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Ut1lising the Smoker equation, an analytical msthod equivalent to
the HeCsbe«Thiele diasgren method was developed to evalunte some simple
control schemws for & bilnary distillation tower., The basls of eveluation
was the steady-state daviaticns of product purities when the tower wes
subject to g sustained disturbsnce in feed coopozition, rete or entbalpy.
The schemes proposed In this work vere z simple feedforward and a fesdback
hwat-balance oontrol schiome, 7Zhese cantrol schemes were sbmilaeted on an
IEP~360 and IBM-1620 dixitel computer, 7The feedback heat-belsnce control
was Durther verified on a laborastory pilot-sczle binary distillation tower
separating a wsthanol-water mixture,

These two control schemes handled feed ccmposition and enthalpy
disturbences more successfully thun the rate disturbance, In gensral, for
ona end‘watrol. the feedback heat-balance control was better than the simple
feadforward ocne. Por feed composition disturbsnce and two end control the
simple feedforward control was the better one, The feedbagk hest-balance
control was more suiteble for system with hish relative volatility and top
camposition control, Also, the closer the eontrol tray to the end of the
colum, the better the product purity.
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b Introduction

- Centinuous distillation 1s aw of the moat ccmmon and importsnt
unit cporations used in the chemdcal and petroleum industry to-dsy. Effielent
continucus operation of the distillation colwm requires a sultable sutamatic
control scheme, In the past, the application of control achemss to distillstion
colusna was practiced a8 an art. These schemes evolved empirically utilized
aveilable contrél equipment: . However, to=day, alded by analog and digital
computers, the design engineer has sore powsrful teols that can be used to
investigate tha consequence of various altormate control schemes, This
ability is necessary in an age where varicus acphisticated alternate cantrol
schemes are now avallable which nesd evalustion, By utilizing analyzing
equipnent: such as the infrared analyser and the gas chromatograph with analog
snd digital computers, distillation eolm;x: contrel has entered a new era, An
exampls of a new gontrol technique is the “feedforward control” sshemse, This
" scheme has been succeasfully spplied to colurns where the conventiocnal feedback
control falled, By the combinstion of camputers and mlysing equipzent ,
the combined feedforward and feedback contrel scheme 1s now possible, This
control schems is thecretically, by far the best,

This theals consists of the analyticel evaluation of the effsctiveness
of alternate control schemes for binary distillaticn where the oolﬁm was
subjected to feed rate, feed composition srd fecd enthalpy disturbances, The
evaluation was made cn & oteady~state basis using a specielly written digital
cagputer progras, The results were oompared on a qualitative basls and soms




general eoneclusicns were drewn,

An attespt was made to check the validity of the computsr progrem
ageinst the actual operaticn of a piloteplant distillation colurn, The
experimental results were found to agree qualitatively with those ¢aleulated,

I Literature review

Most of the published works on distillaticn colwm control can be
divided into two main parts; column dynamics and colum control. In 1961,
an excellsnt survey of the publishad atudiez on dynamics and control of
distillation colums snd other mass-transfer equipment was made by Archer
ant Rothfus (1). An extensive bibliogrephy of both dynnmics and control of
distillation colums ean also bs found in a historical and critical review
articls by Fosenbrock (26) in 1962, Cnhe yoar later, a My an the a2pplice
aticn of autamatic cantyol in ths chemieal industry by RiJnaderp et. ale, (25)
listed several other iLmportant mfemeeamﬂwdamudcsmdmtmlof
distillstion colum , Goulds (15) reviewed mwd analyred the research actie
vitiss cn the characterization and cantrol of distillaticn colum, Wit also
polntad out the shorteomings of verdous reported studies as well as zany
premising aspects, Very little information sbout multicorponent distilistion
has been xeported and sinee it is bayond the scope of this investigmtion the
following discussion u&.}l refer toa}\bmaxy system unless otherwise specified,
Purther, this work sms restricted on the control aspect of the effectivensss
of the ceontrol schemes gmioh wore evaluated cn a steady-state basis, Ko
atteug)t_ was made to include the column dynamies,
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1) Control Schemes Gensral

Throughout the past twenty years, a great number of satisfactory
and practical control schemss for distillaticn column centrol have been
reported in the literature, yet, cnly a few typical and illustrative
references will be cited in this work.

Rademaker and Rijnadorp (25) introduced the prineiples of the
classification for the nwst camuon types of columns and emtrol systems.
Harrictt (18) in his book discussed various simple achemes and possible
combinaticns of these schemss while Buekley (3) in his text desls with the
more pmétical aspects of distillation control systoms. Varlods other
more scphisticated control schemss can be faund in the lterature (9,25).

2) Peedback Control)

'Atiaim complete review was done by Fu {13) in his thesis on the
general feedback control, the control point location and the interaction
between control locps. Besides, an artiele by ?oman (12) has given excellent
ccnsideration $o every aspect of fesdbagk dlstillation controls

3) Feedforward Control

In 1961, Calvert end Coulman (7) gave e of the first quslitative
dlascussions cn the poaq_s.bxnty of the application of feedforward control to &
chemical process, A yeer later, Lupfer and Oglesby (32) reported the desiyn of a
special purposs pneunatic wversion of a feed enthelpy computer which wes the
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first soctual application of feedforward control to distillation column,

' Later, Luprer end Parsons (19) descrived the eynthesis of feedforward
entroller of a distillation colrn from an empirically determined tranalent
responss of ghis colwm, Lamb, Pigford and Rippin (18) synthesized a feedw
forvard eontroller using & linear medsl for a seveneplate column, Iuyben
end Gorster (20) modified the gpproach of Lamb, Pigferd and Rippin and did
tha analog simulation of a tene-plate and a forty plate column, as well as by
experimantel tests with a ten-plate, 2-foot diamster pilet plant colwm. They
also pointed cut the need for the investigation of combined feedforward and
feedback control schemes. An article by A, Crico in 1963 desaribed the ade
vantazes and 1imitz of certain types of combined simple fesdforward and feed-
back centrol schemes, _

MacMullen and Shinskey (22) regmed the suscessful result of zpplying
the feedforward analog computer contrel to a supsrfracticnator where feedback
control was found to be unacceptable, Utilizing the dmamie model developed
by May and Franke (17) Distefano (10) pregrasmed it on an IBM 709 digital
corputer for the feedferward control of a binary distillstion tower, For a
eceposition disturbsnce in reed stream, the overhead conrpositicon was maintained
at 2,05 percent of its initial steady-state value.

Shinskey (28) stated the theories and spplicstions of feedforvard
contrel to chemical procesaes and also stressed the faet that feedferward
cantrol was more superior than conventional fesdback control scheme, Forman (11)
also gave a thorough discussion and corparison on feedhaok snd feedforward
control. Pu (13) investigsted the performence of these two control schemes




-5-

and the hybrid eotrol schess cn an analog computer for a ten-plate
pilct=plant binery distillation eolwm. |

cmhrol acheme was usually Justified by the transient performance.
Tet tor a ohemical process, tzhe stesdy-state ls of great lmportance teo.
Keating and Townend (21) pointed cut the fact that for the preper design and
cperation of & control system for & distillation column, the quantitative
knowledge of steady and transient states ia of equal importsnce. In 1954,
Bauer and Orr (&) medmielediwmtm to determine the Gegree
of control attainable with different eontrol schemes, The idea of this
paper was to investigate how the control variables affected the steady-state
performance, Bertrend and Jenes (2) also showed the effect of feed dlsturd-
mees on the steady-state responses of the product compositions by using a
digital computer and also MeCabe~Thiele diagram. Iubyen (31) regently
studied the dependence of asteady-state gains on feed ccnpoaition disturbence
for & feedforward eontrol acheme. Cadman, et &l (6) used steady-state method
to evaluate the effectiveness of feedforward controllers to compensete far

step changss in fesd camposltions,

IIX Basis of Study
1) Prineciple of Column Control
The objects of eny cclumn ocntrol schems can be listed as follows;

(a) product quality control (b) material balance control and (c) a
secandery aspect, constraints,




Product quality control, The column gontrol system muusts

1) Haintain either the overhead or bottom cosposition &t a speeified
value, and '

11) Haintain the coaposition at the other end of the column a5 close
as peasidbls to a desired coxpositicn,

Hatexial balance control, "ma colizn control syatem musts

1) Cause the sverage suam of the distillate and tall stresms to be
exactly equal to the averags feed rate.

) 'nwmwltzngmmmmpmeéasrlwmtbeamthmm
to avold upsetting either the colum or downstream process equipment fed by
the colunn, '

113) Colwm holdup and overhesd snd bottoms inventoriss, should be
maintained betwsen maxim and minimum 1isdts,

Canstraints, For safe satisfactory operation of the coluwm, certatn
ganstraints sust be chserwved. For. exauplas ‘ | .

1) ‘The oolum should not flood; .

11) Colum pressure drop should be high enough to maintain effective

coluin cperation; ' |
. 1i1) The temperature difference in the reboiler shculd not exceed the
eritical temperature difference, '

A3 the operuting ccnditions change, the abm will change tce, In
order to offset this, a control schexe is necessary, Zhe usual typés of
operating disturbance of » colum are feed rate, feed corposition and feed
enthalpy changes. Peed enthalpy disturbance csn easily be ellminated using
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auxiliary control equipment, The wain disturvances would be the feed rate
and feed compesition and of these two, feed rate is more important because
camasition disturbances usually are gradual,

By spplying & emtrol sohese which adjusts the cmtml veriables
to produce the coirect product volume split and maintain the required
®sgparating power® of the colum, the end product purities are ensured, The
term Ysoparating powsr® is specific to osch tower and depends upon such
things as reflux rate, actual rumber of trays, tray efficlency, feed enthalpy
and feed tray location. Usually wost of these wvariables are fixed and the
s that can be manipulated are the reflux, rebeller hest input and product
withdrewal rates. These manipulated variables can be controlled directly or
indirestly acccrding to different types of scheme, There are two basie
mmwmhamrcmbemmdm]y,tmmcmm
and the material-balance control. Both methods have been used successfully
in the past, howsver, the heat~balance method has been the mere popular
probably because of the lack of develcpment of process atream analysers,
Both the above schemes are scventicnal feedbaock cantrol scheme, The heat-
balance method is siuply establishing & heat balsice in the tower and socepting
shatever product compoaition and volume results, The material balance method
conaists of setting the rate of removal of aie of the product streams and
providing a gontrol scheme which #111 allow the beat and saterial belance to
edjust mtosatically. |

2) Mathod of Comtrol or Adjustzent of Hanipulated Varisbles

 Howedays, the countrol achemes of Chemical industry can be divided
in two main categories, The first is feedback contrel schewe and the sescnd

X

H
!
4
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18 fesdforwand contrel schems, The feedback control scheme can be applied
with the minimum amount of inosledge about the intemal workings of the
process beyond that of the proper variables to accospiich the end result,
On the cther hand, foedworwerd isplies considerable inowledge of all the
process charactaristics, Simply - speaking, feedforward control needs to
have & mathematical mcdel while the feedback does not. This model no
matter how simple or complex it is can be generated elther thecretically
o frem cperatins correlaticns.

Usually for tower control, if feedforward control system ls
applied, 1t 15 best used with the material balsnce method because it 1s easier
to calculate the required flow rete of cne product streaa e.g. the distillate
rate than the necesssry hest addition or removal required for the hest-balance
method., For the feedback control schexe, the heat balence method 1s mere
popularbecwe it Goes not require a stresm snalyzer, This is especially
true for the binary systes at cmatant pressure cperation, the sole effect on
ooocposition 15 the temperature., In this heat balance control scheme, the
1tquid temperature of & tray is maintained constant by menipulasing either
the reboller beat input or the reflux rate.

' 1If product campositicns sre not cantrolled directly, there will
always be a certain amsunt of offset in the product purlty when a disturbence
enters and rezains in the system, In order to eliminate this offset, product
camposition eontrol m@ld be introduced, For the conventional feedback
centrol, this ean be acecuplished by cascading product analysis oentrol locp
arcund the troy tempsrature control 100p. Initisl responses to upsets are
controlled with the tray 1iquid temperature and then the final adjustuent
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made with & product analyzer, In this case, the dynamics of the ahart term
are improved and the inaccuracy of the correlaticn 18 eluminated in the long
temm through adjustment of the setpaint of the cmtrolled tray tesperature
by the snalyzer, |

The successful use of the feedforumrd eentrol depends upon the
agcocurasy of tos required product flow oaleulation which is in term depended
upon the accurscy of the mathematical model of the tower, Unless & perfect
model 15 used, the tower products will have composition offset. An
inprovemant on this type of control consists of adding a feedbask loop
containing a product stream analyeer which readjust the set product flow,
This introduces a correction for the errcre made in setting product flow
retes and this makes the msthod more practical,

Usually, there will be an amount of product purity offset which
i3 tolerablss If in evalusnting the eff«;.'timsa of a contrel schoeme the
devigtion is within product purlty limits, ths contro) scheme esn be
oconsidered asceptable,

3) Control Scheses Study

In this work, two basic control schemes wers studied, the
conventicnal fesdback heat-balance control scheme with First the temperature
eontrol tray located in the rectifying seotion and reflux rate as the
menipulated varleble, and second with the tempersture ccntrol tray losated
in the stripping section and the reboller hest irput as the manipulated
varisble. In addition to the sbove, & simple feedforward schems was studied,
In this scheme the distillate withdrawal rate instead of the reflux rate was
used es the manipuleted variable, mmmcmmxummcmm
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was o simple algebraic equaticon that related the feed stream rate to the
distillate withdrawal rate

D "VKF

uhere K was o function of feed, and top and bottam product cawpositions. An
analytical method for both types of eontrol schemes was derived in this work
to study the performanee of the ccntyol schemes, Bealdes the analytieal study
experimental work was carried out an the sonventional feedbaek heat-balance
entiol system in order to verify the analytical method, No experimental
work was dane on the feedforward eontrel scheme bectuss of the limitation

of the equipment, Schematic diagram of the two control scheme are shown on
Figure 1 and 2.

§) Baa;s for Comparison of Altemate Schemes

The steady-state profust purity offset was used as a eriterion to
occpare different type of eontrol scheumes, Of courss, the smaller the amount
of offeet, the bstter performance the control scheme,

IV Calculation Hethod

Bauver snd Orr (&) used the HeCabe-Thiele dlagram method to study
somo basic sontrol achemes for a binary distillation colum under feed
composition distm. Howevar, this method 1s considered by the author
as tedicus, time consuming and inaceurate, in gnalytical method using a
high speed digital cozputer 1s preferable.

Sxoker (30) derdved en equation which 1s equivalent to the FeCabew
Thiele dlagrem, 'ﬁ;em are sceee basic asswptions in the Smoker equation
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a) Constent molal overflow which includes

i) Constant liquid and vapor rates.
14) The system components follow the Trouton's rule,
111) DNegligible heat loss,

b) Constant relative volatility
Fram the first assumption, the equation of any operating line
(in either section of the colum) can be represented by

y = m+b (V-1)

From the second assumption, the squilibrium curve can be re-
presented by

A | (1v-2)
Tne intersection of the cperating and equilibrdium lines gives the
following éz;uaticn
xn(c:--l)x2 4+ [m+ bla=l) =a]Jx+b=20 . (IV=3)

From the above three equations and the technique of transformaticn
of coordinates, the Smoker equaticn was derived. (30)

' ' 1
v : ni“ canxo '
- (IV-4)
"n ._o.n - m3(a=1)[(a" = m"cé“)/(a-m?') ]x; .
[} . | )
{i={mc(a=1 a~ic?) 1}

log (a/mee)
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Thz Smoker equation mist be applied to the reetifying and stripping
sectim separately. For the rectifying section

R . e
n= 77y R= == Xo = Xp
X, = X ek xn'.r-' X, =k ¢ =1+ (a=l)k

where Kk 18 the root of equation (IV-3) between 0,0 and 1,0,
For the stripping sectlim, the expression for m can be obtained from
the known reflux ratic, feed thermal condition and feed and product composition

as followedt
9

nelles L¥QE _ Rtgtq(B/D)

V! V~(=qF R+ q=(1-q)(8/D)
. Brptax, - (Frq)x,

(RH1)x, + (g-1)x; =(Rtq)xy
Xy, = X, -k ] " %

%-xa-k (+] = l+(u-1)k

In the Smoker equation, the number of trays is very sensitive to the
relative volatility of the system. When the velue of a approaches one, the
n value will becane very large, The Smoker equation can be usad not only to
calculate the top, bottom compositicns and the number of trays but also can
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be used to perfom tray to tray calculation so that the couposition of each
trsy can be evaluated, |

With the help of the basic column material=-balancs equations,
operating-line equations, ¢=-line equation and the Smoker equaticn, an
mialytical method was developsd to caloulute the stsady-state perforsance of
the coluzn cantrol schems when subjected to an opersting disturbance,

V  Calculstion Procedures

1) Equations Used in the Calculations

8) Smoker eguations and all the other equaticns that eppesr in the
previcus seoticn,
b) Beasle equations for distillstion colum

‘The over-all material balsnce equaticn
Pubel (V)

A materiale-belance for the lighter component

Prg = Dmp ¢ By (v-2)
Substituting equetion (V1) into equation (Ve2) gives
D = o S - N0 P (Ve3)

B =

*n = ¥




¢) Operating lins equaticns

An over-all material=balance for the rectifying secticn of a column
glves

Vs LeD ' (V-5)

for the lighter compenent
Vi, = Ix, ¢Dx, (Veb)
Dividing (V~6) by V, the following equation is obtained
o1 = F% 0 8% (V=0
This is the cperating line equation for the Tectifying section,
Similarly an mmn rmaterdial belance for the stripping section of a sclum

gives
Vi = ' =B (V=B)
for the lighter conpcnent
R
Pdviding (9) by V' gives
Lt B
Yol T TV B (V-10)

This is the operating line equation for the stripping section,

d) geline eguation

The quantity q is defined by the equaticn

L' = L+gF | (V=11)




The g-line equation, on which the mmection of the two cperating
lines will fall is

(V-12)

A— -
LA )

The coordinstes of tiw point of intersection must then satisly
the equation

¥y = Tg_f 'q:z"'f (V=13)
3ince Xy ¥y i3 a point on the two operating lines its coordinates
mist also satisfy the followling egquations

31 = %xii'%xn ) (Ve18)
o B -

In acdition to the atove equations, two other equations are needed,

' -y
Slope of rectifying line = = o (V=26)

Tl
S ’
Slope of stripping Mne = { = -xi-_-,-% (v-17)

Some basic quantities must be set in order to carry out the
calculation, Usually, the following variablss ore set before hand; the ge
value, the fesd composition, the Sop produst compoaition, the bottom ,pmdm:e
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canposition, the relative volatility, reflux ratio and for en existing towsr
the mamber of theoretical treys end the feed location,

'2) Basic Case for Study

A binary system of relative volatility equal to two, with the q=
vilue oqual to one was used as the base case, The steadye-state top product
purity was 95 mole £ while the bottom produet purity was 5.6 mole %, %he
feed composition was 50 mole 5, The feed Jocation was the sixth tray from
the bottom, ¥From the Smoker equaticn calculation, a coluwm with 12,77 theo=
reticel Crays was needed, | |

3) Description of Caleulation Procedures

From the values that have alresdy been deterained in the base case,
a simple relationship cen be established betwsen the vorlables D, B, V, V',
L, and L' with P e.g. Crom squation (V-3)
- %
X5 = X
Knewing the value of Xps Xne Tgs D can be related witi: F ag D= gF

D w» P

where 4 is 'a nuwmerdcal eonstant,
a8) Feadbaek Heat-Salence Control Scheme

Whan the control tray was in the stripping secticn quantity eontrel
was epplied To the reflux rate. The reboller heat Input was the mandpulsted
varisble., PFor feed composition disturbance the caleculation was as follows,

.1)  Pirst the location of the control tray was picked snd then the
trey camposition was calculated using the Seoker equation Eqe (IVek).
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11) Mext x, was ssmused,
i14) mmmaorx”yiwmmmaamd. Thers, =, the slope
of the opereting line and the nusber of trays between X, ang the control
tray were calculated using equations (V=17) (IV=3) and (IV5).
" 3v) The trays calowlated in step (111) were tiwn checked with
the desired velue snd 1f they were equal the calewlation proceeded to step

V, if they were not, the calculation went back to step (111) and was

xepeateds
v) Hext the value of ¥, was caleulntod using equstion (V-18),.

fhis equation was ottained by goxbining squations (Ve3), (V=5) and (Ve16)

x5 07y = %)L = Yo(zp = XIF
s Tl CACE W LN (R (726

vi) The Muid compositicn of the fewd tray was cnloulated using
xammmmmrarwsmwe stripping seetion and eguationa
(¥=17) md (IV=4),

¥il) Using the values caleulated in stepe (v) and (Vi) the nusber
of trays in the rectifying section was caleulated,

vilt) Tae total number of trays was compared with the desired raunbers
1f they were ogual the problem was ended, if not the calculation want bagk
to step ($1) end was repeateds

In tie case for the feed rats dlsturbancs, the calculating
procedure uas the ase except for the use of squation (V=18) step (V)s In
this equation the fusdrate F was multiplied by one plus the fraction inerease
or decresse it tm feed rate,
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Wnen feed onthalpy was the disturbence the relationship between
%, end y, sust zatlsfy equation (V-13); l.e. ons of x; or y, was sasumsd,
and the other caloulsted, 7The oslewluticn steps were all tie some as
tha foed eampoaiticn dlsturbanod except the Xy nEWr ghonged. ‘The variable
that 4id change was tho ¢e=valus,.

¥hen the e@trol $ray wes in the rectifying secticn reboller vapour
rate was quantity controlled, Tha iterstion variatle for step {11) was x;
md equation (¥=19)

o B -z« 3 (yg = x V!
(x5 = xp) F = (yy = 2V

was used in step (v}, The caleulation procedurw is alwmcst the sume execopt

far staps (v), (v1) und (vil) where x; and the nuaber of trays In the stripping

section ware ¢aloulated,

(V=19)

*s

b) Feedforward Control Schewmo

The ealoulation fnvolved here was sizpler than that in the feedback
cantrol soheme. 'The reflux retlo was the smanipulated varfsble, Since the
reflux rate was kept cunstant in this acheamo, It twmed cut that the
distillate witiirawal rake was the astual manipulsted quantity.




The steps of the calwtw‘-im are llated as follows

1) e Salle:
"n‘a

The valus of Xpe Xy remzined constant ne watter what disturbance

aF

the colum was subjected 0. For feed eomposition disturbance anly; P was
congtent, therefore x, was the cnly variable in the above equation.

11) EO% where L = d¥
D= aF

L was the quantity thet must bte maintained constant throughout the
ealculation 2o '
R-gn%
115.) ‘ Hextavalworxnwasmmned.
iv) By combining the equat&ms in step (1) and (11) an expression
rorxawanobmmed

-a
B - et
v) Utilizing Smoker equation (IV-4) and the number of trays in the

rectifying section, the composition of the feed tray was caloulated.

vi) With the values from atep (iv) and (v) end Smoker equetion (IV-5)
the number of trays mhthe stripping section was caleulated.

vii) 'The totel mumbers of trays was then checked with the desired one,
If they were idmncal then the problem was finished, If not, the c&lcumim
went back to atep (111) and wes repeated,
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Calculation for the feed rate disturbsnce required some changes in
the beginning of the calowlation, '

1) D= ReXE
L was kept constant in the calculation, the numerator in the above
expression was constant, any chonge in F would change the dencminator anly.
For this reascn, the expression for R was regsrded as a ommstant over &
varisble quantity which wes the disturbance in feed flow rete. The calculation
pmlmmmmmﬂwp(m)dm;mWiumMurbm
caloulatiocn,

VI Trial end Exror Mathod

The first important itminmtmmemcalmhumm
the choice of iteraticn variables. For feedback heat-balance control, it
depended on the location of the control trsy. I1f the control tray wes in the
stripping section, the bottom product purity was the iteration varieble, When
the egmxbl tray was in the rectifying ssction, the top product purity was the
itoration variable, These two can be callad the prizary iterstion variables,
uhentﬁammceimofﬁwq-nmmthcequinbﬂmnmmre@med
as the secondery iteration variable, In case of the feedforward cantrol
schens, the top pw carpoaition was the cne and only iteration v#rmble
snd the caloulation was ruch sizpler.

Toedbaok centrol scheme with the control tray lecated in the

stripping will be used a3 an exaxple to 1llustrate the trial and errer method,




1) Limits of Iteration Variables

There sre two limiting cases for the operation of a distilletion
colum, total reflux and minlmum reflux. Total reflux means no withdrawal
of the top product, 1.e. all the overhead materdal is returmed to the
colwm 23 reflux, This gives the maximum separation of campenents in the
colwn, On the other hand, minimm reflux irmpliss an infinite number of
atmuto&tunammwmmmmmmmsamof
ccmpanent separation, Usually, & colwm will be operatad between these two
lisiting eonditions and therefore the end product purities must lie between
the values of these two extreme cases.

The bottom product purities for these two cases were caleulated,
This wgs done by using the Smoker equation the tray nusber between the
eontrol and botton trays and the canditions for these two limiting cases,
Mmmtmmmmwm,mmmbm. The seconde=
ary iterstion wardable was the intersecting point of the operating line and
the geline, Fram the MeCabe-Tnisle disgrem the Interssetica must be between
the equilibrium and the 85° lines, These give the wpper and lower 1imits of
this iteration veriable, Intersection of the g~line with the 45° line and
the equilibrium line were caleulated and then the secondary iteration varisble
was ¢hosen between theze two limited values,

2) Method of convergence

The bissctional method was used for both iteretion vardables.
Acgording to the caloulation procedure the inner loop must converge first




before the provlem cen be ecwpletad, The first oonvergence was the mateh
between the calculated value of the mmber of trays between the control
tray and the end of the colum ond the desired one, This match was obtained
by setting & value of bottom product composition and using the xy¥y (inter-
gection of g and cperating 1ines) as the iteration varisbls, For the basic
case wnder study, the value o!‘xiwers fixed snd always equal to the value of
the feed composition because the qevalue was equal to 1 and qeline was always
maldng & 45° angle with the 45° 1ine in the MoCebefhiels diagrsm. This
simplified the caleulation to iterate the y, value onlye If the calculated
tmynwumrmmmOpmmnerthmthedeam:!ém.anﬂuaof
¥4 was chosen next and vice versa. Fhen the value oryi yeached its upper
Iimiting value and the converyence had not been aéhimd, 2 exaller value of
the bobtam product compositicn was used end the irmer iterstion wes repested
again witil the calculated value matched the desived ane. In this con-
vergence step, the acceptable mismatch between the calculated and desired
mmarérsmyammry msall, Throughout the ceses that have been studied,
the tolertble error was mpecified as between 1 x 0™ to 5 x 107, If not,
the error would be amplifisd in the later calculation and give an unacceptable
result. ’

Af'be: the ealoulsticn had passed through the first convergence,
& value of the top produst purity was ealculated using equation (V=16). Using
this information togstner with the known number of rectifying trays, the liquicd
compoaition of the feed tray was cbtaineds Thon the number of stages of the
stripping cection was caloulated end added €0 that in the rectifying section
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.to check with the desired total mumber of astages, I the ealeulated value
exwmtohmhemmdmmtmtmmuMN,aW
value of bottom product composition was needed and vies wersa. The tolerance
in this final step wss larger then in the first ane, A value of about 107°
wes used, From sxperience it was found that the results were accurate
encagh using this value, A smaller sceeptible error would improve the final
result very little end waste more extrs computing time was not jJustified,

Tiwe firat converging step was slower than tihe second because it
demsnded higher accuracy., Usually, mwrgmecmmwobtaimdamrtm
to fifteen coxplote trials, The Sime of convergence was mlso affected by
vaiues of relative volatility, qe-valus , total number of treys location of
the cantrol tray and the reflux retic, Throughout the celeulaticn, it seemsd

that hdgher reflux retio was more favorahble to the second converging step.
Wnen the control tray was nearer the fzed tray, the convergence was slower,

A feed camposition disturbesnce required more tinme to econvarpe than the fesd
rate disturbance, .
mmwmmum@nymmmmrcmruﬁ-
forward centrol schexs, %Ths top produst compozition was ths cnly iteration
varieble, There were two ways of chiccaing the first iteratien value, It
eauld ba started using a $op product coxpositieon equal %o 1 which was higher
than the final valus, mmeimmmmwbyamnammt
in each iterstion mtifumcmwrgmee was odteined, Tne other way was to
mammmummremmMmmmmmm-
Mmmwmmﬂm. In this work, the initial value of 0,8
wath chosen, "This value was then inereased by a certain aucunt in every




iteration until the desired result was cbtained, The time required for
converygsnce was dependent upon the incresent of the iteratiion variable, The
largsr this value, the faster the convergence., The program never convergsd
if the increment was too large,s An optimal value of this increment was chosen
by trial and error.

" Tiw factor such as type of disturbance, reflux ratio ete, did not
affeot the ecnvergence of the feedforwsrd control schems s¢ much &8 in the
feedback ecantrol scheme because of the siwplicity of this schame,

All the caloulsticn in this work were progrommed using Fertren II
and IV lsnguage snd solved on IBM=360 and IEM-1620 digital coeputer, Double
precision was used in the 'meulatim'tcr aseuracy. A listing of the computer
prograne and the results of the calculations ave included in the appendix

fopr referaence.
Vi Experimental Work

The object of this experimsntal work was to check how well the
proepesed caloulsetion method agresd with actual colusn operation and to test
the performance of the feedback heat-balsnce gontrol scheme, No attenmpt was
made to nun the column undsr feadforward control because of the l1limitation

of equipment.,
1) Description of Apparatus

The apparatua used in this experiment waa 2 pllot-scale laboratory
distillstion colum, A schematic diagram of tie equipment iz zhowmn in
fizre (3).
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The colum was constructed of Q.V.F. 9 inch glass pipe with
interna) dlameter of 8.38 inches, The colum contained ten bubblewcap treys,
cach tray with two copper bubble caps. The bubdble cap risers were 1 - %
inches in dismeter, The circular downcomers were 2 inch eopper pipes. The
spesing between trays was one foot, There were two stainless steel drums
in the feed system for feed storage. A Foxboro model 52A ecnsotrol
cantrollier, & Bmous medol 5500 indlcating pnsumatic transzitter and a Srooks
full=view rotemster were used to control the feed flow rate, Feed to the tower
was introduced inte the cireular downcomer from the tray above, In this wori,
the feed was introduced into the column at the fourth trey from the bottem,

The overhead system consisted of a total candenser, and &ceumulator,
The cundenser was of eopper emstruction and contained two shell and tube heat
exchanges, Water was used as the cmdms_lng medium, ‘The rate of cold water
was mnipulsted using & menual valve and a rotamster, Ho attempt was made
to control the temperature of cold water, The ascumnlstor was a copper
cylinder with diamster of 18 inches, The distillate withdrawal rete was
ecntrolled by the liquid level of the acourmilator, A Honeywell liquid level
transmitter, A Foxboro model S52A consotrol emtroller and a Brooks full view
rotameter were installed for this eontrol action.

The bottom system consisted of a thermosyphon retoller which was
a shell and tube heat exchanges mounted on the bottom of the column, Stesm
was used as the Matzﬁg:‘mdlm. The steax rate was controlled by a Foxboro
model 524 sonasctrol tempersture .omtrouer and Foxbozo EMF/pnewsatic
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Table 1

1EGEND FOR EXPERIMENTAL APPAHATUS

lattern
Acoumalator
Coendenser
Diatillation colum
Feed tank

Flow rate controller
faboller

liquid level controller
Samle cutlet
Terperature controller

Symools
Monual valve
Alr cperated control valve
Pusp
Rotameter
Plipe .une
Sarple polnt

Signal flow llne




temperature transzitter. The stean rate was changed automatically in order
to maintain the perticular control tray tespereture ccnstent. ‘The bottom
product was withdrawn using bottom liguld level contrvol, a Poxboro type 15A
d/p cell trmnsmitter, a Foxboro model 52-A centrolls and a Breoks full
view rotameter was uged for this purpmé. |

e reflux was under flow controls If the eantrol ¢ray was in the
rectifying section, the temperature of that tray would munipulate tio reflux
flcw rate, If not, the reflux flow rate wis maintained conatant. A Brooks
model 5500 indicating pneumatic transmitter, a Drooks full view rotamneter and
& PFaxboro modsl 52-A consotrol eantroller wes respansible for the cotrol of
the reflux rate, |

Two eentrifumnl puxps were installad for punping the feed and the
_ reflux inte the column. The trey tomperatures were recordsd using a ilicnsywell
type 153 electrenik mulbivoint recomder, All the t}mmoc&ples waye made of
ccpper-ométmﬁm. An Acromag 330 series themocaple references was used
for the reference Junction. A Foxboro sodel 53 ccnzotrol reecrder with three
channels was used to record the feed flow rate, reflux flow rate and the
temperature of the entrol tray. All the eantrol valves were bougnt frow
Heneywell Controls Limited, The transmdtter and the entrol and recording
elements exsept the multipoint recorder were pnsumatically operated.

The system uzed in this work was nethanolewater, The methanol was
the grade A=H12 Pisher cmtﬁ.ed A.Ce3, from Fisher Sclentifie Co,

A ¥estphal balance was used to enalyze the end product purities.
A direct reading of the specific gravity to the faurth decieal plmee c;t
methonol could be obtained fivom tuls inastrument.
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2) Experimental Procsdures

Vethanol=water system was used in all experimental runa. The
nwal feed composition was 12 wt § (7.2 mole %). The first run was a
total reflux run, The object was to cbtain an approximate temperature
profile of the column.

a) Control Tray in the Stipping Sectlion

Using the seocand tray from the bottom as the control tray,
several runs on feed conposition and feed rate disturbence were performed.
The control tray was then moved to the third tray from the bottom. Cnly
feed camposition disturbances were studled for this case.

mronmummmwofm@ammmem.

1) ‘meequipmm:wascmwdwm&bcomdémrooonngmur
tumodm."nietmcmemmthenmmo

11) TFeed was then pumped into the column until the reboller was
flooded, Steanm was then adnitted into the reboiler and the feed punp was
arait off. Wnen the liquid inside the colwm started to boil, the feed
purp was started end the feed rate was maintelned constant by en sutomatie
flow eontroller,

131) The steam flow rete to the reboller was controlled by the
moratmortlwcmmltmy-ucmmmm-mmmmm
to 208°F, This terperature was maintained tiroushout the entire run.
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iv) The reflux pump was started when the liquid in the ocwerhead
accwralator was bullt up to a certain lsvel, The reflux rate was then
mﬂnﬁa;qeﬁatamllvaluemdmemmdmalutotmmmdmm
Durdng startup, manual control was applied to the reflux filow cartrolier
and the level contreller which ccntrolled the diastillste withdrawal rate,

v) Uhen the level in the overtead sccumlator remalned falrly
cmstm,mammxnmmummmmedwtm&umdmmdtm
level and flow centroller switched to autamstic control. |

vi) When the temperaturs profile of the tower showed little changes,
steady-state was assuzed to be obtained. Top and bottom products wero
withdrsa and analysed with a Westphel balance.

vii) A disturbence was introduced and egaln when asteady stete was
reached, top and bottom corpositions were withdrawn end snalyzed,
when the eontrol tray moved to the third trey from the bottam,
all the experimental procedures were the seme excopt the temperature of the
eantrol tray was set at 200°F,

b) Control Tray in the Rectifying Secticn

Reboller heat input was set canstant and the refiux rate was
cantrolled by the temperature of the control tray which was in the rectifying
secticn,

In this work, the third tray from the top was chosen as the control
tray and the temperature was meintained at 176°F.
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Due to the shortage of equipment, automatic control of steam rate
was lmpossible, In order to maintain & eonstant steam rate, ths upatresm
presaure of the stean line was kept falrly high at sbout 45 psl, Then &
relative low pressure input &t about § psi was introduced into the reboiler,
Inthhw,t&nwmmummmwmtulmunqm
disturbanoe existed in the ateam line,

A1l the experimental procedures ware the sane as when the contzol
tray was in the stripping section,

Vil Bdscussion of Results

The base case used in this study was & system with the follcouwing
specifications

a) relative volatility =» 2

b) g=2

¢) Feed coopopition « 50 mole ¥ of lighter eompconent,

@) Total number of theoreticel trey in the colwm = 12,77 of which
6418 trays were in the yectifying seetion and 6,59 trays in the otripping
secticn,

@) Feed enters the column at the sixth tray frum the bottom.

£) ‘The steady-atate top product purity wes $5 miole I where the bottom
purity wuaz 5.6 mole 5.

All the calculated results are tabulated In gppenciX some of them
are shown graphically in the following figures.
1) DPeedback Heat-Balance Control Scheme

& falrly dstailed astudy of the base case was carriad cut, Every
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tray except the feed tray was simulated as the control tray in this scheme,
Cages for feed rate, composition and enthalpy disturbance wers studied
separately. Systems with relative wolatility equal to 1.8, 1.6, 8, 4,88,

6 were also studied, Howewer, in these cases, not avery tray was simulated
as the control tray, The control tray was just pieked at randem,

The reasca for slmulating o system with a = 4,88 was because this
is tho estimated average relative volatility of the methsnol-water system
used in the experimental work., The results were used for compariscn of the
caleulated and experdmental results,

Sixteen experimental runs wcre cerried out in the column, All of
these runs were under the heat~balance ecntrol scheme, No attenpt was made
to run the colum wnder feedforward cantrol because of limitation of the
epparatus. Hoet of the expsrizental runs were the caseswhere the control
tray was in the atripping section snd of feed compositicn disturbence, This
was because ths fead composition disturbance yeguired a more interisive study,
In the experimental runs, thers was ne control of the cooling water and the
feed temperatwrus, Thorefcre, theioxperimental base case steady-stats end
capcaiticns were differemt fivm run to run althauah the feed compoaition
as well as the feed rate did not very in each case,

As & result of gnalytical sbw. the following points ware cbservedi

a) ‘'he duvmzn;;sof both end purities cmd.by fesd rate disturbance
wore the lergest axcng the thrve types of disturbange under study,

L) | The deviations caused by feed rate and enthalpy disturbances followed
a regular trend,
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c) The deviations mmwrmmmmtmmm acted more
rzndonly. They were a strong functiom of control tray looation and quantity
of disturbance. When the control tray was in the reetifying sectioy the
top product comporiticn respanded more regularly to the disturbance, but the
bottom compoaition did not, When the cmtmltmjmintm stripping
section, the bottom product composition responded Rore regularly than the
tope Irregularities of the end product responses werw pore procinent when
the control tray was nesror the feed tray.

d) Por top product purity centrol, the best tray to eontrol should
be the first tray from the top if time lag were not taken into cansideration.
The best tray for controlling the bottos product purity should be the first
tray from the bottam, ‘ |

8) If both end compesitions are to be controlled, the control tray
gshoald belloca‘todmtm stripping secticn rather than in the rectifying

saction,
2) Pecdforward Control Schexe

Ko experizental work was dene on tids part of the work, Both feed
caposition sand feed rate d&sm were studlied analytically,

This simple feedforward control scheme handled the feed couposition
disturbsnce Qquite mmm. From the celcoulated result, thls scheue
was good for either end product purity cantrel. For feed rate dlsturbencs,
this control schems did not give ag good a result, The devietions in both
ends were much larger espescially in the bottom product purity, Also, the
two end compoaltione deviated accoxding $0 a regular trend whether raed rate
or feed m:mé@ disturbance was introducad,
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3) Comparison of the Two Control Schemes

Feedback heat-balence control scheme could nandle the rate
disturbance better then the reedtmdcmtrolnomtterwhemtm
confrol tray was located, For emtrol of both end ocmpositions the
feedback scheme wes still the tetter one.

Fex feed c@poaition disturbence with the top product as the
control criterion, the gimp]e feedforward control scheme gave a better result
then the feedback one provided that the control tray of the latter was in
the stripping section. There was not rmuch differsnce for both schemes when
the control tray was in the reotifying asctimm for the feedback centrel
sohere,

For the cantrol of bobtom product composition, feedveck eontrol
with control tray in the stripping secticn was supericr than the sizple
feadforward cne. In the case when the control tray was in the rectifying
sectim, the simple feedforward cantrol was the better cne.

For the control of both end compositions, the simple feedforward
acheme aeemd-ito be the more scceptoble one.

4) Effect of Relative Volatility to the Steady-State Product Purities

System with higher relstive voletility usually had larger
deviations in the steady-state product purities when subjected to the feed
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rate or camposition disturbances. The site of the coxtrol tray had more
Influence on the end product coamposition in the higher relative volatility
cases, This was dus to the fact thet in the higher relative volatility
cases the conposition changes asross s theoretical tray was higher than
in the low relative volatlility casea,

In general, rate disturtance had a greater effect on end product
puritise than composition disturbance. However, in sove caeses for high
relative volatllity and the losation of ths control tray was located in the
atripping section, the deviation of the bottem product purity was greater
for composition disturbanse then rete disturbance.

5) Cumparison of Calculsted and Experivental Remilts

A system with relstive volatility of 4,88 was similated, The
value 4,88 was the estimated average relative volatility of the methanclewater
system used in the experimwmtal wovk, Host of the experimental results agreed
qualitatively with the calculated cnes, 7he amount of devietion in the
experimental wark was slightly larger than thoss predicted from calculaticns,

Sma)l discrepencles between these twe results were sxpested, because
of the aimplifying assupptions used in the caloulation method. DBesides these
assusptions, fastors such as tray efficiency, the variation of tray efficlency
with loading ete, would also sttribute to the ovserved devitions.
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Steady~atate was difficult to mahicve in the experimsntal work,
All Sray tespereturea on the mlmn‘mcumm with aimoat the saxe perdcd
of osgillation, Howover the amplitude of tho cseillstion was lasger for
the trays located In the center portion of the column, Tdds phenomens eould
be called "quasi~static® as introduced by Redemsker and Rijnedorp (25).
These cscillaticna might have been cauned by & nusber of fastors

&) Variation of hest ingut becsuse no outasatic control was applisd
to the reboiler atexn rate,
b} The reflux flow control instrusent could have required finer

tuning,
) A possible hydraulle instability in the column itself,

The last source is included bacause the smplitude of the cysling
seened to be o functlon of the distwbenes, The eyoling becane more sarious
when the feed fow rete o cospositicn had increased in quansity and vice
VErads

1X Conelusions
1) Feedback HeateBalance Control Scheme

Tods ecntrol schowe studisd is goenorully sultable for cne end
pmductmlﬁmmﬁml. No matter which end product 18 golng te be
ooatrollads The closer the tray to the end of the column, the better tiw
product purities, For top produst purity contzol, tho best tray would be tie
tep tray. Irmhaﬁpmmntuzmsathmm,mmmim
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of She control tray would be the middle of the stripping secticn. ol feede
back eqitrol scheme 1s more suitable for systems with high relabive voletility.
If sue top produet oumposition is the emtrol criterion repardless of the
types of disturbenes,

(enerslly speaiing, this cantrol scheme 1s better for foed
couposition disturbance end is less sucpessful for feed rate disturbanee.

Thie dovistions caused by fesd rate disturbence are lsss difficuls
to predicts They sct wmore or less scecrding to & regular trend, This can
be scocunted fop the linesr property of the rate dlsturbance, The deviatios
eaused by fued ccapositieon disturbance are more irresulisr and scre 4Lfficult
o predict,

The end product deviations become xore unpredictadle whan the
oortrol tray was located nearer the feed tray. mm@um pre~
dosSrunt for feed ecuposition dlsturbencs, The cholce of these trays as
contral tray ahould be avoldeds

This control schewms ean be lmproved by some miilicaticns, When
the rebollsr heat input is the smenipulsted quantity the reflux rate should
be changed with the ghange in feed rade accoxding to a cexrtain ratio., 7This
iz essentially a combined foedforward and feedback control and better results
sheald be expected, 3imilarly when the reflux rate is the menipulated
varisble, the reboiler mas input should be changed according to the shange
in feed ratae, .




- 50 -s
2) Feedfcrwaxd Control Scheme

The performence of this schems is quite satisfactory for feed
mium disturbance for either one end or two end composition control.

As for rate disturbance the end product davistions are large enough to
regard this scheme as unsetisfactory. However this situstion can be improved
by meking the control ccmputer more caiplex as that not only the distillate
withdrawal rate but also the mr;blhr heat input is changed accoarding to the
feed rate.

As penticned in the very beginning of this writing, the goal of
this work is to cbtain a qualitative results, HNo attempt was made to evaluste
the results quantitatively. The agreement between the experimental and
cslculated results show the calculsted methed proposed in this worik is quite
acceptable. The steady-state end product purity was the criterim used for
comparison of the effectiveness of the oontrol schemes, Howsver the dynawies
Cannct beigwmdmﬂngtheevaluatimorcmtrﬂmsamumwmmd
in this work that all the control schenes under study were satisfactory

dynamically.
X FRecommendation for Puture Work

1) This stwdy was cancerned with binary aystem anly. It has been
reported in the literature (23) that the Swoker equation could be extended
to mlticoponent systems., Therefore it i3 suggested that the control
problems of milticomponent systems also be studied using a modification of this
mathod.
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2) Only qualitative recults wero cbtained, in this study, For soms
design purposes, this nay not be encugh. Therefore & moye rizorous study
uadng heat and material balenses may be beneflalul.

3) The effect of ccmbined disturbances should alse be studied, Thass
disturbsnces sommtins might coupennste cach other nd leave the end product
goxpesitiong pragtically unchanged, |

%) Hore investigaticns should be conducted o varicus faedforvard
sghoes, Yin aluple fesdforward scheme proposed In this work gave an
agesptable result on coxposition disturbance, A more scphlsticated one would
surely be more offective,

5) %w "perfect®™ contivl sehemsecozbined foodforward and foedback
cositral schema - neads & more thoreugh investigaticn, The superior effecte
ivences of this solwxe was beycnd doubb. Yeb its prastics) value should be
datermined Ly an cootumle ntaxly,
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Calculated and Expsrimmtal Resulty
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Table 38

Experisantal 3asults m'w {Stripping section)

Cogse
0 « 8186
- 15.7 09“578
0 « 5478
- 25 2992
0 « 3156
- 330“ w951
¢ «5166
- a’o 06651
¢ o652
+ 138 556
0 «J736
% 25 #7533
0 . 7699
+ 75 +£101

Catrol Tray
Type of disturtance 1 feed cosposition

Lav. in

Top Conpa

o
1282

¢
«0R42

0
21728

8
<1333

o
o354

¢
«1793

1
21798

Type of dlsturbance

0 «9478
- 10 #3563
o « 4889
- 20 «8196
0 « T8
¢ 10 +88TE
G « 9

+ 30 -5308

%

0
0085

¢
#3307

0 .
«0RSY

G
4592

Boktom
Cope

+0L707
«UR2EY

01707
02287

«0196
o217

02287
«01707

02287

<0256

«0287
«0113

«0387
202287

feed rats

«0296
28313

« 52287
<2296

«0113

o0

+U113
«02707

Deve in
Bottom m.

L 4 .00‘&11
g

+ L0058

4+ 0023

- -m‘ll

- GOU32T

- QG:.?A

g
- 03183

- 00{.,327
0
- .0113

0
+ 00577




Centrol tray 3xd Tray (Stripping section)

Type of Disturbanes Feed Composition

% of Plst, Top Bav, I Hottum
Compe Top Corpe Coape

4] «2049 &} +0186

- 1607 0992 + .0271 .02237
0 .98 0 <0196

- 25 .992 + 0012 .92237
0 848 Q 02287

+ 1607 ‘8738 4 00298 00217
0 »98 0 0217

+ 25 <5226 - L0574 +02054
0 +ohay 0 0113

Cantrol trzy 7t¢h Tray (Reotifying section)
Type of Disturbsnce Feed Composition

0 9309 0 0196
16,7 «JR78 + 0169 - oﬁm

o 9303 0 L01707
- 25 093‘.3 4 000“ .C‘mb

Type of Disturbance Peed Rate

0 9478 0 »,0159
- 10 09“78 0 +01707

0 +9810 0 0084
-4 10 <9393 - 0017 01707

Dev, in
Bettom Comp,

+ .00327
0

+ »,00327

- .Gou"

+ 0067

- 0083

+ 00253

+ 00117

* 00867
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Felative volatility
b in rectifying secticn for noreal feed eendition
b in rectifying secticn wnder disturbance
b 4n Feobifying section for minimm reflux
b in atripping section for nommal foed condition
b in strzppim sestion wwior disturbence
b In styipping section for minimm reflux

‘¢ in rectifying esgticn for nomval feed conditicn
e m rectifying section under disturbange
¢ in reqtifying ssction for minimes reflux
o in stripping sscticn rmf-mnzmum, |
¢ In stripping ssotion for norsal feed couiition
& in nﬂppipg section nm diaturbence
Increrants
Nuzerical congtant between V' L and F
Huserical ccnatant between V¢ gnd P
Numerical constant between L and 2
Pesd rate disturbance in fesdforward contirol schems
Koraal feod rate
Fosd rate
Ruerdeal oonstant between D end F
Tray rasbers betwesn end tray and control tray
gevalue for norwmal feed condition




- i -

‘gevalue fcr faed

K in rectifying section with nemsa) feed canxdition

Kk in rectifying scoticn under dlsturbance

K in rectifying scotion with mininum yeflux

Siope of cparating line in restifying sscticn with total refiux
Feflux ratic with noymal fued condition

Feflux ratio undor dlsturdancs

Slope of operating line in rectifying seetion with normal

feed gondition

Slope of operating ilne in rectifying section under disturbanes
Slupe of operaling line in stripping section with normal feed
conditicn |

#1@0 of operating line in styipping section under disturbance
Jlore of cperabing line in stripping section with total reflux
Skape of cperabing lins in rectifying eection with mislsum peflux
Slope of operating line in atripping seetion with mindrum refliux
k in stripping secticn with novmsl feed ccndition

K in ssripping sectlon with oinlmss reflux

k in stripping ssetion under disturdance

- Tray nusbers in reetifying ssoticn with normal feed condition

Sray nusbers in stripping section with normal feed eonidition
Tray nucbers in restifying seqtion under disturbsnce

Tray nusbers in 2trippling ssetion under disturbance

Tray musers botween end tray end control trey undsr norsal
eondition |



TRAYP, TRAYS

. X

Tray sumbers betwsen ond tray and contral tray undsr
disturbsnce

Caloulated tobal munber of trays

Total nuaber of trays under pormal foed coudition
a:smsammm

%p with total reflux

Xy, with total reflux

Zp, with minimen reflux

a5 with noreal foed conditien

A under disturbance

5, With ncewal feed oonditlon

%y under disturbance

¥p under disturbange

&ﬂt&mltﬂeaﬂiﬂm

Re-k With normal feed eonditlon |

Liquid componitian of contivl tray when in rectifying sestion
m»ummmsm:am |

X -k |

ZZHER » k or DRSS « K In rectifying eecticon

Liquid sompositicn of feed troy under disturbanee when control
trey is in rectifying seeticn

NS -~ & in stripping seetion whent contrel trey is in rectifying
section

x,-kummmxmmm '
wmmumormm tray in stripping seotion

%, = k with noreal fead condition when control truy i in
atripping socticn
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XDHS = A with nowvsal feed cendition

FOES - i $n strdsping segtien

Ry o~ K fn stripping section whan sonbtyel tray is in
strlpplng section,

lAguid eonpoaltion of feed Cray shen gsatrel trazy 1s in
strivping ams.m

1% - & i atpipping section

%0 ¥y

Intarsacting point of g-line und ealilbriun live
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Computer Program for Feedback Control
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HOMENCLATURE

Bottom procdust withdrew:l rate, lbemoloa/min,

Distillete withdrewal rete, lb-moles/min.

Fesd rute, lb-moles/min,

Reflux »ate lb-wmoles/mdn.

Liguid rete in stripping section 1b-moles/min.

Faflux ratio,

Vapor rate in rectifying sackicn lb=moles/win,

Vapor rate in stripping ssction 1-~moles/min.

Mole fraction of gtter companent in liquid phase,

Bottom cowpositicn.

[iatillate composition,

Peed ooxposition
mm%MWMMmmz?mmmm.
muxgmmummmmxsmnmmmxm.
Nuseriesl conatants.

3lope of cperating line.

Kumber of tray

Analytica) funetion used to describe thermal ecndition of
fesd atream,

Nole frection of lignter coaponent in vapor phase,

x and y cocrdinates of intersection of g-line and equilibriua
1ine,

Value of x after Sransformation of cocrdinates,
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