TTU1}—PV(TT]

~ 128 -

OOLRV{TTYRATLLID

¥a/7 68X s %¥MDLAP

ABVITYsT=1-TT)

Bo/ /A EXABVMOLAR
{DL(IJ‘I=1’IT’

STAGF, MURPHRFF VAPQUR

DO 32 J=2»

hi

VAPQUR FLOWSH®)

LIAUIN ELAHSH)

FEFICIFMCFS

READ o, F(1-» J)’F(TQ’J)sF(I:aJ)sr(ITQJ)

CANTTMUE
DO 27 1=2,
DO 33 J=2,
E{l+JY=F(1
Pr 24 1=1S
DO R4 J=2
ElT+0)= E(I

JISLa!

NC

v J)
Pl,IFM]
e

S+ JY -

DO 35 1= IcplvTTHI
DO 35 J=2sNC

CELTe)=ELT
PRIMNT 36

FaJ)

/

EPEFLUY PATIA , POILUP. 2°TF

Y

18 7 UALL VAPOUR RATES £rual AnT TRAY

MASS RALAMNTF

RFOATLER DUTYH)

FORMAT (% *v//oRXv*MUPPPFF PLATF LIQUID FFFICIFMCTESH)

DN 27 J=1a
CEKtJY=0C.0
CONTINUE
DO 3R J=2»
PRIMT 11
CONTITNUE

NC

NC
(E(TsJ)9] IOTT)
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C INITIAL APPRNXIMATION &F LIQUID . COMPOSITIONS
: DO 39 1=1+1IT. ‘ : '
READ B8+ (X{IsJ)sd=14+NC)
29 CONTINUE
PRINMNT 40 . ' :
40 FORMAT (= *,//,nx.*INITIAL ESTIMATE OF LIQUTn COMPASITINANG* )
DO 41 I=1.1T
- PRINT 11 QXE],J},J=1.HC)J
417 CONTINUF :
- C .
C***-l-l-!l-********#**%#***%%*****ﬁ *********************k**%*#%‘- b R R R TR
c .
C MASS BALANCéC;ECTION FROM J. BOSTONS 'AN I»pRovro ALOGR ITHl FUR
C SOLVING MASS SALANCE EQ'N' CeJeCHeEe VOLSGy OCT21972 ,
(il**i******f%***f‘%*{ **#******% MRS FHF R RL Y #*%************#-ﬂ-****.*

C .
C IMITIALIZATION OF TNPUT A\D QUTPUT STRFAMS _
e ‘ i :
" C " ZERO FEED STREAM VECTOR (SF) LIGUID TRAWCFF (vL)} o
C AND VAPQUR DRAWOFF (WV) —NOMINCAT!™E FOIL{OWS THIT STF ARTICLE
C 8Y BOSTON

DO 42 [=1,1T :
DO &2 J=1sNC
SFil,J)=0.0

47 - CONTINUF -
WL{I)=wVI1)=0.0

43 CONTINUE :

C LIQUID DRAWNDFF wL . ' '

C N0 VAPQOUR DRAWNFF, A INTE MEDIATE DRAWNFE !

S WLE1)=8VI2)=PLI1I=FVI(]} :
DO 44 1=1+1T%
QLT = LFY/PL GG

¢ OVITI=RVIT)/3v( Ty
44 CONTINUE
<. FEED SIREAV VECTARS SET FOR FEED AND SOLVENT FEED .

DO 45 [1=1%NC :

‘ CF(IFsI)—FEDC(I)*rFDQ*(l C-FESFRV)
SF(ISaI)-SOVC(I;#F“VR*tl.x -SOVERY)
SFLIF=121)=RFDCIII*FESR#FFOFRY

. SFI{I15- ],I,—CﬂVF(I)uCﬁVQ*ShVFQV
45 CONT ITHUE
DO 46 1=251T*1 |
RLITI=140+WLITY/5L(T). .
RVITI1=104WVIT)/BEVIT) -
46 COMT T MUE .
RLU1)=140+WL(1)/8L ()
RVIIT)=1,0+v{IT)/s V(IT)
DO 47 1=1,1T
TRPLIT )= {T)
47 CONTINUE
TEFLAG=TICFLAG=D

PRINT 48.
48 FORMAT (#]1%)
c ! . . 1
C - INDVAR — MDe £F IPDEPr“CAMT VARIAFLES

IMDVAR=2#(1T7-1}
IF {R01LLUP. F_.,.E) TNDVAR=TMRVAR-]
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: [Lomp==1. :
C 1 . Lo LR A B
c*****}**%&{&-:*ﬂ'-ﬁﬂ*i‘*.*ﬁ-I";-E-:-:l'-ﬁ-*-ﬂ 3% I:--'-ﬁ-}i-'.?i’:***ﬂ-‘}%z‘i*'ﬁ i%'*_-!‘l-ﬁ*ﬂ -}-f‘i:'%%**%{({i-"'-'f%-}i :*."‘('-},**%***

c -

T L MAIN ITTRATICI LOCP FOR. ASS AND fuTHALPY EaLRNCE
< _ | R _
DO BN TRONP=1427 S T L
PRIMT 49, ILOCP ' !
4o FAOUAT (#18s/7351X»%#XXX  LONR MUYBFR#s 1493 xxxxxxyy%xxvxxxxxxvxxx

‘ 9" xxxxxxxxrxxxvywxxxxxxwxyvxxxxxxxxwaXXxvxwvvvwv*,///J
L€ LICUID OVERHEAD PRODUCT CHANCES DUE TS ENFRGY FDLAMCF
' WL(1)~RV(2)~PL(1)—DVl1)-

OLEINEWLIIN/BLOY) . ) R . - .
RL{1)=Y. C+wL (11 /8L(1) _ S :
ITERATION LA7P FOR CALCHLATION CF NFY LINU CONPONENT FLOWS
THIS 1S RENUIRFD BECAUSF EQUILIBRIUM IS A'FUMCTIOM nF LI?UIn
CorPOSITIAN AS WELL AS TEMPERATURE .
IF . HICH ACETONE CONCENTRATIONS °IN OVEPHCAD oponucT f?ErTEF ThRAN
94 PER CENTs THE UPPFR LI“'T FOR ILOOPZ SHQULD .8F INRC CREASFY
FROM 5
UPPER LIMIT OF 8 UOPKS “ITH THE PARTICULAR TrWER CO\DITICWS AT
PRESENT RUT WITH CASES WITH OVERHFEAD PRODUCT GREFATER THAN 94 PER
CENT THE CASE wAULPM NOT CONVERCGE QRECAUSF CALFULATER MPLAR
COMPONENT FLOWS wWnoULD STILL CHANGE AFTER g C\LCULATIONQ N
_ THIS LONP , _ : |
- DO 66 ILOCP2=145 ‘ - , -
DO 56 1=1s1T - ‘ :
ST8L2(1)=TBL(I)
50 CONTINUE

ANnAN A ANANAN

C CALCULATE VILUE NF v (Y/X) . - S v
DO 51 J1=1+1T7- ‘ _ . :
I=1T+1-J1

CALL KVALUFE (X sYaFKeEST(I)sP(TIaTs)
DO 51 J=1NC )

51 SUIvJY=EK(JI*BV(II/RLILY: . : >
C MAIN LOOP TC GET IADIVI“UAL CONDONENT FLOWS

. PRINT 52 A
52 FORMAT (% 4// 85Xy ¥COAMPOMENT MOLAR FLOWS#H)

DO 58 KJ=1sNC
SBl1sKJI=RLITI}I+S(1,KJ)
DO 53 1=251TMm1
: SBIIsXJ)=RLUTI+RVITI*S(14KJ) . _=
53 CONTINUE ' _ : . -
. SBIITsKJI=14C4RVIIT)#5(1T+KY)
DO 54 I=1+:1TM]
_ - SCUT s YI=31T+1sk )
c4 CANTIMUE g : : _
SBDP{1+KJ1=5 13,k J)+ALIT) ‘ - i
SBP(1sKJI=1.0+SROPI14KY)
DO 55 1=2.17 ‘ '
SBDP (T, U)= S(I,\JJ*(PV(I)*SPDP(T~1,YJ)+0V(I\)IQQP(I-1skJ)+PL{Tl
SBP{IsXJ1=1+0+520P(1+KJ) ‘ <. »
55 CONTINUE )
' ) SFD(1,wJ)—SFc1,VJ)/snD:1,LJ:
DR &6 T=241T7 C _ .
SCPI1-1s¥J)1=SC{I-13KJ)/SRFIT-1sK ) :
 SFPUTaKJ)I={SF{IKJI+SFRPIT=11KI)}/SBP(1,KJ)
56 CONTINUE ' : : :

“
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62

43

64

[aNaNals,
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69

70
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Sl CALCULATED — COMPOMENT “ALAP. FLARS”

CL{IT9YJ)‘5FD(IT0’13
SN 27 J-1-IT'] !
I=1T-J°

SL(I!kJ!:SFP{I, J)+’CD(I,¥J)¥“LfT*l’VJ)_

L CoMT I MIE
pD]M, 5C'Dh\E“T "pLAQ-FLOES
PRIMT 11s [(SLUTWKJ)sI=E }T)
CONT I NUE

TOTAL LI“UID FLOw CAL(JLATFU

' D2 61 1=1,1T

TeLtTY=C.0 - Y
DS 59 .KJ=1sNC
TELI])=TEBLII}+5& L(IsKJ)
CONTINUE" oo
mEh LIQUID CO“PO<ITIO CALCULATED
Do 60° KJ=1sNC (
x(I:<J)“QL{IyKJ)/TqL(I)
conNTINUE )
CONTINUE . -
PRINT 62

FORMAT. (# *vffs%Xv*TOTAL LIQbI“ FLQV CALCULANTED®)

PRINT 11, (TEL(I)»I=1»1T)
PRINT 63

FORMAT {*'*,)/,qx,*LtnUID YALE FeACTINMSH)

Br 64 KJ=1sMC

FRIMT 11s (X{TsKJY)sI=1s1T)

CONTINUE

ERRCR2=C.0

DC 65 I= l’lT L
ERPASA=ASCUTRLIT)-TBL2{T) MATELL I Y -
- 1F {ERROR3.GT. Enqhwz) ERPOR EQP“RB
CONTINUE

CHECK IF LIOUID FLOW oM ANY PLATE - AS CHANGED MCRF  THAN

© 0.0025 PER .CEMY

IF CHANGE L=<S THAN C.0025.PERP CENT GET nUT nF LOOE

TF (ERRORZ.LT. .00025) GO TO 67

CONTINUE - IN,THIS LOOP IF TLOOPZ LESS THAN 6

CONT INUE
CONTINUE

CALCULATE STAGE TEMPERATURES AN VADOUR-CprOSITIOMS édOV

SUBROUTIME «VALUE
DO 68 J=1.1T

HAVE TO CALCULATFE FROP nnTTOV TO TGP =EC USF OF STACF EFFICIFﬁ FS

I=1T+1=-J N 2

- CALL KVALUE (X,ngKsEoT(I)aP(I)1]j30)

CONTINUE

IF LIQUID FLOW CALCULﬂTrD WITHIM 1C PER CERT QF PE’IRED
AMD THIS IS MAT THF FIRST t0onn » CALCULATE ENTHALPY HALANCF

(TEFLAG.FN.%+0RILONP.FN.1Y G TD 86

F (ISETAFQ.20HFLOATING PX anucTs YE0 IO
FMTHALPY BALANCF FOR CONQTANT PRODUCT QATE

CALL ENBAL1
¢o TOo 7€ ' '
ENTHALPY SALAMCE FOD FLOATIHG PnnPUCTS

. CALL FENRALZ
CONT I MUE

R

L _:; ‘\
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Do 78 I=2,1IT

S132 -

SET UP VECTOR OF INDEPENDENT VARIABLES #VAR®

- DO 71 I=1-1TM1 _

VAR(I}=T(I41y . - .  °
CONTINUE -

DO 72 1= IT;INDVAR

VAR(I)=BVII-IT+2)
CONTIMUE.
‘CALL SURROUTINE cvep ~CONVERGENCE PROMGOT ] ON-,
CALL CVGP ( [L.0OP3+ INDVARs»VAR3Q31.0E~4031.0F=40)
SET MEW CALCULATED INDFDENDEMT VARIABLES Ttvpspﬁ.uwc AND
© VAPOUR FLOW
DO" 73 ImipITM1

TOI+1)=VAR(IY R S | “
CONTINUE ' - -

IF (I1SET.EQ«20HFLOATING PRODUCTS ) "GO ‘TO 75 . ' .
FOR CONSTANT OV:RHEAD RATE VAPOUR RATE TO CONDENSFR MUST BE CONST
BvZ=8BV{2) . : :

DO T4 1= ITsIRDVAR

BV(I-IT+2)=VAR(T)-VAR(IT)+BVZ T

"~ CONTINUE

GO 10 77

- VAPBUR RATE TOQ CONDENSER JAY CHANGE FOR FLO"TIMC DVFPHFAn

DO 76 I=ITsINDVAR

;BV(I-IT+2)—VAR(I)
CONTINUE
CONTINUE

RECALCULATF LIOUID FLOWS FOR MASS BALANCF
BL(ll—PR*BV(Z)/(I C+RR)-RV{1)

IF (1.EQeISM1) GO TO 79 -®

- BLID)=BV{I+1)+RLIT=-1)=-BV(I}) -

CONTINUE .
BL(I})= EV(I+1)+SGVRV+BL(I 1)-BV(11
1=T+1

"BLlll—BV(I+1)+qL(I 1)+SOVRL=BV (1) -

J=I+1
DO 80 I=J,IT
IF (T.EQ.IFM1) GO TO 81

CBLUIY=RV(TI+1I+8L{T-11=RVI])

CONTINUE -
BLII)=BV(I+1}+2L(1~-1}+FEDRV=-BVI(I) ' ' :

I=I+1 . N o @

IF (T.EQ.IT) GO TO 84 : o ' '
RLUII=BV(I+1)+RL (T~ 1)+FEnRL BVIT) - } : !
J=T+1. " i

DO 82 I=J»1T - | . ‘
IF (T.€Q.IT) GO To 83 3 '
BLOIY=BV(I+1)+8L(1-1)=RV(])

COMTINUE

BV(I)=SL{1-1)-BL{I) - .
GO TO 85 : . -
BL(T1=PL(1=-11+FFDPL- RV(H

CONTINUVE -

ILOOP2=T1100P3%]

- CONTINUE
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"

primT MEV TEMDERATURE, VAPNUR RATES AND 1 1QUID RATES
PRPINT |16 R : ' ‘
PRINT 11y (T(I)sI=141T)
pRIvT 27 o X
PRIMT 11 (PVPIIwI=1vIT}
ORINT 21 T -
- " PRINT 119 (BL(I)sI= 1s1T) , \ -
c #ERRO®® IS, LARGEST FRACTION FERROR NF "THE SUH rF LIOUID PaT:s :
. € COMPARED TO REQUIRED LIOUID RATE .
ERRQOR=0.0
DO B7 1=z=1.1T ‘
,ERPﬁDw—Ansr(nL(Il—ThL(J)J/RL(I))
: IF (SRROR1.CGT. r:RnR) =DPOR==RR0Q1
R7T  CONTINUF ‘
C IF LIfUID PATE CHANAF LESS THAN u.ﬁﬂos CASE HAS ChNVEanh
IF (JCFLAG.EN1ANDLERRORLLT«0.0N5) GO Tn 9n
IF {EIRCRL.LTLLCCIC5) TCFLAG=1 -
C  SET IEFLAG=1 IF ERROR LESS THAN 0.1 - ©
C  MITH IEFLAG=1 FKNFRGY BALANCE 1S CALCULATED DIRING NEXT LOOP
IF (ERPNR.LF.C.1) IFFLAG=}
PRIMT RRs IEFLLA,ICFLAR
a8 FARMAT (= *,//,nxles)
89 colemvr , ‘
C********##*:—***%*****%**%*ﬂ:***':-ﬁ%%#-}*u-&-**-u--wg*%-r.-#*****.***%#%*******&****
C . . '
c FINAL CONDITIAN DRINT QUT

c -
50  PRINT o1 S
91  FORMAT (#1#3//55Xs*#FINAL cnwnxrloms*,//)

PRINT 24 ISET.
PRINT 54 TITLEI: T]TLEZ;TITLFB
PRINT 75 NCsIS»IFIT
PPIMT q . ’
PRINT 11s SNVP,SAVT2SOVFRV» (SOVCIT) 3 1=1sNC)
PRINT 10 : : o ‘ L :
v PRIMT 115 FFDRsFEDTsFENFRV (FENC(I)a1=1sNC)
¢ PRINT 16 : S -
PRINT 119 (T(I)sI=1+1T)
PRINT 20 ' '
PRINT 11> (P{1}s1=1sIT)
PRINT 29 : '
PRIMT 11s RRHEV(IT)ROILUP ' ;
BRIMT 36 ' '
D092 J=1sNC .
: . PRINT 11s (E(1+J)s1=151T)
92 CCONTINUE
: PRINT 3C .
PRINT 11s (BVII)sI=151T)
PRINT ©3 _ _
. e3 FORVAT (% #,//,5X5#VAPOUR “OLE FRACTIONS*) T
- DO ©4 KJ=14NC ' o
. PRINT 115 (Y{I3%J)sl=141T)
o4 CONTTIMUE
PRINT 31 |
PRIMT 11s (BLIT)sI=1,1T)
. PRINT &3 - o . ‘ -
DO 95 XJ=1sNC | . '
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100

101

102 7

103

- . _ - 134 -
OOIMT 11, txtI,VJ},1§1,171
goNTIMUE
roInT o8 - -
FORMAT (% *,//,cr,qucwwrﬂn SRADUCT comDITInws (FpSﬁ;TF”PsCOVD1%)
PEIMT 11, ”L(l)-T(]);(X(lsl)»l-lg?() o
PRINT. 97 . :
FORP'AT (2 *,//,—x,%eorro“ PRADUCT ceriTIOlc (FLOWsTE“DsF“'P)4)
pRINT 11 PL(IT)-t(IT}s(X(ITiI)~I*]’NC1 '

PRINT 98

.

CFPRVAT (% *,//,=¥,*%EDnRATIVF DUTIES#) ‘ '
QEDDJT(T}" L(])""{j“‘*X("]}_ .0):&;‘”_(‘(‘()((1,1)/[1.0-X(1-1))1+IIL(TT)*
1 12.CEX(1T+17-101%ALOGIXEIT 1) /0100=X 01T 11 1) =FEDR* (2. 0%EERCI =T

20]*AL“C(FEDC(1)/(].L-EEDL{1))1"

SEPRUTI2Y=mL111%#(2.0%X{1»2 )—1.nj*hL“G(X(1a7)/(1.07X(]s,)))+EL(ITL#\
{24 CHX(1T, 2)-1.“)%\LOG(X(IT:?)/(1.O X(IT 2)))~FEDR*L7.G+FEDC(?1—].
_EOI*ALPC(FEDC(?)ltl —~FFZCi2¥1a - ' ' - .

sEPRUT (=Wl (1102, C*Y(‘v”)—1.ﬂi*ﬂLﬂG(X(1sﬁ\/(1.O—K(1;1111+PL(TT)*
1{2. C*X(IT;n)—].F)*AL“PKX(ITs?}/(1.“ X172
PRINT 115 (SFPPUT(I)»T=1,N
PRINT SO
FRRm AT {# *,//,cx,*SEpAp»TIVE CUTIES PER MOLE OF CO'nnnrnT FEFDSH)
DO 1CCT I=1.NC 7
SEPDUllII—SCDDUT(I)/(SOVP*Q“VC(I)+FEDR*FCDC(I)]
CONTIHUE |
PRINT 11y (SFPDUTIT),1=1NC0) |
FINAL CORDITINAW PUNCH CUT IN SAME FORMAT £S I<fuT
PUNCH 2s TSET
PUNCH 4 T]TLE’;TITLEZ»TITLEE
PUNCH &9 NCHI1S»IF,IT
PUNCH Rs SOVR1SOVIsSCVFRVS(SOVCIT)»1=1,NC)
PUNCH 8» FEDRsFENT,FEDFRV, (FEDC(I)s1=15NC)

ISEE=1 _
PUNCH 12» ISESsTIL1YsT(ITY
PUNCH 89 (TLI)aI=1s1T) r )

PUNCH 12» ISEESP(11,P(IT)
PUNCH BRs (P{1)sI= 1-17) :
PUNCH 12> 1SEC+RE,BV(IT) 0 SN TLURP
PUNCH &8s (BV(I}sI=1.1IT)
U“CH 8y (BLIT)1=1s1IT)
DC 101 J=2NC S
“PUNCH P» c(]9J))F(T%’J)!:(IC’J)’F(ITIJ"-

CONT INUE \ . ™
DO 1C2 1=1»1T . ) _
CPUNCR B (X(15J)5J=1NC) . , S )

CONTINUE
PUNCH B (SEPDUT(I-]9I=1$!‘!C)
PUNCH 8» {(SEPDULIT)sI=1sNC)

CALL DATE (ADATE) - S /
CALL: TIME (ATIYF) : ‘ '

PUNCH 103 ADLTFSATIME -

FORMAT (2A15) '

sToP o
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ety

coMMen JALK1/ RV (20152027 T (20) 40 (50)s8LI203)» [TH Cy 1S5 1F,2R  EX
CONNON /RLKL/GX (2033572071 2sEXI31E(2053) ‘ R
COMvON'/@LKS/‘%L(?C)sNVJ7C>»SFtpc,q),aolLup,soqu,SnvpL,FEDRV,FEDREM§
JLsFEDC{Z1-SNVC(2)sSAVTFERT»CONDUT sREBDUT L - EN
DIMENSION QUNBAL (2C)s ENTHELI20) s ENTHRVIZ0), DFERVI20Y DEL(2NY ~ EN

C * CALCULATE TOTAL STREA' EMTHALPIES : EN |
DO 1 1=1,1T7 . \ o . EN
ENTHELAT)=ENTLICIT (T R oXETa 110X {15200 En |
ENTHEVE T)=ENTVADITII)aRVII) Y (Ia¥)5Y (152} EN

1 CONTINUE , . S EMN
PRINT 2 I f EN

2 FORMAT (# #4//755Xs*LTQUID STREAM ENTHALPIESH) o o EN
PRINT 4» (ENTHRLII)»I=1>1T) L S o | CENG

. PRINT 3 T o EN

3 EGRMAT (# #9//»5Xs#VAPOUR STREAM EMTHALPTES®) EN

: PRINT 4» (ENTHBV{I)sI=1»IT) T : ‘ EN

4 . EORMAT (% #5/510(5X35G16459/1) . C En
PRINT 5 | o o , : Ex b

5 - FORVAT (% #3//26Xs#FEEN STREAM ENTHALPIFSH*) ' En

PRINT 4» FNTUIQ(SOVT,SDVOL,SnVc(T}vSOVctyl145NTvpp(§nVT,sqvgv.snvcgw
1l1)a50Vc(2)),ENTLIQ!FEoT,FECEL’FFDC(]l,FEDCI?))aENTVAp(FEDT,F:nRV,EN

IFEDCI1T»FELC(2)) S , ENY
"1SM1=15-1 S * Co . _ ENG
1SM2=15%-2 o S ENT-
CIFMYI=1F-1 ' . T \ . T EN]
IFM2=TF-2 - ‘ : . o EN|

1TMY=1T~1 o o - ' o EN

. : . L : : : . Sk
~ SUBROUTINF FaoaLl . : ' : o . _ EROY
p*%&**i'*****‘:-‘!‘s‘ib-i%*ﬂ--t.‘-jr?_*-t“-!!%:%l#1‘!--:-:5&1‘1-'-!&-‘}L‘-r!--;t-?.t-:f!:-*‘-r&-ﬁ****%*-ﬁ-{-&%***ﬂ--!_i--!'e*%-!."‘-"%***%***#**%EN' i
c ST o N - EN~i
C THIS POUTINE CHANGES TOT2L LIQUID AND VAROUR FLOWS TG EN
C PRONUCE At EPTEALPY BALAMCE AROUMD FACH STACE ‘ o EN
C e THIE ENTHALPY PALANCE 5AUTINE PFAUIRES & FIXED. QVERWFAL PRATUCTEN l
c AMD REFLUX RATID L B ¢ - EN
C - ' . N = : , EN I
C AN ENTHALPY PALANCF IS CALTHLATED DOWN THE TOWER FROM THE T2FP  EN ;
C VADRUR ‘RATE OF TRAY(J) AMD LTQUID RATT ON TRAY "(J-1} RECALCULATEN |
C USING ENTHALPY ZALANCE . P " : ‘ EM i
C METHOD AS DESCPIEED BY C.Js KING *SEPARATION PRCCESSES* En A
C PG 334 - o : , ’ : o " EN
C WRITTEN BY D.L. NNEILL JULYs 1974 . ‘ CEN
c . . S S , E EM
-C. DEFINITICN QF MAJA® VARIABLES : ' . S EN T
€ =THIS LIST DNES NOT IMCLUDE VAPTAALES PEFINFD TN THF MAIN ' EN Y
C PROGRAM *TCWER¥ ‘ ’ : o o EN
C ' o . - e L ‘ : . EN S
€ DEDV - STAGE ENTHALFY BALANCE (INPUT-OUTPUT) CHANGE 'IF INLET VAPOUR EN
C .~ RATE AND NUTLET LIQUID RATES ARE JNCREASFD 8Y 1 M VOLE/HR M
C DEL STAGE LIQUIC .RATE CHANAGE REQUIRFS. TG~PUT STAGE INTO ENTHALPY, EN g
¢ ENTHEL{T) TOTAL ENTHALPY (K(AL/HR) OF LIQUID STREAM FROVM STAGE(T)  ENT
¢ ENTHEV(I) TOTAL ENTHALPY (KCAL/HR) AF. VAPAUP STREAV FROM STAGE(TY. EN
C FEL TOTEL ENTHALPY (CCAL/MR: 2F LIAUID FRACTIOM CF FEIM STREAM Fa ]
C FEV TOTAL ENTHALPY (KCAL7/SR)-OF VAROUR FRACTION OF FEEDR STREAM TOENT
¢ OQUNBALUI) STAGF(lY SNTHALPY PALANCE  (INPUT-QUTOUT). {KCAL/HR) - EN -
C SEL. . TOTAL ENTHALPY (KCAL/H®) OF LIGUID FRACTION OF SCLVENT STEEAMEN -
C SEV °  TOTAL ENTPALPY (KCAL/=F} OF vunote SRACTICN OF SOLVENT STREAMEN |
C TOTE TCTAL E™MTHALRY AF FEFD Ap73- SPLVFNT STREAMS ‘ EN ¢
C - : o ' EN
(‘*%**H****%%****#**%%%-::-%4!--!-**4!-%-i’-%.'--:?**-h—5#****-&%**%‘***?*%****6**********#**5N

[
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'QUNRAL(*1—=NTH=V(?)—FNTHNL(1}— NTLLQ(T( )serws-X(1,1),X(15?)) . EM
CONDUT=QUNRALI(]) -, Ei
: CALCULATE CHANGE IN TRAY FNTHAEEY BALANCE IF INLrT VAPCUF ?ATE £EN
TN STAGE AMD ~UTLEY LINUID RPALE FrRow %TAGF {NOTE. STILL-TOTAL ENM
VASS PALANCE) TACREASED Y 1 GM MOLF /' He : En

0O &6 J= 7,11 1. ‘ JEN
DEDV(J)—FMTVrptT(J+1)s1.»,YIJ+1-1),Y(J+1o?1)-=NTLIﬁ(TfJi;] CaXlJs RN
115X (Js2)1 : . A S , EN
CONTINUE ' . , . CEw
PRINT 49 (DcDV(J)’J 1.1Ty . _ T i
CALCULATE TRAY HFAT UNBALANCF - - L . ' E'hd
SEV=FENTVAP(SOVT,S OVQV;ROVC(})»%OVC(?))‘ - o CEM
IF §1SM2.LE«1). <0 TN g - . L Em
DO 7 J=2,1S5M2 ' o S ' T : - EN
QUNBAL (J)= ENTH=VtJ+1)+rmTHELt1)—FNTHBVtz)—fmTHaLtJJ ‘ EN
CONTINUE- . ‘ ) - EN
“BF (ISM1.GT.1) GC T0 9 - ' ' S - EN
0UNPAL(1)_9UNEALt11+ENTVAP(SOVT,GOVRV.SOVC(1,,sovc(z,) : ENg
GO TO 19 . EN
OUNBAL(ICN1)55\THBV(IS)+EVTHRL(1)—F\THHV(z}— NTHBL(I%¢1}+GFV ) E My
SEL=ENTLINISOVT+SOVRLsSOVC{1)»SOVC(DYY - EN
C QUNBAL(IS)I=FNTHEV(IS+] }+ENTHRL (1) +8FL+SEV = FMTHHV(7)—_NTHDL{IS) EN
ISP1=15+1. . X EN
IF (IFM2, LT.I5P1) GN Tn 12 L C . _ IS |
DO 11 J=ISP1,1F¥2 - - o . EN]
. QU&PAL(J)-ENTHQU(J+I)+thHPL(1l—FNTHRV(2)—E“TFRL(J)+SCL+SFV _ ENR
CONTINUE _ " CEN
FEV= EhTVAP{FEDT,FrDQVsFEDC(l)sFFDC(Z)) o - En
FEL= EMTLIO(FEDT FEDRL» FFDC(I);FFDCCZ))' . * EM
TOTE= FEL+FEV+SCL+SFV : ' g . EN
" IF (IFM1.LE.IS) GO TO 13 ' “EN
'QUNBAL(IFV]i—ENTHHV(IF)+ENTHBL(})—ENTHBV(Q]—ENTHBL(IFM1)+FEV+SEL+SE:
1EV , . EN
IF (IF. LT IT) GO TC 14 , En
QUNBAL{IT!-ERTH“L(1)+TOTF ENTHPV(Z)—cNTHRt(IT) . - EN
GO T9 16 ' EN
QUNBAL(IF)= ENTFQV(IF+1)+FVTHFL(1)—FNTHQV(?)-ENTHBL(IF)+T“TF EN
IFP1=1F+1 w ‘ . EN
DO 15 J=IFP1ls17%1 : ' EN |
OUNBAL{J)_ENTHBV(J+1)+ENTHBL(1)—FNTH°V(7\-FNTHBL(J)+TCTE= o EN
CONTINUE ‘ - . EN
QUNBAL(IT)= ENTHCL(1)+TOTF FNT#RV(2J—ENTH=L(IT) : - EN
CONTINUE i _ - .. .« EN
REBDUT==QUNEBAL ( TTY : - ' : : . EN
'PRINT 17 : S : EN
FORMAT (% *,//,cx,*HEAT UIPALANCF‘s INPUT*OUTPUT*) o N
PRINT 4 (DUNBAL(J),J 1+1T) : : ENn
CALCULATE LINUIC CHANGE TD EACH STAGE REAUTRED Tn "RTAIM £
ENTHALPY BALAKCE : EN:

- LIGUID RATE {HANGE=- HEAT UNPALANCF(KFAL[HP) , INCREASE [N HEATEN.
‘PER UNIT- INCREASE IN INLFT VADOUR ‘RATE Eni

DO 18 U=2,1TM1 : | En|
rrLIJJ--ouman(JufnrDV(J) . . ' o . . EM:
‘ CONTINUE . _ ' En'
CCALCULATE MEW LTOUID AND VAPOUR RATFS : B -~ Enf

( ALL LIQUID RATE CHANGES ABOVE TRAY(J) AFFECT TRAY(J) LICLID REN!

DO 19 U=2,1TM1 S EN:
BVIJ+11=BV{J+1)+DEL(J) _ . | : EN
. , . . ) . N o - 1

{




19

20

21

PLlJi-ﬂL(J>+ﬁ=L<J15

CONT I HUF
oRINT 20

PRIMT &»

- PRINT 21

S137 -

.FORVAT {* *,//’RX»*'OLAR VAPOUD
SBV(J]:J 1:1T)

FLOWS*)

FORMAT (# %, //'“X!*VOLAR LIOJID FLOWS*

PRIMT 494
RETURN
END

{BL(J}»I-I’IT!

o™

&p

ENT

ENT

TN

ENT
ENC
ENC

CENC
ENJ

ENG 7

BN

e Tt e b e -
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§PBROJTINE EnBAL2 L S . &N

‘C*******f**w%*********%**%****%**m**ﬁ*§*%%**ﬂ******************%***%&*%*EN

C

EN
P*************%***ﬁ************3*&%##%**********%ﬁ#********“&*#*%**%:&**CU

COMMOM fRLKY/ ﬂV(?O]’RL{?O)JT(”O)9P(7n)nql(7011]9!T!Vf 2R TF PP Fr

COMMON /BLK2/ IEFLAG,ICFLAG,ILOOP . EN

COMMON /BLK&/ X{2053)5Y(2033)+EX(215E(20,3} . EN
_CAMMON /RLKR/ WL(PCryWVI20)sSFI205315R0TLUR SOV SRV »FFORV, FELREN
TLaFEDCIAY»SOVEI2) »SOVTFENT , CONDUT,RFRDUT ~en

DIMENSTON DVAT(20)s FLFESDL2), FLVAP(2)s FLITQ(2), CV{27)s CLU?0)SEN
1 AUMRAL {201y FMIHRL{20) ENTHBV{ 2N )" DELT(77) s DFLVIZ0Ys DFLL{P7) £
LFAST SOUMRE FIT nF VALUES OF. K {Y/X) FOD ACFTAMNE,vFTWAND .. EN
ANT WATER _ en
nc<?tTc,X1,x?)—¢xn(a.D=ﬁ 1046, n/(TC—a «DV4PINE/ITC~tR, ﬁ)#*p+ﬁ negREN

IX149. 15%X1##2-5, OR2#X2+2 CETRRI#¥D =~ =271.5%#X1/{TC-45., P]+r6.1?*x7/(TCENu

?2=454G13) - ' EN
QHFK?(TF’X]vX?i-FXP(q LED= 9’1.‘/(TC -45, P)+?°1° “/(T(—f—.ﬂ)**’ L2 TEN

o .

c T CEN. -
C . /’;?:SZH S ROUTTME CHANGES TOTAL LIQUID AND VADOUR FLOWS To. . ' . EN
C o/ \ PRODUCE AM ENTHALPY RALANCENAPOUND FACH STAGE " EN
C. THIS ENTHALPY PALANCE ROUTINE REGUIRES FLOATING PRﬁhUCT RATFS EN
C AND CONSTAnT PFFLUX RATIO AN GIVEN BOILUP RATE - . EM
C . PR REBQILFR HFAT INPUT ‘ . EN
C : & R . EN
C THE ENTHALDPY HALANCE 15 ADJUCTf“ APOUND - o EN
C EACH STAGF 8Y CHAMGINA THT, VAPOUR AND LIQUID RATES .. . EN.
. C -FROM THAT STAGF ‘ | . g
: C ' METHAN AS NDFSCRIRED .RY HANSON ET AL. :19521; METHOD I 1 EN.
; C WRITTEN BY DoeLe ONETLL . JUNE»1974 - ' ' . EN
, C . <t ) , EN.
"~ C  DEFINITIOM OF VAJOR VARIABLES ‘ L : EN
C -THIS LIST DOES MOT INCLUDE: VARIABLES DEFINED IN. THE MAIN EN
] C PROGRAN *TOWER® L EN
L C - ‘ L "~ EN
»C BT " TEMPORARY LIhUID RATE FROM HYDhThETICnl FLASH PRNCFSS EN
... C  BVT TEMPORARY VAPQUR 'RATE FROM HYPOQTHETICAL TLASH PROCFSS EN
. ¢ Lt CHANGF IN LIQUID ENTHALPY WITH A1 DEA INCRFASS 1% - EN
; c . STAGEtJ)Y TEMPERATURE _ . EN
- C  CV{J) . ~ CHANGE I[N VAPNUR ENTHALPY NIIH Al DEr INCREASF IN : Fi
. c STAGE(J) TEYPERATURE. - - EN
-4;,Fxc‘ DELL{D) CHANGE IN STAGE(J) LIQuUID RATF TO PRODUCF AN FNTHALPY EN
R & . BALANCE EN
: C DELT{J) CHANGE IN STAGE(J) TENDEQATUQV TO pRnn CF AN EMTHALPY" - EN
; C. BALANCE - EN
- C DELV(J) CHANGE IN STAGE(J) VAPOUR QATE TO PRONUCF AN ENTHALPY EN
, Co . BALANCE [ PFLVI(JY==DELL{J) ). EN
; C DVDT(J) DERIVATIVF DV/DT - CHANGE TN V.APOUR RATE PER UNTT . “EN
N CHANGE IN STAGE(J) TFYPERATURE S . EN
: C ENEW TOTAL ENTHALPY OF. REROILER VAPQUR ‘ EN
. ¢ ENTHBL(J} TOTAL LIQUID ENTHALPY FROM STAGE () ‘ CEN
: ¢ FNTHRVLJ) TOTAL VAPOUR ENTHALPY FROM STAGF (Y EN
'.C FNTLT TOTAL LIOQUTD STREAM FNTHALPY FROM HYPNTHFTICAL FLASH PROC EN
¥ C ENTVT - TOTAL YAPOUR STREAM ENTHALPY FR0,HYPNTHETICAL FLASH PRAC En
i C .FLFEED(13 TQTAL COMPONENT(I) FEED TO HYPOTHETICAL FLASH ° EN
‘ C _ FLLIQUI} COMPQNFNT(I) LIGUID RATF FROM HYPQTHFTICAL FLASH EM
5 C P(1) COMPOKRENT(1) VAPCUR RATE FROM HYPOTHFTICAL FLASH EN
| .C QUNBALYJ) STAGE(J) ENTHALPY BALANCE (XCAL/HR ) sINPUT- OLTPUT EN
L ¢ TEmp HYPNTHETICAL PLASH PrCESS TEMPERATURF . © EN
i€ VNEWS CALCULATED RFROILER VAPNUR RATE , En

o
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17*Xa*9.“A*x583r+=.av1*y5+0.aj5u¥1*#o+ac.F14w7/k1c—aé.rmevaa.avx1/(F“
?TC—-’-&':.-"} ) . - . T a o \ ' ’ - ' . . Eh:
'NTKZ:TC,x];X’i:FxD(?.P“%—!°?-‘/(IC—&9.C)¥R5 DB/ ITC-45 N BRD =41 PEREN
;xq+1.q:o*xﬂ4s¢+v.gn5*xw+ﬂ.171°*X1**?+1a.?=¥311LTC—5=.01-1a.R?"XITfEV

2TC-4%401) . ‘ . . S : - EN

C CALCULATE STREAY ENTHALPIES . . __ €N
N Iel. 1T - _ . AT - : En
‘F”T“ﬁL(I):FYTLIﬁ(T(I)wPL(}JsX(F;TI}XLI’?)H o ‘ ) S e

EHTPﬁV(I#:T”TVTD(TIT!aQV(II;YII.1)3Y11s3)3*/ ' ' L LUEN

T CONT TMUE _ - : ‘ : : RN

¢ . 1F EOILUP (REEATLER HFAT INPUTINIS ZERO V'SE OLD REROILER . EM
C © . VAPQUP RATF . R o B
1IF (20ILUPLERNGNO) GO TO 2 - TN ; ¢ EN

¢ . -~ CALCULATE NEW RFROTLER VAFOUS RATE ay/gz;pktpw.nnancs- - EN
- ENEW=ENTHRLIIT-1)+POTLUP=ENTHRLOTT) , _ ' ‘ BN

IF (1T.FR.1F) FREG=ENFW+ENTLIQIFEDTSFEDRLIFIRCIT,FERCIRT] - EM
VMEW=RY(IT)/ENTHOYLTT) #FMEY , L B . o En

‘ EMTHEV(1T)=VNFU/RVTTI#FNTHRVITTY R S

C RESTRICT VAPOUR CHANGE TN 10 PER CEMT. . | ; ) TN

: IF ({BVIITI-VNEYI/BVIITI6T010) YREM=N %y (IT) . EN

IF ({BV(ITI=VNE®)/8VITT) LTe=0.17) VHEW=) 1 2PVLTT) N

: RV{ITI=VNEW : . - CT - EN

> . CONTINUE : : E M

o CARINT 7 4 R b
Ta o FORYAT (X #,//4=Xs¥LTAUTD STRFAM FNTHALPTES®) . | RN
ORINT B4 (EMTHRL (1) T=121T) _ ' : €

pRINT & ' % . | : : N £

Lo FORMAT (& #2/7+5Yy#VAPDUR STREAM EMTHALRPIES) - B >
, PRINT Sy (ENTHRVI1)>I1=1-1T) ) . ' CE*

5 FORMAT (% #5/517(5Xa5G164557)) _ : g - £™
. IsMi=18-1 C e . _ ‘ - . Et
S~ ISMP=IS-2 T Lo ' N : | ' £~
IFMI=1F=1 : | ' ' E*

~ TFM2=1F-2 : g*
TTMI=1T-1 | ' _ , . EA
DVDT1=1.0 . _ . . ‘ £

C - ’ . : \ EF
éﬁ?-y‘ CALCULATING, VAPOUR RATE CHANGE PER DEGRFEE® OF TEMPFRATURE {(DVDT)HE!
1 Do g J=2.1T%] o o :
TEMP=T(JY+1.0. T '
PWDTLJI=RLT=RYT=",0 |
FREII=ACKD (TEMP,»X{Js1)sX(Js2))
EX(2)=RMEK2 (TF*P X (Js1) X152 )
FKL2) =WTK2ITFMP.XTUs 11 eX(Ja)) L :
c - ' TAKF OUTPUT STREAMS FROM STAGE{J) AND CALEULATE ENTHALPY
c CHANGES [f THFY WERE PUT THROUGH A FLASH PROCESS AT A
c TEVDERATURE 1 NEGREE HIGHER THAN THE STAGE TEVOERATUR®
~ . i

. —> >

Do 6 T=1snC : : .
c CALAR COMDONENT T FLOW NE CTRFAMS LFAVING STARF J

o ELESEN(T1=FL{IY#Y (e T 1PV LIIRY (U5 T) ‘ ) .

C  vDLAP COVBNNEST FLAW ~F VARCOUR LEAVIMG FILASH RROCFSS AT #Tfupx
FLVAD{TIZFLTESNIT)I/Z{BLIN/(BVIIY#EXET) ) +7.0}
DVET{JY1=DVET{J)+FLYAP () :
FLLIQ{II=FLEFENTT)-FLVAPITY®

T TeaLTHFLLIO(T! o
RYT=RVYT+FLVAD(T)

[ e s e B R AN M oMM mmmmmaim mm

4 dalih S IR : , ' . ,
. C CALCULATE CHAMART T TATAL VAPCUR RATE WITH ~ 1 DEGa. IMTRFASE IN
‘,-?‘o . . . .
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NaVaYe

11

B

13
T4

15

TA '

17

<y

10

= 140 n: — .r - — :. ___A- . - . '_ . L e — "
STAGF: TFvP ~ " ; : : ‘ EN
DVDT{ Jy=nVaT () =2V( ) . ' ‘ . : EM;H
IF #DVRT# 1S NOT POSITIVF THFQF 15 “ONFTUINF HRONA C N
THERFFNRE. USE LATr%T nvDT o _ ' , En
IF (AVRT(J).rT.C.0) G0 TO 7 : S ' o FM
AYT=0V( J1+DVNT] f S ' ‘ ' Ew |
BLT=RL (LJ¥-DVAT] , . . o ‘ ' ooen
DVDT (J)=DVDT1 . R - e ' EN
DVDT1=0VDTI ) - ' L ' EM -
TOENTLT= F“TLIO(TF‘P;RLT,X(J’1)sXFy 2 r 7 !l ; . EN:%
ENTVT=ENTVAP (TEMDLBVT oY (U1 1aY(Js2)) - - EN
CALCULATE SNTHALPY CHAMGE FOR LIQUID AMND. VAP”UP STRFANS o 'Em-l
pPFR 1 DFGRFF CHANGF OF T¢VD=RATURF CEN }
V) =FNTVT=FNTHEV ) ; ' . S - N
CLEJ)-F‘TLTfﬁN HnttJ: - . S T : EN i
CONT I MOF S : ' : En
CVII}—CL(1l-CV(IT]-CL(IT}-l 2 - ] : "EN i
DVDT(ll‘DVDT(IT)-C o : : . . .. EN-
CALCULATE HEAT UN%ALAMLF (QUNRAL ) FOR EACH TPAY S EN §
IMPUT — AUTDOUT En |
oU\ﬂaLt1)—FNTHDV(om-FNTunLt1)-FvTLro(T(11aﬂLt1),X(w,wa,X(w,am} o
CONDUT=NUNRAL(T) _ - CEN j
IF (ISv2.LE.1) 30 TO 10 J . - ER
DO 9 J=2+15M2 - o ) - EN
DUNBALLJ)_ENTHRV(J+1)+ENTHBL(J 11—-NTHEV(J)fEHTHBL(J) - : EN
CONT INUF i - . EN
IF (18Y1.GT.1) GO TN 11 . o EN
QUN“AIt11=”UR°LL{1I+FNTVAP(QWVT,QOVHM,SO“f(119 AVCIEPY ) ' En
e TO 12 ' Ea
QUNPALIISN1IRENTHDV(I§)+FNTHBL(I<V?J—EMTHPV(ICN1)—FNTP”LII§M1)+VNTE\
IVAPASCVT » SCVRV SNV (1) SQVCIP) ) En
nurQAL(rsu_EnTH"wtrs+11+rMTHRLtrsvwu_erngt's);ENTkQL(351+r TLIQUEM
1sovr,SOVRL.sqvct11,qovc(ﬂl) ' ' : _ £M
ISP1=15+1. : . . o EN
1F (TF#2.LT.1SP1) 60 TO 14 . , - B EN 3
DO 172 J=1S8P1s1FMp : EN
oUNanL(J)—FNTantJ+1a+rNTHpL(Ji11-=mTHthJ1- FNTHRL ) ’ EN
CONTINIIF . , _ EN -
IF (IFM1.LE.IS) GO TO 15 : EN i
numRALttF~1a-ENTHPV(IrH1+1)+FNTHRL(IFM?)~ENTHEL(IFU1:— CMTHRV(ITFEMIIEM |
1+ENTVAP (FFDTSFEDRV,FEDC(T)SFEDCI)Y . i EN
TIF (1F.LTLIT) GO TO 16° | . EN
QUNBAL(IT)=ENTHPLITIFM1)-ENTHBVLIF) fﬂTHELt1=)+EnTLrotrrnT,FFnRL SFEEN ¢
IDC(1YFEDC(2)Y) . _ S . o ‘ e
6o To 18 . . el
QUN%nL(1F1-FMTH=V(fF+1:+FuTHELrIFM11-EMTMRV(1F1-F~THDL(rr1+erLic<FnT
IFEDT,FFD?LvFFnctl)stDC(?)) ' . En |
IFP1=TF+1 "~ - _"- . EN
DO 17 J=1FP1s1T™] T | En
QUNRALtJm_ENTHqV(J+1)+FNTM%L(J 1)~=~THPV(J)-rmTHaLtJ1 £
CONTINUE . ENF_
CQUNRALT(IT)= FNTHFL!TTV])-FFTPDV(IT)—f“THPL(IT1 — ‘ Freol
CONT T MUF, . . . - £l
.prDPUT——ﬂUMHALtI - ' ; S ‘ “’/?\U*
PRINT 19 - ' A EN
FORZAT (% %9 /72X HFFED STREAMY ENTHALDIES®) > ' S M

Gy FNTLIN(SOVTSOVRLSAVO11350VCI2) ) o F 1TVADf'ﬁVTs”“VTVv?“VCE“:
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1(1)sSAVC§’)1|:NTL'n(F “TsFEPOL F= DC(‘)gFrﬁC(7))gFNTVAP(FFﬁ;,C"“PV,E”

PFFNCITI+FFERCI2) ),

D'*"tIT ? ) . . R

EAR AT (% Ta//aTXe#HFAT UMRALAKCFE y - INPUT=QUTPUTH)

PRIMT &y (TUMBALITISI=151T) ‘ e oo
CALCULATE RENUIRFD CHANGE 1% [T20€ TEMPERATURE, LINUTL AMD

wePaUR DATES FOR STAGF ENTHALEY OALANEE

\nTE STAGF 577TLL 1M TOTAL !AS‘ RArLARTE
NE 2T J=2.17M1 K
ﬂrLT(Jl—OHN%ﬂL(J)/(’V(J)¢CL(J11

NELVIJ)=nVRT I #nEL T ()

DELL I ==DELVLD)

CONTIVUF ; E

D“LV(])—“FLL(ll— FLT{11=CaC

DELVIITI=SELLITIT)=RELTIIT)="u 2" ‘ B e
REDUCE VARQUR (AND LTAUIDR )} BATE CHAMGE ’Y f. F‘C?CQ C? 2
1F RFAUIRED VAPﬁbD RATFE 1% GROATER THAN IC PER" CEVT

Do 25 1J=1530 :

ne 27 J=p,1Tw1- . T

¥ (ASSIPFLV(J)/RVIJI1.GT.0418) 6n T 22

CONTINUE v \ .
VAPOUS RATE CHAMGF IS WITHIN LIMITS ,/
GO To 27

6 VAPOUR RATF CHANGFS GRFATFR THAN 10 PFR CENT REDUSE CHAMGE

. RY A FECTOP OF D

DR P4 =211

DFLVIJY=DFLV{J)=0.F

DELLEJY=PELLIJI* D5

DFLT(J)—DFLt(J!¥C =

CANTIVUF . .

CONTIMUF o o ot

PRINT 26 v

FORMAT ([ 4.//,qx,*vapouq CHANGF IN ENRAL TOC HIGH*)
VAPQUR RATE 'CHANGES ARF ANDITIVE FQP" THE ROTTOM P

DN PR J=2,1TMT -

K=1T+1-J
DELV(K]RDFLVIK)+PFLV(K+1)

CANTINUE

NEW VAPOUR RATES

CALCULATE NEW VAPOUP RATES

Do 29 J=241Tv]

BV {J1 =RV (DIYDFLV ()

CNMTINUE ~ . ) 7 .

. CHANGF LINUID RATES FNR MAE® PA| ANCE
DELL{1)=RR#EV(2)/(1.0+RRY-BV(1)-RL{1)
AL{1)=8L(1)+DFLL L)

CALCULATE NEW LIQUID RATES

DO 30 J=2+1TW1

RL(J)=8L () +DPFLLIT)+DFLL L) . S

ADD LINUID ©ATE CHANGFS FRAv STAGES ABNVE STAGE(J)
DELLI1)=PELL 11 +NFLLEY) Rnu/ ' '
CANT TNUE

CALCULATE NEW BOTTOM PRODUCT RATF
BLOTT)=PLAIT¥1)-BV(IT) :

1IF (1F FRaIT) ALIITI=FEDRL+PLUTIT)
NEW OVERHEAD RATE TS CALCULATED IN PROGRAYS = TOWER*
ORINT 21 -
"FORMAT (. *q//‘=xs*MOLAR VAPOUR SLOVIS®)

& .

EN
En

Sh
En, -

©EN. .

SN
EN.

CENO
EN,
Ef
EN,

SENC

EN
EM
EN
EN
EN
EN
EN

EN.
EN .
EN
EM
En
EM
EM
EN
E?:
En
EN.Y
En
CEn o
En .
En
EM .
Ep
SEN..
EM.
En
EN
En
EN
EN
e
EN
EN..
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PRINT 5%
PRINT '37
FORMAT

CPRINT S,

RETIHRN
ExD

LRVETY31=151T)
3 %,//+5Xs2#OLAR LIOUIN FLOWE*)
(LTI s1=141TY o

.
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*********#*****%*#*#****#*****i&***%***#***%*#*1“%**%**#%%#***%**%&“**#K\3
COMANN JRLK YT PV(?O)’RL(701,T(po),p(20}’SL(7".1}vIT,“C,I%sIF,DP r‘?
CAMMON /BLK?/ TEFLAGS ICFLAGILOOD <‘1
DIVMFMSTIAN A{2)y R{2)s {2}y AA[2} oR{aly rf(ﬂ). X(pOyﬂ), CRAML D g 3K

Yy ACT(2)e LAMI2472) Y{pNa2)y V1> VVI(2)e F{2792) Fr {2y~ TFRY () L]

Q2

e NaRala)

o SRR T ]

SURRNUTINFE XVALILF st’EK.E T1'PT-IﬂsITYPF}
r********%#*%%ﬂ5&*%%%%*%*{% %%#**********#**&*%**u¥**##}*#4*%%**#*v%%{*¥vu
. - QU
DRIGINAL PROGRA! WRITTFN BY T.H.POFFMANoAPRIL’1°73. R 4t
'\rTHo“ OF [TER-TICN REVIETN PY W.DaJACKSON,APRIL.1973. KA
CHANGFP FROY WILSON T0 EMTHALPIC WILSON RY N OM?ILLs”AQCHsJQTA. K\
’ 4
i _ -k
“URPHRFF FEFICIENCY I“CLUDED JUNE 197&. ' ) K\
‘FFFICIF”"CC FOR DIFFFRENT covPONENTS CHPNGFD er,107q Ry
SR )
EFFICIENCIFS DISCUSSION PGe 537 #SEPARATION pRocccsrs* : 4%
Cods KING : : . QY
FAR THF LicuIn Tn BF aT SATURﬂTION TEMPERATURF : K\
AMLY (NG = 1 ) (NC=MGe OF COMPONENTS) FEEICIFNCIFS - . B K\{
CAN AF- SFT - s %
' o . e
RINARY. DATA! chFFICICwTs FROM S. BRUIM I““ ENG. CIIEM, FUNT, K\a
VOL. @ + NC. UGUST 197C» PG. 305 o K\
TJHIS. QUP?“UTIFF CALCULATES THE EQUILIRRI'M VAPOUR COMPOSITITM <\
OF (AN ACETONTMFTHANOL-WATER “IXTURE GIVFN THE PRESSURF: KA
( " HG ) LINUIG CAMPASITINAY AND IMITIA ESTIMATE nF THE ¢
FAQUILIPPIUM TFVPERATURE [ DFG. C 13 K
USTMG MURBHRFF VAPAUR CFFICTFNCIES F—(Y(JI—Y(J+111/(Y(J)* L4
-Y{J+11) Kl
THE .NON-ZCUTLIBRTUY VAPOUR COVPGSITION 1< OLTER‘IRFU Ky
THE FQUILTERIUNM COMSTANT FX (xy =Y/X K
1S THEN C2LTULATED FCR FrCd CAMPONENT : K
THE RFSULTS =RAM THIS RAUTINF HAVE REFN CWECKED WITH. oK
FXPERIVENTAL FAUILTRRIUM MATA AND IS AT LFAST WITHIN KA
+ MR = C.08 “OLF FRACTINN OF THE EXRFRIMENTAL AND USUALLY - K\
MUCH PETTFD _ _ , L KA
. ‘ ¢

DIMFNSTION ALP{3572) n1p1(ﬂ.=,ad, SUMGX (3) €
RFAL . LAM gl
DATA AA/5649622+21e795+9272.8876/4RB/8. LESEE—7344950TE="s=3e6425 =2/ 91

1CC/1065F-4156RE~596e856E=-5/ - €
DATA A/7e02647+7«8786317«06681/3R/1161491472211526A%, ﬁ]/,C/zﬁr.,zﬂw"
1no$?2F / . : .(‘:
DA 1 T=1,MC ' . ' o - \ .Y
I'_S (I“.FQ-ITI TED"[I)=X(IM’I)‘ . - . _ "K\:A
TE (IMJNFLITY TERMET)=Y(TVH1sT) o ' Lony
COMTIMUE - - . K
TK=T14+273.7 o : .' . AN
LAMI152)==21Re0h6 . . , . N <
LAM{?57)=RL6.007 _ . - ok
LAM{ 193 ) b6 4R o : ' K
LAMI2+1)=21186.474 AR g ‘ : - K“%
LANM{Dy2)==-2084750] l¢‘ ks
LAMI342)=8T] 2070 - ' , v“l

FNTHALPIC WILSAM FRUATINN T PRENICT V“P"”“ S FQﬁfTI““_I“ TAUIBPRE

WITH GIVEN-LIAUIR CONCFRTRATINAN K vy
RINARY COFFFICIENTS FOR WILSON rOUATIﬁNvVAPﬁUP PRESSIPE ANTATNE - W
COFFFI(IF“TS“‘MP LTOUIN MCLAR VOLUMES FROM  ° ° €

"

2. 1

]

L

-

oy

atlis,

-~




"y

]

(2

~143 - {
. : ' 1
LCETANE =T e “FTHISAL —2,WATFR =2 vy
Te1=TYr=0.0, . - : v
Ny 1Y 1Y =1.1TYDFR . ) , : - vy
TR J=T47 i . o ' KV
FR 2 i=147 : _ ' 14
IT {1eFRedY A0 TN 2 - 'K\f|
TS EMP LAl 1)/ (1208TRTH Y Ay
YIJI=Aa i) {To (400 (T #TR Ly
YV (T I=£A LT {00 (T )ar (1) xTV 8Ty 'Y
nLV(T,l1-V!'l/VV'I}*F’ : Ky
CANTIMUR ) KV 1
_f'f\h_lT!‘l":C KN
GEVIT+1)1=0AY (242 )2RAN(243)=0, A
DL (=143 N ' Ky 2
S:A'“"EKLT‘:-_' b V\\I . .
fU"fx(va-°1-rx(vw+f~V¢rgrp\%vtrv,vpv KV 1.
‘nO & Ivl.// - ‘ KV
AL RIVER - . ‘ : \ LRV
M DT b=Vl +XTT Y118 {14 =10 /8UGXITI=GA L1, T /SUYAY L ) kv
‘BO & 12147 | ' | S KV | o
DN 6 J=)1s7 ' Lo KV !
DA& zla o - _ . AV
rL“1(1,i.";-1. CAV(JaT!/‘””GX(J)—G V(M T) /AKX (M) 4V
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CALCULATE MURPHREE. VAPCUR FFFICIFMCY FOR ACETONE . KV 4
EIIMQI1=tY(Iv,11-T?pN11)\/(Y]FO-TEDV<TW!. T Ky
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RETURN : . ' . _ { vy
TAN KV
i
)
~ :
g \L/”%
' 4
o j
. 3
! ' s
. js:
f



TRt

N

faan‘aaxa4Hv4¢§xV§u*uan*#a#a%&aﬂﬂ<{*"*&r%##*x%W%axnx*%¥¥*s"*z*v#“**#****cL
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T HMETLI(T)=10.745-2%T S : o : o EU
s TMTHALRY AT WATER } o : ' EL
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X2B=X3+X? . o ' ‘ EL
XPA=X2/X2R : o - EL
X3R=%X2+X} . ST . : o - EL
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< CONMVERGENCE DorvATION BAUTINE . - cv
c PAMTMANT. FICF”VA[UF METHAR AS. VnﬁIFIFn RY rASATﬁSHI MTJHIq eV
c CJUNEL1974. S - S v
C ) o R - ST ey
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101701y FRR{I0MY, XCL10CHs SCON(ERY, YSP(&E), XSP(10) - cv’
"PATA FET+FPSsTR/C.CRIC,140.0/7 o ' ' Vv

IF (IT.GT.1) 6N TO 2. . — g ' " . v

Nz t K . . - ’ . . CV:
JSM=1 o o . - - , . - cv,

LK =1SM+? IR . _ _ ‘ cv

JJ=1 - L - L C cv-
XP=FP&=",n1 , ] - o - -V

BO 1 k1=)aNKT . : o T ) ‘ Cv.
XA{K11=X1(K1) o7 ' c cv
X2(K11=X1{K1) S : S 4 '

1 - CONTINMUE - ) L ' - Qv
. 60 .To 43 ' ' cv

C oo . . . cv
.2 ¥o=Kn+1 ' ’ ‘ . . v
TR (T1.6T.(JSM41)) R0 TO 4 . : v

, ‘DO 3 KI1=1WNKT : o - v,

/ K2=)SV-11+2 ' e o Y
DXIK2s21)=X]LKII=XP (KT} .. ' . : , . Qv
X2{K1)¥=X11(¥1} R o LV

3 CONTINUE . - ' - - v
- 60 TO 39 o S ' - . . Cv,
4 TF (KOWLGTL(JISM+2 1 ,48,JJ.EQ0) GO TO 6 . L “CV
C CALCULATF JNITIAL SFT nF SCALAR PRODUCTS. : Cv
C ¥A RIX NF SCALAP BRADUCTS 1S STNBFR AS VFCTAR %rpn(r) N LNAWER cv
C TRIANGULAR FORM, , o A
K4=0 : S S . _ .V

DO 5 K1=12JSM : Lo v

‘DD 5 K2=1,K] ' . ' - - cv
K4=Ka+1 - : cv.
SCPD(K&)=CW. . =~ o " Qv

PO 5 KR=1aNKT : cv

. qcpotkay-nxtk1,r11*nxtz7,<1}+qrpntxaa . .. Qv

5 CANTINUE - - ' - Qv
c START .THF PROMNTION CALCULATIONS ” v
C COMPUTF NEW VALUFS OF SCALAR PRnnUcT - . cv
6 DO 7 K=1,JS5KF ‘ = v
XSP(X =0, e I - g cv

7 COMTINUE : . ' - : Cv
T SUMDFL =C, - - | \ Cv
SUVSN=0. ’ . . . ' Cv

DO 10 ¥1=1sNKT : . o ' cv
SUVMSN=SUMSO+X1{K 1 1#%#7D . . . . ' Cwvi
DFL=X1(K1I-X2{K1) S : : Qv
SUMDE L =SUVDEL+DEL#DEL . ‘ : ~ ) ' - Qv

‘DO B K=1sJSV : Cvl

. KSP(K) XSPI<1+DFL%NX(K,V1) - ' , A CV1
p CONT I NUE B - Y

X2(K11=X1(KY) - . - - : aY
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CepmgSriav),

NX(K2 . Y1]—DX((?—19K11
CONT TMUE
BX(1.%¥1)=DEL
comTIMeFE

1€ 7 vn g Tal¥) 60 T0 70

CALCULATF APBARFNT QOLUTIDN

IF (JSM=2) 11417513
XMU(T Y =-XSP{1)Y/7SCPRITY
GN TN 16

A TNZSCRN(2)5SEPR (1) ~SCPR(2) %)

vu:1)-(X%p(;)*qrpnxyy-xcpt1w*scpntnmmfprm
XMU(2 1= (XSP (1) #SCPD (24 -XSP () ¥SCPDITY H/DEN
Gr T0° 16 , T :
NSP= (JSM#(.'SM+1)1/2 l

DO 14 K1=1sJSM

XMU (K 1) ==XSP (K1)
CONT TRUE S S
DA 1% T=1MSD ' R,

SXSPLT1=5CPDITY : . .

COANT INUF o A
CALL SYVSOL (YSP!JSM’TERQsXVU) ‘/
COANTINUE o !
SUM=1. . ‘ RN
nA 17 K1=1sJ5% s » : ~ .
SUM=SUMEXSUTKT) _ 1T
CONT INUF _ o -//E

. . . . s
CA 20 K1=14NKT -
K“U”=uo
DO 19 K= lsJSV
Xsurm=0,
DO 18 K2=KsJSM
XSUM=XSUMEXMULK?)
CONT INUE -
XML = XML EXSUMSTX (K 9K 1)
CONT INUE

XX (K 1)—X](K])-thH/qUV\

CANT INUF
00=J5VM%10C

CPRINT 21y CO»({XX{K11sK1=19M¥T)

FORMAT (1H »RFYS.5)
Jy=" '

Feere CALCULATINNM 4,44 Q0 neRER
FQQszcc "9 '
N 23 Kl=1oNKT

FPRIKI)I=NDX{1KT)

rA 272 vaz1eJSM

VLoV 2+

CQR(VT]—fPP{Y1)+X“U(K’)*ﬁX(VA 1K1Y
CnMT I MmUF

 TRROR FPDPQ+FPP(E]}%EQD(V?}
CCANTITNUES
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K4=K2-K 24¥ ]

KE=<b—JRM4K =7,
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AN 2T 12400 ' '
K= (VI #K) /040

SCPT (X2 y=XSR (K%1-1)

_CONTINUE

CAPTINUE | _ =
SCADL1)=5U0DrL ‘

PUEERR=SART (SUNRFL/SUNER %1 A0,

Jv=

16 (JJien.ty) Jv=Jer-) ,
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FORMAT {H o/ 0N MO, ET/43%=AND KQUNT = *1.% RMS,
1 PERCENT. #/3H ,*FIGENVALJ=¢4/(1“.=F10.s:)

XRERR=1,1F-11

nn 10 Kl=1+MrT . -

IF (XXICTI4LlTaTa1M=10) &0 T/ 2N

XXX = 1°ftrrwtkﬂ!—v1:z111/x2(<311*100.
IF [XXX.CT, XO ‘PR XPERPzYYY

COANTINUE .. '

IF (RMSFRPLCTXYNRM,OLXRERRLGTLXMRERY o0 TO
11=0 . ' ‘

RETURM .

IF (11.LF.TMAXY 0 TO 372 .

11=-1 . '

PRIMT 32 o :

FAD AT {THD 7 0Xa =2 ITFRATIAM YAS NAT CANVERGEME)
RETUIQR ‘ . ‘

IF {KDaLTSLX) D TOD 39

17 (KO.FQ.L¥ 0. JJFR1Y GO TO 37 -

Xsur=0q, '

DO 24 w]=1.m¢T .

TF {ABS(IXX(K11).LF.N,1F=1C) 2N Tn 34

Fo (XX LK 1I=XN(X1))/¥X(KT) :

XSUM=E#E+XSUs ‘

CANTINUE

C XSUM=SAPT (XS )

iF (XSU“.GT EGTY GO TO 27

DO 35 w1=14MKT ’
IF {(XX(K1)elTeama15=10) XX(¥]1)=N 1F=10 "
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CCONTIMUF :
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PPIMT 26y S, 11T
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6N Th o4
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