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-C01stant term of equatlon (2-8), .

bons+ant term of ecuatlon (2= 8)
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N x N coerf1c1e1t ﬂatr:x (eauatlon (3 6))

-

Coe‘f#crent matﬁlx of eqnat’on (2- 9)
g LS

\ X m coe-flclent matrlx of the contrcl.

dlmen51onal vector (equatlon (a-’s))

V dlmen51onal vecto“ (eauatlon (o 6))

’

'Bottom 9roduc; wlthdrawal rate of - component,

Cons;ants.

1b-mole/nhr.

‘Error function (equation (B-15)).

Feed flow rate, lb-mole/hr.

i ;b—mqle/hr.

Bottom product withdrawal rate,lb-mole/hr..

Lo;al numbe*;o; comDonentS(E)
Top

roduct withdrawal rate (Dlstlllate ”ate)

Sy

_ lb—mole/hr. o ~ ' T

Top product withdrawal raté of component’ i,

f’*ﬁ.

Qué
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-

ol T

nrity defined by equation (2-6).
ficiency of tray j.. L e

- . =

Feed distirbance vector.

£Z : ' . . ..

Feed disturbance vector after transformation.
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'Non—ééfo element ¢fv§£.

n Enthalpy of vapor stream of component i and

]tray j,Bta/lb-mole

The fifth column of matrix J, N-dimensional

' N-dimensional vector defined by eguation (7-54).

‘1 -
Na]
[
e
}—t
e

T e eiiT—— ' © o o
Liguid flow rate of-ecmponent i, 1b-mole/hr.. .
L. . . " _““\_;-" -

‘Liquid flow raté,lb-mole/hr.

CA
'

tray:j,Btp/lb-mol%.

5

-Enthaiby of l*auiﬁ stream~of"¢om§onent 1 and

2 .

Enthaloy of *he top and bottom flow streams.;
_ﬁamlltonlan deflned by ecuatlon (7- 18)

‘Comoonent number ‘i = 1 for methanol i= 2 ‘
 for water. .}_r’j ' : o .

\

vector. |

‘Integral constralnts deflned Dy eouatlons (A-2)

and (A—3)
Tray nupber. \ . ',_ - 3
/‘ . ' ' . .
f N X Nemaxrlx de;lned by equatlon (7- 52) o

Quadratlc Der¢ovmance ‘defined by eouaulon (A l)

B

Pepformance index“defined'by equatiqn-(a—&},

“Integer used fov counting.

N-dimensional vector defined by equation (7-53)..

-

N x N matrix.

.

brium constants.

—

N x N maTrix.
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f*me;zg,mggq%es.
. Controi?period in minutes.
-7 _ L - :
Tj Temperature of tray 3.in °F. .
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. oou®(r) 7 Optimal control trajectory. y
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- Us "Liquid holdup of. tray 3, 1b-mole.
- v ) . - ] S .- .
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., type of mass transrer

BN

L - CHAPTER I . . .

o - . . - * ‘- \.._ b
LY ‘ . e . R N

e -\ . 'INTRODUCTION - . .- :

. . !

-

Contlnuous dlstlllatlon has Dlayed a very 1moortant

-

..role 'in the chemlcal and petroleum lndustrles._ It.is the

. m’g_

‘t n:that physically separates a < -

“mixture of two liquids, or d ferent volatlllty by aoolylng

=

. energy to_tne'system. It is a ralrly complex operatlon be-

caus2 -$imul aneots transfer of energy and mass 1s anvolved

K- - \ 5. . -~
Because of" tne complexlty ¢f the operat 1on and the 1ack of o=

N

. - - - : " “_,_/ ) %. . ! - .'. .’, 2
advanced equloment, early researchers could-not have a7 thHor- ‘““‘ﬂg
* ARttt ‘
- Cu -
|

ough olcture of the dlstlllatlon ooerat*on.- The des;gnmﬁ_ e

englneers of the past had to resolve ths by overdasaznlng '.T

.

une colcmn, Lhat rs, they put more trays in- tﬁe—colunn and

tow [y

|

J

. . o
made it w1th'a larger diameter tha1 has necessary. Wz h- the-'j
advent of soohlstlcate ~ana1yt1car eouloment and high soeea -}

d é tal and analog como ters, chemlcal englneﬁrs havq the P

pﬁ rtunlty to nderstand more about the.dlstlIlatlon

" ooeratlon than theyfever had before. _Q%i'x. -

- - Y

~

RS o
;he-analysrs of a qistillation ope*atlon can mainly be

" ‘-‘d;‘— ‘m*
divided 1nto two parts, tbe tranSLent and twe steady state./

Larly graahlcal methods, like the McCabe—Thlele dlagram and

n.' '

the Ponchon—Savarlt enthaloy concentratlon dlagram are for -

-

the steady state analysis. Trans;ent analy51s is more-in- -

- " . : [

volved because the column. condﬁtlons change wzth tlme. The-j*

eouatlons 1nv07ved in the transment state are usually a




e

esystem of dlfferentlal and algebralcnequatlons of non—llnear

'-natuee._ Aralytlcal solLtlons of these.eouatlons are next

- -

«to obtalﬁ the analytlcal SOlueldnS
T

2qua 1ons eertaln assumotlons were made by early

[

_‘to imposs] In or&e“

y J

of these

' researchers. Because oﬁnthese asx\_otlons, these eOuatlons ’

were s;mol fled and became llnear and thus the Laplace.:
) -
ied to obtain the solution.

fLransform COuld be‘ampl

With " Lne arrival of the high speed di gital'combufer,'”“

V.numerlcal soluglons can rea dl’y be obtalned For these non--
.Tlneaw ecuatlons Lhet desc“lbe the trans*ent state of ‘he

distillation operation.. Lhat wer e'once

The assumutlons

A
<

necessary can now be relaxed.

'

ibe maenematlcal aynawﬂc model . ‘\\

eseneaulon O;

-

becomes a better and close ehe chumn oper-

eﬂpods cap be used lnseeaﬁ‘

epr

-

Also, rigorous calcuTa io;

of the- Sllelfled granhlcal metnods';o eva’uate.ehe

atﬂon.

[

1-

opewahlon of the d*stLTIa

—

state on column.

l 1

In order-to keep the dlSL111 n colwdn operating atca

. -

cerbaln §3 Lady state cond tlon7 the. sureams Lhat'flow in and’

the internal

‘out of the column, as wel1 as,

TR\

?lows must be

' .

kepe consuane;

L

S

be

ating eondlulon. Bes;des,

occur in the feed stream.

.

colﬁmhy the top and bottom

EN

from thelr de51red values.

them back to tbelr de51“ed

-t

9

—

Inere ore,_some klnd of cont”o1

ﬂCO““O“a ed on tHe colunn to-

‘Whenever 2 disturbance enters the

'product composi

LY

system.must\

Lhe desired oper-

L]

nalnealn

ﬂ S

1t‘is~nét'unusdal'%hat disturbancs

-

tions will deviate|

The control system must bring

.
S

values; If only one o; the two

'
LI Y Y
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-
-
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variable will .be Qod enough, _i.é; re;lux flow rate to con-

—3Frol the top product\composition, and heat ihput to the re-

‘bettom product composition. Hodever, -when both product .-

L rare itwer Lhe top product withdrawal-“ate and the “eb.s r
staam-?ate,'érgthe reflux rate and the bottpu,“ﬁocuck uitﬁ-
new kind of control scheme. has been deve

- detected before L“éy enter the.tolumn., There

. based on the mathematical model of the column;:--

: N . ~
Fl e T - -
A . - -
. o . Ly
.
) ﬂ ~ R T -
. v v
¥ .
. N I L.
P -
.. . .
N w o . eI \

' products 1;}im~ortant, +he control system witi” one manloulaged

- .
B e S -

N Tt e L

T T , )
i . " ~ . N ' — . . ) st ,-‘ '
belier (steam flow razeto +tHe rebdiier) "to control the

.
[ -

cempesitions are critical, conTrol loohs ndde %o be set up

'\‘ i -

p S i - -
around th@.two ends, or*the columnt The Daﬂr o:~manlohlatec

.‘ b

iao’es uSJally chosen b“.onDWe in the'chemlcal\industries

er.
S - [ : ‘. - \

— o -

. N
\ .

ct

crawal rate. Besides keeping both terminal compositions a
. N

nt control system car-zlso

b

the desired level, this Two- -po

ntain the yield of the disfillation ogeraticn. S

With the help of *he anaTOg and digital computers, a.
1

oped. It is th;\so.;

”

called "feecforward.controll'. The advantage of this one over

the conventional feedback centrel is that,distirbances are

L

ore, the re--
duired céht oT act=on can be aﬁtlei ated and bettér'é%ntrol

cf the column will be obtaﬁnec. Before a feedforward control

Tysten can e CO“St“UCted cyn mic.and. st ady state models

T : - o
‘are negEBsSary to cescrit Ahe column operation. -When & -
cis

Turbance'is sensed, the<signal will be transmitted to-the

system -and. the necessary con trol action will,;é‘pglbuléted o

-

effac *veﬁess of the -feedforward control scheme is highly
eIz i I The -z¢ hjoha b4 n<roL me 15 aighly
: S ’ ‘ : o
. ) A"\;;".I“ ‘
- - by S
: . -G
. . o o
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depended on the\EEcuracy of’ the mathematlcal mnod

i | Whan a céntrol system is deslgned

it 's dlfflcult to

asSess=Whet%er it is*the "best control* or not. Witﬁ'phe. U

. sarrival of the state space tcchﬁihﬁ?fohd,modern control
. theory, .true optimal'(the'best) control can be obtained Tor’
ﬁ"-"rf . ( . n . - i . P .: - B - -_5“ ..

a linear system with rospect to a certain. performance cri-

B

‘terion. The concepthgf‘the optimai controi stfhteoy and the .

idea of feedforuard control‘ blend 1nto each ofher and cmerge

-, —.....—

as a powerful control schcme for‘tﬁfTun-mlcal 1ndustr» Wanv
= blnarx dlbtlll&thI-CdTUﬁu oporatlons ee~—ﬂe-dcscr1bcd bw a.

s llnear s\sten Lnerefore, the tvuif optlns; feedforhard con-

LA

~troller can roadllv be - svnthe51 &d rnroqgh the presont

_knowledge of modern control theory ~“Alfwo qh tho foromen~

- ..’-“*

T : ‘tioned two-point eonurol svsLem has WLﬂeey been used in the'
‘chemlcal 1ndustr£€§“_ﬁo llterature has yet been -~ found deallu;~
dlrectly hlth 1mplemon;1nugg,+1mal control po11c1es with this

.- tuo p01nt eontrol sjstem for controlllng the operatlon ofa

dlStlll&thF column. -
oo ""'-. The/present work-was cenfered‘afbﬁad/a piece of'exist-

_/ ing dlsxlllatlon equipment belonglng o the-Department of
. /. ] A \-
.*dal Eng;neerln g, Unlver51tv of Ottawa. It is a semi-

uorks scale 10- tray dlstlllatlon column used to separate"

—_

T nlxuure of methanol and water. . | ' -
. .
The -1rsL part of this study was devoted to the devel-

~
- opment of dynamlc and stead» state mathemat1ca1 models to

representj*be operatlon of ‘this column. _Because of the. non-
¢ - " <

- . .
- ~ . -

. [



LI . ) . -

fiaeal'néture of the mathonol-hater svstem and the extrcme

operatlng condltlons of the column, it was found that a non-

Linear dynamtc_model was required to represent the distil—

A . . *

1ation colomn.A The non- llnear dl\tlllathn model devbloped

by Holland andaWaqgoner 01) was successfullv adoptcd and

.

nodlfled in thls work Thls mathematlcal model was eventual-

»

1y usod to test the effoctlveness of the optimal controllers

which weré svnthe51ted using a 51mpler linear dynamic model

“The second part of thlS studv*m@f“ﬁbvoted to the de-

velopment of tho opt1mal control o011c1es. Thc state—sbace
. > .
approach and the llnear synthe51s technlques of the modern'

' control theorv was used ‘in‘ this development..'A 51mple 11near

-

ovnamlc model based on materlal balance only was used. The7
&

~system of d1fferent1a1 equatlons which made upfthls model was

slze the optlmal controllers. Two optimal controllers pased

ori dlfferent control Dhlfﬁ ophles re -constructed using the

- -

transformed 1nto the llnear t1me 1nvar1ant stateuspace
cquat}ons. The technlqucs of the mlnlmum pr1nc1p1e of

s

Pontryagln and quadratlc performance index was used to svnthe-

-llnear-dynamic model" These were 1ncorporated 1nto a simu- .

lation of the forementioned feedforward two- point; olstlllatlon

cOntro1 scheme u51nc the non-linear dvnanlc model of the

distillation column. The effectlveness of the_optlmal control

'scheme was. evaluated when set p01nt and load dlsturbances were

'_.

introduced 1nto the column and were found to be satlsfactory

-

.* The llneaf S)ntheSlS and quadratlc performance 1ndetf




.
-

- ..
*

tochnlques of the modern control thcory was- found to be a

versatlle mcthod for constructlng optlmal feedforward con-

trollers It permits. one to handle problcms of set- p01nt

and load dlqturbances in one formulatlon And because of the
properties of;the linear systems an"optimallqOIution of the
problem is‘guarantéed.' Also- from the numerical calculatlon
pointlﬁf view, the calculatlon 1s straloh foruard This is

Tt

an aclvantaﬂe OVCI‘ non llnear SVntheblS W

hich" 1s mOre complct

-

and in which therc wa

guaramee that an optlmal solutlon “
. (e At
h- prde;

'etlsts espcc1allv for 73

v

systems 11ke the dlstll-

/

latlon column in this studj. Untll more advanccd

o

and .so-
phlstlcated numerical techniques whlch guaranteed

a better

result have been\acveloped the approach used in this study
-

} , | v
is a very valuable alternaf/ve. - - ‘
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,a1ways been lmuortant to chemical lﬂdu try.

cut methods had been widely used. For binary s stems,

avallablllty of Lne‘hlgh speed computeb,

are graphiEaI methods likertie McCabe—Thiele diagr@

-

Before-the

(3)

aphieal-and short

there'

and the Poncnon—Savarmt entnalby concentration: d*asram LQ)

“1"-

For multhOﬂDonent systems there are snort cpt methods, 11ke

the qulster metpod (33, the Fenske Underwood s total

equation (3)5 Unaerwqoc s minimum reflux equation (3)

‘Matneson method (3) and the Thiele- Gecdes method(3) were also

. Dmooosed

-

Gilliland co“velatibn~(§) Some rigorous calculatlon

- El

rigorous‘methodShave become more popular

proposed a new convergence procedure: - the ‘§-method of con-

“eflux
and the“

‘methods

W1th the arrival of dlgltal computer, these

Lyster.et al.

which are based on- tray to tray calculatlon’ ke the new1s~

(%)

vergence =" .. This convergence p“ocedure together with the

-

Thiele- Gedaes method bave tuﬂned into-a Dowertul tool for

T

.solv1ng steady state dlstlllatloﬁ'oroblens. In 1958,

.

Amundson and Dontlnen (5) aDtTy descrﬂbed tne dlstlllatlon

- ~

-

D”oblen as a system of szmultaneous algebralc equations and

solved them with the help oF matrlx algebra. The major'

-

o difsf erence between this aDDroach and the conventional ?nes is
. . Ir g

".

Pl l

)
.
-



1t solves the eauatlons dlrectly

1
'.\‘-.

Rose, Sweeny and Schrodt (5) have anplled the famllliT%\\\\\\

\
relaxatlon method to dlstlllatlon Droblems ' Because of’ the

natu_e of this method et also gives an aDDroxlmatlon of the

tran51ent response of the column whlle Der_ormlng the cteady

-state calculateons BLt this netnod 1s con31derablv slower

than the otners.: Ball (8) has modl led thls method S0 tha*

-

steady state can . be obtalned in a shorter comoute ion tlme...

Varlous convergence o“ocedures have been reoorted and

modified by 1"esee.-,rchews llke Pelser (%), Bonner (10)

Greenstadt et al (1. A conoar*son of the convergence

pr ocedures uhen ap 1ed to varlous calculat*on metnods was .

- ,

repor ed by HoTland in hlS text (/) Recently, rFomlcn (12) 5
\\—_ > -

l(j%? ), Billingsley <132, Gentry (lk) end SepDala and Luus

\\(15) (1972) have. “eported lm;:oveo cachJation Drocedureeb
'efor the Steady state dlstlllat#on'orocessesaj The ™ *evts by
Smlth (3), Van Winkle (16) and Holland (7) are gonBSOurces r‘ff‘
of reference on the steady sta e dlSLlllaLlon celculetlon'ﬁl
methods. ] ‘ : : - '; : -. -_ . T |
Becedee'of the aveilabilitv of largé:scéle'high Speed..
wdlg tel comouter, obtalnlng the solutwon of He steady state
eouatlon 15 no longer a probTem Recently, researcners
have concentrated on lmnrovement oxﬂ;ne convergence tecnnloues

in order to shorten the comnutatlon time.
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28) UNSTLADY S'I'ATr CALCULATION

1} LADLACE_TRANSPORM

“arsnall and °1g;ord (17)'were the ea?llest 1nvestiga—
~—__Tors who anaTysed the unsteady state dlstlllatlon
:. operatlonmquantltatlvely.-i They. s ormulated the dl;fe?—

-ecuations whieh descrlbed the rate of mass

_-!'“-—-_.___

- - - Y‘c N \- 3 ?
- qx]; e R _Y.).+lﬁ(x, _xl):fh‘H??E:l)'

whe-e U and U are’ the holdups of ‘liquid and va?fg

: wesuect’veWy -Xj and Yj are the llGuld and vano‘“‘=-

- 4

\ ‘ .
comnos*tlons TeaVan ;ray Jj. v and re the total-

vapor and, ligquid rates. ' T
The set of differential equations was solved ‘analyti- .

cally by Laplace transformation with the help of the

~

followihg-assumétions. o : d

=

/"“
. 2) Linear eoul‘lbrlum relatlonshlu 3£ the form

~

e Yj C Xj * Cy ex15téd .

b) Vanow and liquid leaylng the tray were assumed

3

“‘kaxo be in eguilibrium.

—
.-

.»»“

_c) Tomal vapox and 710u1d rates enuerlng and Ieav1n§\\; o
<

—___.\

‘\\
eacn t“ay were independent of time and tray 1umber..
-i-‘—-..

— ~

.d) L:quld ‘and vapor holdups were inaepen@gnt of time

and tray

mumber. .
) The contents of the vapor and-licuid holdups were

.perfectly mixed. - h T e

—

~



N

Mlcklly, Sherwood and Reed (19), also ufrhlzed the

- operating at total reflux.

of tne‘oolvmn'under feed compositidn step changes were
confirmed by tha dxperimentél results. - A¥mstrong and

LaoEEEE“a-

ob;aln a tr nsxent soTurlon of an absorber Droblem. .

\gndson (18) applied *he same methods to-

Laplacde tran5¢o“m to obtaln an anaTytlcel solutlon to

-

'l\

sueady s%a te of a. olate absorber. 'The assumption of

cons;ant llGUld and vaoor rates, consean; llould and -

‘vaoon noldups and llnear equlllbrlom relatlonsnip for-

every iray were made as in the previous cases. The

-

development was carried oet in detall for both lDfJ‘L .

1Y

g tray*efflolency and trays other than oer‘ect

“Mwllkwnson and Armstrong (203 (21) applied tne same

-

treatment o= a-tray blnary- richlng coTumn

——

‘The t 'rssponses

-

Wood (22), then epplied-fhe same Laplace. transform to

a 21 trays binary distillation column: _ -

Voetter (23) 1nvest1gated the D“ooagauﬂon of a concen-
tﬁat\on dlsturbanoe through an enrlchlng sieve tray
column ‘both exoenlmentally and theoretloaLTy He uhen
extended the mathemaulcal ana1y51s to the tran81ent

resoonsezof a .complete conventionaT_column ~The work.

by Voetter Wllklnson and Armstrong all 1nvolved the

q. . .-

‘comnon assumotlons of lOU“ raj eFf1C1eney, constant

llquld tray holduns, -adiabatic” oneratlon and cons;an;

...\__;ﬁ:

‘tne problem whloh desorlbed the rate Rf aoproach to the

’

LB



- L . . o - . . .

S s | s
g ,-//fa_'f' molal.éve%flow. | T | ‘
’ | o . In'L?67,‘storne and Madddg pfoposed/a‘simpiifiea. )

model in which the column was divided into three sec-

. ticns. They smere: - the rectifyi g section, the feed
. - section and Lhe sty 1g section. Each section was

“eDresented by a cowuone%% *cvial balance and an en-~ '

thalpy~balance gquation. Transient experimeﬁtaéhnesalis -
S s

seDaratlng blpa”y and te“naﬂy syqtems we”e ob dined _and;:

e _of a bench sdale column, wifh tén Derforated trays,

i

_—_ - -

ed w1th the modek}resu&ts.m'Osborne é*zﬁﬁgaccaﬁ_q'

[ ‘ h

omp

| o
'+ claimed that the accuracy of thel“ nodel depended; high-
1y on the accurae'wof the :low rate measurements.

In.1968, Donjola and Yo”den (24) D“onosed a- llnearlaea

v dynamic model for b*naﬂj dlStlTlatﬂon.' In“their pro-

. . .posal, the czs 1l tlon p“ocesq was di v1de cinto two

e

subprocegﬁes, namely., the mass—;rénsﬁer process and

',; 1

. g ; . =
. . S
. obt alneé\By\\he
. TWO shbarocesses.
- St aﬁd—neg - :
The Lap tnoseidase§*\;\\\\
o ~  where there is onrly one volatire-component such as the -
o ) . l- . . . . — "‘——-_.___‘h".'-
absorber and the binary distillation column. A5 far._ :
. ' as .the multicémponent distillatior problem is concerned,

. # . _
' this techni Ue fails to.produce an analytical solution.



O .

2) ANALOG COMPUTER .
Aﬁélog‘compﬁféf has.beén.one of fheoéools for Solving
fo Caif ferent:.a1 eouatlons O¢ the tyoe given by eouatloﬁ
(2-1). The absorber problem studled by Lapldus and
Amundson (18) was. agaln solved by Ac“1Vos and Amundson
(28), lu51ng an anaTog comouter in 1953.- The cases they‘
invéStlgatod 1ncluded,llnearfequillbrlom felatiopships

as well as nonalinear ones. Yesberg and Johnson (27),

. . -
[ .

“hﬁrgohtix usﬂng the analog of L;ebman wnlon oon51sted only of
. . ﬂ'z “e51buuho° e’ements, simulated tHe staﬂt -up period OLL

a-glx_plate absorber. he system under study

N -

bad on;y ore . volatlle component.

. . R - Cee T =
U81ng a "ﬁ* e*eotlal A.alyzeﬂ"“*gévhq _Tepe and -
= e

Gaﬁrahn (28) obtalned the transient profile of the
+batch dlS l“atloq of a blnary mlxtu“e.o Thefrelative

volat111ty as well as the vapor and the liq*id flow

L]

'._’”‘_'_ &-\a;es were Laken to be consta;nt with “ES‘DGCT"CO t:Lme
- ‘-"_‘-—-_-—_-— _--—--——_._._—~. S

.

H and.tray number.

Rose, worklng w1th uohnson and Wllllams (29) (307

‘demonstratec the use of an analog computer in solvzng

—— ;ﬁuh‘ﬁfff_ff?ations which descrmoed—*ne COTTCIIT GUS‘dlstlrta-

tion of T bimanv mlxtu“e. rrhe t“anSLent condi idﬁs

produced_by changes in th -feé' smposition were

- -
E 1 "\ N -

D“esen ed. Agaln this Drocedure was resurﬂcted to

\?‘\\\;\\\\ blnary systems. Assumbtlonc wewe aWSo made of constant '

——_ . liguig and vapor flow rates of the reotifying and
et 4 ' . . . .
ot - W T — T . . ‘ - )
o "—',‘"---—..\\ . - - i’ ,-::,

,//‘ - ,,"‘ o - h “f“~f%“E



. e

system of equatioés usgd to represent the dynamic

charac eristic of a disti llatlon column was develcped

)
by uolng the following assunptlons. ‘

a) By small Deruurbatlon, ecuatlons could be linearized

.aﬁhxﬁggnd the steady state values.

b) Negi glble vaDo“,holdup'and pe

rfectly mixed liquid &
holdups. . . S

c) At.stE"y

state the llquld and vabor rat es" we*e"

' Y
constan+ *hrougnout the stﬂlanlﬂg and rectifying séctions. §§
d) The tray ef

i

ficiencies were- allowed to vary from tﬂay

:_Y hTt ere lndependent,qf time.

alog Smpuwter—and | ¥
verlzled Wwith experimental results. Amportant contri-
butﬂons o¢ thls work were: a) it tr

La

2d non-constant

Tig Uld nolduas, b) the llnearxhcf:::IUL tThe system equa-
ions allowed the anaiog solution to be accomp11sned,/

. /’ .
w1tn con51de“ab y less analog ecuzpmen; thap tFRe sclu-
tion oF non- lﬂnear eouatlons.

"
. .

In 1959, R jnSdb”D and Maarleveld (32) and Rademakeﬁ

a dlstillatioﬁ column whlch,;ncluded an lnteﬁconnecLed

pressure network, vapor flow network, ‘¢oncentration .
sy natwork. ' The.merit of this )



A

I

- ,‘g‘

-/

_électrical analog was that it consisted chiefly of

.Passive elements with a minimwn use of operational

e -

.ampliTiers. The main assumptions made in developing

these model equations were

. a7 olne“r**cnorrcp——f
b) Binary mixture .
¢) Theoretical trays

<

d) Zaual molal overflows

P

ot
o

wSQLwLEyben, Ve“newl1 and Gerster (3u)” extendeo

the work cof Lamb Dlgrord and Rippen- to a DllOt scale

ten trays. Their

o e

()

bﬂnarv dlstlllatLOﬁ column W

™
L

suudy snoweo that a set of llneaw pert u“batﬂon type

- Co
diffe l-eq ations could oredlct the.unsteady state
e f ;ﬁ ce of thel* column with reasonably good pre-

c*5101 and *ney coqu also be- easzly s.mula;ed on &n

———  _ _2nalog computer.' However, the accuracy deteriorated
- —__'—"‘_'-—-—F . . M

f“*‘——~—-

e ——

. . ] - _— ; _ :
as the magnitude of = e ‘pert urbatlon became -langar, . ..

3

The merit of the analog computer is that, the differ-
2tial egquations which represent the distillation

cblumn.can be integrated directly. The caoac1cy of .

=

the andlcg machine is ubually not Laﬂge enough to

handle‘multlcomponent or sven non-linear binery distil-

lation problems. In recent vears, researchers have

- been inclined to use digital computers instead of +he

analog computers to attack distillation problems.

A




3) DIGITAL COMPUTER " " = 1l T s

The analytlcal sclution of' a dlstllla}?on -problem sel- .

3. - -

Adom exzs;s unless: it Has been 31mola11ea”by maklng o

acsumbu;onéq"ﬁhe avollca 1on of the anaﬂog conoute“

NN - v Y

. . to Lbls Drob‘em lS also.l_mlted by ;he ,capaci ty of thas

- - l — 4’ -

5

- - machine. Raturally, the bhoice for thii‘work isathe*, S

- —m e e

—

\ . digitél gomputer. " Since” *hls comDuLer cannotintegrate

- the d;f;ére ntial eouatlons dl“eCL_', a mumerical pro-

*w

C cedure muSt be Lsee.to Sbtain an approximation of the

-differential,equatiOns which is acceptable to the .

. - . . -

-, _ In 1958, Jackson and Piglord (38) illustrated the use

/- - of a“digita1vcomputer to Obualn a nume“ical‘solution Y
) . . "‘- - - P . - _ ,
A o corresnondl “to the start up period of a column sepa-

/--

[

i .~ rating a binary mizture at tetal réflux. At total
. _ o A x§

-~ -
-

reflux, L =7V, ahd assumifg the vapor hOlduDS ‘are

[l

I‘

e negligible,_equation ( i3
© T ¥ia s = Y+ X, - Xor = —ba2 (2-5) N
. S £ I 1 3,1 J+1 ‘jf; -~ at . TV L .
On the basis of constant relat Ive volatility and
L Murphrde é ficieneies, transient soluti®ns were - o v
= T - o ) . - r" N - ” T ‘ . . ‘ff-’
' ‘obtained for two types of rebdiler. i ' '
- . 3y aswumlng constant ”elatlve volatility, flow rates and.
- holdups.w bin each SECTlOH.Qa a blnary'column Gllllland
- : : S - . , T %
and Mohr (36) predicted. the ran51en; behavwo“ of “the
column. &°digital computer was used'to;solve 2 system N

[y

- 7/’ . -

S - — ‘ ' V7
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-

"the.rgspopses calculated by the numen;cal integnation

Jwe“e erd o - eval{ate the time cons%EAts T

in feed comp051L10n were Dredﬂcged aﬁd compared witl

‘1/"1 R

: *ﬁh@né"the‘ﬁuperscript

‘of eouatlons similar to equation: (9—1) TheSq-feSults
Lo 1 _[ \ “-v't/ T
and TT.

.»r ) . ' l 2 g :
S -f— Lo St ATT n -t/TT ho
) : o 2 Lot
o . _ X(t) - X (w }‘ .‘ ) & l . . T < ) ‘..-"‘.

1 . .
& :
£

X(t)‘ﬁenotes the value of X:.at time tU The quantities.

Al and- B may be stagec-ln terms of . Tw\aqp_TTQ. e
= i, R S

quatlon (‘-S) ‘was’ comblned with equatﬂons for thé;, ”

'..‘. yo C ol " o .
- . . <

'.cnange in ﬁeed ccnoo ition to give transfer functidns ¢

a._

for sections é;@the column. By using these transfer .

functiéns, th& resaonses of the column to.step changes’

The: peWaxatlon metho proposé by Rose, Sweeney and

- - . e

Schroa*‘(a} was 0ﬂ1g1p311v used 1o dete nlﬁe tne,sgeady

.
.

state co‘umn condltlons. Uszng tne normal sinolifying

aSSuthlOﬂS o* constanL mo¢a1 over:low negllg b’e

i i . -
vapon noldup, const;n*‘l quidg nondD and Der:ert t“a;

.

-

L -
t s . N .

mixi g,,théffollowing'equation was gresentgd. )

e p .ot , : . R -l

’ . .
.-

/o= UL .*A*cvﬁ.. DT+ LY . ’\7‘«"" R 5 S S
173,11 3 3.1 "lsl ]/-'*"'-.L:. 3:— J:Ll-

-
1]

f_h

..;‘ - . ': - . '/r L -7 (2 7)

tl“_ level, was "

- - L

L "’/ B - e, . -
aenokes che compqsztlons at the
y . .
T1

old time -level. ne wotglﬁg equation. 'highiwaé sclved

- . '_.,. . .
explicitly for. the c HD051tlor of tray %»&I the new

. o.o= X, . + = : ‘
e P L Uj
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3 oo - - ] e -
= 16 -~ —
. -~ . -
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- o —— ' ~
. - . - -
—— .

-

-

AR Qquation such as this eould be written for -each com-

bg used Tq sclve Lhe - teady
Thies method ‘is similar to the N

In 188%, Albrittonm. and Murriii-

(D
)

hod to solve aﬁ'”nsueaay Stat

‘Reseiet al. (7) waz that an ex

ment must be chosen te avedd d3

1he steady sxate. inese observations were confirmed /
] . -
oy Sweeney (3%) in a later paper. In order +to reduce //
- f'"l:. a !
the .number of time periods reguired by the relaxation /
A

modiried the pro which permitted. the time period -
‘to-befléngthe“edjéppreciably. ;Unfor§unate1y; This
rodified méthod mdy lead to an‘incorre-f'tfansigrt h
'sbluticn-evgn though the steady.state solutibn;ié

. ' o - LT

o g o | | . .
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"_‘ <
» These are

Lhe wowks done b\.early res ear cners-whq hgdf

tal machine the, numerical

——r ' -

Most of’

utilized the digi to obtain

dynamibfdistillation eguations.

] . o

-the preblems inveolved binary svstems.

sclutions .of

~

. 3
undson CuO} important

matnematlcs~-matrix a'ﬁebra-éto the

have b%oucht

ot

the

‘field .

‘Vf_'!

AY
ut

system of equations

‘ _béﬁauiéé of.a distil-
multicomponengr syst
Tor each'componentg‘ﬁﬁ
2 1) can be written fof gach tray as Qell”
qpndénser and'reboiler. By assuming negligible vapor'

equat ion (2~ L) can be written in *he Follow-

. S - - .{2-8a} - -
D . - Lo A /_ .
. t

- he equilibrium consuaﬁ#p relating
e} J, . ‘. R . N )

H-‘._ﬁ. . - . el . . :
iquid compcsltlons. Tne assumption ti

-'.L N - -

rt
o2

n. .

l_}
L

s

b

nclal holdup' is independent of time was also made.
’ b - ) ~ '
The coefficients of 2ll X's of equationé (2-2) over-the
. v R
entire colunn can- be grioudbed together into a matrix
cencted by Ab. All the X's.can be put into a vector -
_\\ N - .... ) -~ - . - — PR
den?ted by ¥(t), and the feed input by T(t). With
. . o e .
.J
» ’




H\\;//'

- T~

!

v ' ' D . ) ~ DS .

. the help of these notqtions, the system of'eauatidhs

.for a_given‘coﬁoonent over.'the entire coWumn can be

representedﬁby't1e~;ollow1ngpvecxor—matrlx diﬁf reéntial- ey
eguation . - . o .

CXCL) _ ab [X(r) + Fer) . S (243)

g . - '

.

Acrivos and Amupdsen (40) "further stated that if equa- * -

. . AN . N ] X .

tion ,(2-9) .is linear,. the solutionfof_this equaticn = .

. n_ -- ) - " . -

can be given by the following ehD“eSSlOﬂ , ST .

s : . o p
,‘, ) . . R . . --l \ - . ‘ . .
“{t) = M(AR) XGOBH+ M(ADb) M(ADb) A FCL) 4t (2-10)
[ ‘ G .
- LR et .
Where M(Ab) is the Matrizer of Ab. e development of

- ——
———

- this well known elatzowsnﬁn i1s given by T

]

7 L ' " . .
Equation (2-10) is an.expression for the composition of ’

~the liquid stream (leavingfthe absorber;\éhd it is-a.

'Tn this develoumeﬁg, it ‘was assumed

.

function offtime;-

<

that the. eWemean of the natrlx Ab whﬂcn conta ned the .

flow rafes, equlllbrium_constants and the tray holdups
_remained'cOnstan%'wifh respect to both time and t”ay

number. _“ey a!so snowed’;nat fo” an ‘absorbe with a e

gle volatﬂle comoonent tﬂansLe“r ng be wean TWO

_.-

iy

inert stréams,.tne matrizer of Ab coulﬁ be eyaluated. T

to give an analytical solution of equation (2-10). - = - .

The work of Acrivos and Amundson lead to the procedure . -.

h

‘. presented.by Mah,,Michae%SOn_and Sargent (42). for the )

o " o B . '.. . s



-

used faor the next time period. :hese-authors.note;\\\\\\ .
- that the procedure led to sets-cf tray compos*;lons ' A
a . Lo ’ v«A >
o T

sclgtion'o¢ a mul;lcomnonent 'multl phase systen in

1852. Again,'the system:equations were represeﬁ%ed by

-équation (249).;'By making the;assumntion thaf the

EN - a

patr lX &>w as cons;ant througnou; each tlme period, it

was DOSS’ble to use the solutlon For a- 11nea“ matn

.

equation’ as glven bv Frazar etual. (41),, A set of new'

.¢*ow rates gnd equill b“nun constaTts we“e calcu’ated
\\\ . -

at tne_e d of each tlne zeriod, and thesé vafﬁav\gfre

= X. .'2>l.G§  Thislproblem was cured by

>

- . \ [P N
- .

rmal Llng the tray compositions. . N

&

‘ . o _
Sar*eq*.(#l) acknowledged tha *hg Validity of this.

approximation had not been ;ubsta iated and D“ODOSGd

Y -

a variation of the earlier Drocedure. The system was .

- . ] ) . 3 “.’.
describeﬁ by. equations of thé same. ;ofm except’ ;hat he
Uj 's were, taken to be.phe.dependent'vari bl “rather
s L b e, L . .
than the X--;ﬁs. " The coefficients in the material
) gL . I . . . - - . N . -

baIance equatlons were permitted to be linear functions

t was proposed that

R = IS

of time. in thé fevised‘solu*iqﬂr.
. )

the corréctéd fuhctions for? eacn tlme De“lod could be -

ob tained by an 1te“atlon scnemea No’ exémp_e was pre-

sen*ed to aemonstrat@ the-use of_the proposed calcula-

-tion procedure.



R T e et

.

- ’ ..‘ e ‘ s

In 195u Waggone“ (Ly) used the mat*lx equatlons Dro~- E

DOs ed by Sa“gent te solve an unsieady stato dlstlllatlon"
’ Y
 Drobren. The Dpocedure, used +to. obtaln a numet,lca1 sc0-

™the matrix eouatlon red from that', ¢

"this method.. The most significaﬁt wepg:- L
a)l The.solutions obtained differed,Wheﬂrthe iZngth of
the timé'period‘varied. | o e )
b)) The sglutlonsdzdrmm\conve“ge tc the corrected

final sgeady state.

\ ' . o
Waggoner sagges;eo tnaL the limit tlons he encountered

wou’d ap 7 eauallv to Lhe numerical. metHoc Droaosed

‘by Sargent.‘ As a natt‘ cf fact, waggonér had‘%ried

. . . ‘
the same numerical Drocedure suggested-by.Sargent to

obtain the solutlon of the same matrix. eouaulon. It
wés _ound that differences in the numerical results

could be'attributeq to these which arcse in computation.



—

©5) RUNGE-KUTTA METHOD -

oy . ' . ~

-
-

_"Nunerieal‘integration by the Rungé-Kutta method has .

-

‘been used to solve the unsteadv state multlcomnonent
dlstlllatldh\\Droblem. ‘Mah et al. cuz) Duffin (us),
Duffin and Gamer (u46) Have used thls method. ~ As

p011ted out by Mah et al., the step size used for this

t’\

1ntegratlon scheme 1is extremely crltlcal from the
stablllty‘standpoint. This method, howeVer ~does have

tne advantage cf not reoulrlng any snecaal starting

Drocedu-e.-

" The ‘'model used by Duffin (45) assumed constant llGle

holdun, no llquld or llould holduo betweeﬁ tnays,

erfect mixing, negllglble vanor bolduo and lnstantaneous

’ equll brlum between the vapor and the llould at each-

tray. The solutlon of the differ ential materlal and .

B

energy Dalance eouatﬂons Droceeded as lollows:

al Tne-Runge-ﬁutta-Glll'(&?) algorithn was used to
1ntegrate each comaonent materlal balance fo“ one time
steo.- Dtrlng this 1ntegratlon,,the column. liquid and
vabon Flow rates wene assumed constant. |

b) From the. composition. obtalned at the end of the time

steo, new temperatunes and Stream enthal Dies were L=

N : -
comnuted and the component material balance 1ntegnat10n

t

was reueatéﬁ untzl the entbalgy ‘balance WaS also
satlslled. The lnternalwcolumr flow rates were. ’

,_,-'
allowed to vary in ordeyr to satlsly the t“ay entHalDy

balance. S o '




-

-‘,

'vawlable llould holdup, as deuermlned by the tray -

P

Duxfln and Gamer (46) generallzed thls by allowang

hydrau11Qs. ‘This SOlLt101 Drocedu“e was: essentmally

the. same as that used by DuFfln (45)

~Lhe advantage o; thls method.is, that it is relatiﬁ%l
¥ S
*y simple aﬁd easy to program. It is rather a time ..

_ f cor;umlpg process because each

<o ‘i-!-'u- : -

'ated~q'?imes(n is-the order of’

routd ne) be “ore 1; can Dwoceed

~

.lso, 1t does not Drov1ae any chec< for Lhe trun--

-

S -

- - -

nt has to be iter-

the Runge-Kutta

'tO

L.ne next DOlI‘lt.

-~

'catlon error.@s_ln,the predletor-corrector’method.

.
)
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:
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§) PREbICTOR+CORRECTOR'METHOD A
Huckaba Franke and May - (MB) (ug) have presented the
fj.*“an81ent seiutlon of a blnary dlselllatlon coWumn and

Ve”lIled the results w1th exneﬁlmental data ,The

*ollow1ﬁg assemb cns we”e made dur*ng the derlvatlon '
." \/\ ar ' -
e ‘

-—

or'the_equations._' ‘-‘

- a) Peffect.*“ay m*x1ng

. b) Constant ‘holdup £or all trays
Q) Negligible wvapor holdup
RN - ' -

_d),Negligible‘licuid and vapor entrainment

e) T ay eff1c1enc1es lncependent of time.

The eoua 1on§ﬁused.by Huckaba | al. to descrihe the

1 - ‘:. . " -

0]
ot

Drocess were ©f the Zollowing form:

R Total'materiél'balance '
- Vi+ Vi 4 Ly —Ls *Fo= 0 (2-11) . -

-3 3-; 3l J ]

1

Component material balance

2 & -'- + L. - ..—'V. fY. . =-L.X. + FX_. =
V:L_"],.Yj—]:,l _ h3+lxj+l,l B [P S D e F

-

T T 0 T By e T
o I . Uj 3 . " Lo
Enthalpy balance oo o
. . . ' 'T:' de z
V. . H. . + L...h. .= V.H. . - L;h. . +°Q = h. 2=
Vj-lhjjl,l "3+1M5e1,1 37352 37353 Q: 3T @t
| B ‘ ' ©(2-13)

The dlfferentlal ecuatlons were numer1ca11y _ntegrated‘-
u51ng a f_fth o“de edlceor corrector technloue

deve1one5 by~Shell (50) The method was not self-

) b



UE

"Runge- Kutba Glll 1ntegrat10h routine be

timé when the time inEfEmeQIES’ZE was cnangea.

_voided. : .

_starfing and‘required fouf"history ﬁaints; -In. thls

. - ¥

procedure, the_-ou; hlstory DQints were supplled by the

switching

to the predlcgor—cornectpr meth . %lso, four new

history points were~$upplied‘by the same routine each

n

"In 1984 Distefano (50) extended-the wo“k*c; “uckaba

et al. by gene\bllvlng the wcdel to include varlable

r|'

lguid no‘duD and D”esented_new exoeﬂlmental ver*flca-

'f-_"

ons. It must be DOlnted cut that in the calcuﬂaulon,

tt
N

procedure o¢ D*SueFano (50) the nodel eGLaulons used

-

iere ti fl to tuose of Huckaba et al. That is,

eqguations (2F1X), (2-12) ard (2-13) were used- The
assumption was made that the change in liquidhoidup
with EIH‘*wathpegl igible comoaﬂea to ali other terms'

in the eg aulons. " In +this caTCLWa ion procedure, the

I _ A
liguid tray holdups at ti beglnn ng weére assumed con-

- ;
L

stant ovéb~the*en ire sgeo, ‘and ;hen updaued a* the

.end of the steo wzth emoi al correlaulons for the

next.ulme'sLep. In this manner, the use.o; mean hold-

.

‘ups ower a time step -which reou*red 1Ler£ ion was a--

Laa

The D“ed c;o*-correcto“ calcuWatlon usec b 'D;stefano

-

"(50) d*d not require a staﬁtlng metnod such as the

Runge-Kutta- Glll routine as 1n ;pe ca7culat10n Drocedure'

Huckaba (48) (%9). Dlstefano (50) used a sel*—‘
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D“ovu:es an avallab*e neasure of the Lrunca%n e*ror."
'I‘h:_s was used as a guideline for settlng
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I

* % Where W: was tHe liguid draw of

- . T ‘ 1
-7 IMPLiciT METHOD .. | - - o

-

LA powerful method for'solving the unsteady-state multiF

l;:téﬁoﬁt dlstlllaulon Drobfém called Lhe 1mplﬂc1t

methcd was’ rst used\by ROSEHU;VBH

L (Sl) and’

'  Ball (8).“ Thls method ;;;\¥hcf develoaed 1P/getallﬂby .o
Naggoneﬂ awc Hollaﬁd (l) (LH)H::;j\:;EErxzﬁilSSM 2 In Tf

.the.éeveloamenl -2f the model by Rosenb“ock et al (Sl?, ‘

the folicwing aésumotlons were maaé: _./: T f‘ | :

a) The/vapor and the llqulc flow rates were aSSumed to

- 1 - .

» -

"be constan; dur ng the tﬂanSﬂenL De“ ﬁ, These “flow

Tes were allowed ‘to vary wlth t“av number’to sa 1s{y
- ,‘"} )
van ini tial heau balance, Dbut’ no var lat ion as-allowed

-dﬁring the *“a151enL Derlod "; T
. : e _ . e
b) Vapor holdup was negl gi —and: llcuwc holdua was

constant for a particular tray but varieé,from‘tray

tb-tray. ' e L STk

" R

-+ ¢) The tray holdups were perfect ly mixed. - | - i

o~
o

d) The vapor and ;he llould leav1ng a t“ay were. .
;=EQUlllelum.- . : "‘ | o 5 - ‘Ik-flf
WLth these asgaipulons, aﬁ 1 component materia l‘baléﬂce T
‘around tray j_ﬁ?;lded: : ‘. ' . T R
P = V. .Y - - V= Y: . — (L. +MW.)X; : + L. ;. . .
dat 3-173-1,1 ;“3,1 ‘ ] 377351 T1+173+1,1
' - R + FX (2-18) "

T,i
f rate from tray j.
Rosenbrdek (51) following his earlier development for
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'tranSith Binary-distilletion'fSB) (5u5 (55)-re§1eced

the derivative in equation (2-14) by its slope equiva-

© - lent. S | - ’

[:p. @by B (1-}n¢¢:] (2-15)

e,

. 3

1 Al

.me eﬂﬁ’ wWas tne I‘.Lgut ET sius o v::uuc..u...uu (7-—:.%;,

. [+)
Rredst SuDerscrlo; denoued the. values at. the beglnnlng

me step andold/k < 1. 0. -In;roducing the

b

of the t

]

Teqn Iibrium relationship Y. . = '. .X." . where : : : .
. r . RN S 3,3 J,21 . B

LK, .= f (”j),'into equation (2-75Y yields.

N

+ b Xy 4 * CoXyyy 'y = Dd 42-18)

3
Sy - . =

: .. Where S . : S P S

to

w
1]

+
e

~
<3

e . T | o (2-18a) . B
: > ©Ce = - L. ' o = , ;

Dd‘: (l— u)#’#’ + _;_L.,_ q}lpxr : i N .- o

fer each component i, thls equation (16) was comblnec»

K
. ©

- with ‘similar eduation for each tra ' and solved | S
S i T - :
'Ts;muIFenecusly'for the'composition of each component

- - ) . ' - . - L . " N

&t the new time level. +The temperature, and the T N

equilibrium coﬁstant,Kj ; were held;constent at ‘their
. . - s L _ .
initidl. values through the time step. Tne temoera— -

turs was then computed again at-.the end bf thé"time;ff‘

P

. step and a new equilibrium constant wds evaludtead -~ = = = 1

r ' .. .



R v I N .
. for the next time step.< - \\\ ) ' -

. oo } - <
— * " .

Tor the case where P —O,‘all terms at the new xlme

-

level dlsappeared\from equatlon T? 15) ard this became

the egpl;cm; method-aﬁd.was ldeﬁtigal"to the-relaxation

metﬁdd preposed bynRose'et“alT (8). Rosenbrock (51)

& -

used;y_= % to solve the unsteady state D“oblem and noted

tnat ‘the errcox in the time step was of Lhevorder_of :
3 _"—"—w_,___‘____-_— —-‘n_.__* . ) . -
At :pr'ﬁ = 1. " the error was of [ "the o.d_r of .
. 2 i o Te—
Atf but the process was better For-**ndwng the steaay o //,,
state SOlULlOﬁ-A This'im‘pl*ci*t metéad:was +Lrther - '
develobed by Waggoneﬁ (44) and Holland (1) Tl

P

B

”he modél develomed*bwaaggone“ (uua Waﬁ more general'

- ---w-.
- - e

uhan tThat used by Rosenorock. /’I“ne'-‘rntev_'“na.'l vabor ‘and

-~ -

llGUld flow rates were allowed to vary durlng the -
ﬂ...' N '

-,Lrﬁdslen* Der*od in order to satlsfy the tray e

R WA AR

L ova

'.balance. . The calcu‘atlon Drocedure deveTODed by ' .-

I3 . N 7 o —

Waggoner was.b" . > ;"_;~;~~%ﬁ . e

ay Assumed‘dAIues of total flow rates and temDeratu“es

at the new tlme 1evel. "rbr the irst Lrlal t&ese

- . were assumed- tc be the va+ues at tne old tine’ 1evel

- - .

b) Computed the comp031tlons at‘the«new tlme;level by_ )

solving equation - (2- 16) SLmulta eously for a17 trays. -

. c) Using the calculated CQmPOSltLODS, determlned the

corrected témneratures at the new tlme level. o i

‘S-‘y) Erom the enthalby balance around tﬁe t“ay, deter- . e

]

.. mined the corrected total flow rates_at the new tlme':n T
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. e) Renea ed step 1-% untll a suecl-lea conve“gence- N
. - \,“ crlterlon has been satisfied. ., .. = .7 | L
| In 19585 Tetlow (as) (57) general zed the modaX ¢f | .
3, N
-?‘:.f . . . N A .. ' - .
Waggoner by al%owmﬂghvgﬁiab;v tray holdup.. He asoc . ]
R - ) ' E - - 0’: - ’ .
. - \‘# - . . - - . iy - _‘
- o ,1nL“oduced ~lquld dovm? omer holdup be;ween the tray - -
| . -,/ _ Y SR . D :
. o ﬂoldubs.u - . S
. A ‘ . : : - ) ool O
Tn L957 - Picow (59)': -hne“ generali ed Tetlow's MGlEL, PG
U e . " . _
‘ub d’Vldlng tne tray ?onL into three distinct .parts. '
. . -:— -. ’ ' / . . ‘ . _| .
. They. wewe. S oo Ut L
3 a) A llquud nodeb”ﬂn which mass’ and nea* transfer
- _-_._'____.--"', s - . . =
took place, e e N .
" 2) A liquid holdud in the .downcomer. ) ‘
e . : i - . 2 L R o .
- . - - @) A vapor holdup between “trays. " i S
o . Picou applied tHe modified.modei to a’complex &Slumn - ;
- ) énd claimea nat,lwproved results were obta_neﬁ s .
.- The mos; lmDOPuart featuwe o‘ thid method.is, when % - -
C. / - . _.-‘ . .
L %.g'y.Ll.O, tb«-s lutionsi always converge to the right
- o ) N -". - .‘_,--v’ 3 —_ i - ._‘P; - ~ - ) . o
B "Asteédy sta*n no ma+te“ hos'large he step size. This -
. 2 Fu . N\ - Lo “ ' :
v Pol*ane ( e
‘.. T .
. - - .‘-\.‘ - ¢
< - -
Ve
- - '.-/ \:‘ .
- -//‘/- ' ol _ ’ E .
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C) CONTROL or. A DISLIhh.ATION coL e

1) FEED BAC ANDﬁFEEDrO?WARD CONTROQS

-

given by Harriott .(59). Hoffman (50) presented a good

+ Ciscussion on-certain tyo&;éf‘feedback cowt%bT tem
in 1663. Shinske y‘(sw) and Buckley (62) hcve broadened

v T i "f' T
o+ the scdpea lncludlngehe ‘eed“o“”a“d control schemes in

e

their text books.. ;‘_ IR L

. ;),//The'feedback control s QNCD reported in literature

1'

However, the Si .ultaneous control of top and bottom

-~
ot}

.. . produst compositions, uSLng reflux.and We"\oiTer‘ eam
. L i H C. .

flows &s the manipulated variables proved_to be -particu-~-

. Ld
Sficult decause of the cou pling effect inherent’

. 'J. o . ) ‘ . . - S
in a Zdistilletion column.s -This will cause +the “wh

' - o - .
. .. . -, c, o B . - -0

‘ . - . ‘
e ' centrol. loeops 4o Interact with each other, -thereby -
- . ‘ . . . - . - i -

This has begh clearly showh in Rosenbrock‘s.work.(SE).

t
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The Top.preduct flow rate and the reboiler steam rate

-

Coa

rol sc neme lgnm
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ifference between the two meazsured compositions..

~ . v - o : - ' . T L . . . \‘ -
: ﬁExteﬁsavé study in this respect had been done “by <
nlgnst“D (64) (65) . He proposed to use a ratio . R
. . - ' . : B -
controller to control the ratic ¢f.the overhead vapor “ .
rate to the reflux flow rate with the setpoint of the
L4 . . .. : ) : . - M )
-~ ratio controller being adjusted :by the signal from the
T ' r [ . - .,"_ N T . ' ,l )
overheaﬁ.composition controller. . ~This scheme thus
- . ~ TR R
‘ causeéd the overhead comoosi lon to be insensitiverto
) variations: in t e “eboi er flow rate whith caused the . ™
. - - ¢ . . P P ' . ;
- overneaa;ga@or-rate ‘to change. o : Ey
. - e e \+v_, . . ' : i . <
B 4 3 L. -
n AT ”

o] )

“Fhe studids of Rijpmsdorp (64) (659-and Davidsen (§6)

1 .
o SorE ] : M STy

i e ¥,
- ~ v W -

3 s : - . . L=,
Outl+n€ the COTG-J*O S WHlch gixs‘iise Toe interacticmv v

: between,the two composition control &gifs; Davidson

T . R . .

. : - R S
- . (S8) nas gonelefen~furrher to study thg\'nteraction - ot
i . W - LR ‘ L : . -
, e ot o 3 .
T between pressure and Lewoeﬁa*u“e contral loops. . - ,
——t, T - . . . ) v
. .'-?';_i\- . - .-‘ . . . ...
i In 1879, I er(S7) u31ng digital simuletion, consid- .
- i i . % L ",_ 7 -. . “ -/.:‘
- ered tug different approaches to handle the interaction . R&
o . S e
7 of these two control loops. He studied the ideal |, L
» " Vo D =
- Tdecoupling where the closed locp response was the: same Lo
. as it wo®ld be if the owler logp wére under manual ‘ ’
- g
-~ ,f - -~ - -
- contrel, and."simplified¥denoupling' which Involved the
“use. SF noq—;ﬁue”acL_dg COﬁDEWQauO-SwtC igsolate the two

- szcheme and tHe non-interacting.control system wiich: AN
- / . T o P . I\
N employed non-interacting’ comperisators o 2 binary 'f\
~T - if ; " !
e . . , - =l . ' :
- / ~ ’ . -



distillate, feéd and.the reboiler steam rates. S 1is -

dlstlllatlon column o_ Dllot scele. These authors !

found that the control performance obtalned by u31ng

the non ln*erac ng control was on y manglna7ly be;ter

than ﬁhat.u51ng the “atlo cont>ol: scheme., --

Feedforward control is anotHer methodrto achieve the

. . B . -
L — - .

dual quality contrel of a dist illation|colﬁmn. In

-Igsg\and_IBBH, Zupfer,.Parson and Johnson (69) (70)

a.f' . N . . N .
prgybsed <he feedforwarc control scheme in which.the ° v

co=umn dvnamics were reD“eSenLea by SlmD7e transfer

funct lons and the manipulated’variables were the-

' - -
. . L

- bottom.produCt rate and the reflux rate. The bo;tomA

product rate was used instead of the 5017er steam
rate because the autho”s clalmed that ;t was easler to’

predict the bct tom Dnoduct'“a;e tﬁan tne ﬁebo;ler
steam rate. = Finally, they combined a feedbeck loop

with tHisﬁfeedforwaﬁd scheme to account for the in-

eccuwacy of-the dynamic model.c‘These control schemes

were imp emenued in a debuuanﬂzlﬁg oaeraelon at Dhll ips

-~
.

Detrol eum Company and a subs tancial saving was “EDO“teG.
Welss, Archer and Burt (71) reportedly used a computer

to,search for the best cexijrol of a deiscbutanizer.
They defined an ooe“atlng profi

o ki

ate as the following:

™~ ‘-P = (Vd-vT-") D -V S | : (2‘1_-7) D

s

7z
L .
T values of the

g

inere Vg, Vp, Vs denotes. the un

- ‘ "/ ’ . -_‘.
e steam rate to the rebeoiler and D 3

S the distillate

:
oy
M

.

A



N

-.and the reb01ler steam rate.

.were obtained from:+the basic material

.b&lance of the- trays.

R
.

rate.. The . Dertlnent 1nformatlons were fed - 'into the

comnuter.. The Droflt rate P was maximizéd.at 311'  e .

r

instdnces by manlpulatlng the top product flow rate
The beauty of this Scieme.

is that no dynamic model is néeded.--However, this

type
of sedrch pr cess is very time consumlng
-Luyben and Gerster (72).utilized a linearized dynamic ..

- .

model to construct the feedforward control scheme for

a binary disfillation cdlumn under disturbances in feed-
rate and in feed compesition. Their manipulated vari- B

ables-were the vapor wate and the reflux rate +o the_

..

column. The .per fo rmances of the cohtrollers were

v

determined by analog simulation as well as experimental.

wdrkﬁ e - - : ~ e

Fa

- Shi nskey (73) also proposed a. fe 'df orw awd scheme with .
the reboiler steam réta'and %op‘pqoduct réte:gs tﬁeftwo' _
manibulated variables fo” éﬁéW bualify‘controi..' ‘ 3
s ) - . | *
uadman, Rothfus and <eﬂmode (7q) syni hESlzed a feed- - K

P — ' i
4 + v - \
[ z .

opward conurol scheme for a Wa;_lcomoonenu dWs il- . T

R T S e

I" H

I—’ )

ien coTLmn The reflux and the vapor rate to the I

colum W 'J.:he tTWo manlpulated variables. . The co BREE ;

transi *er functions r elaglng all the pertinent variables
and energy

. RS O
W - L ' . ' ) -
Ufilizing'a digital- 51le tion, Luyben (75) investigated
' 0 g g - -'.';' N b P
the feed‘o“waﬁd control scheme fTor a 20-tray binary.

.

.



.columnbin”l969’ Non~linear steady state and . llnear.
‘dvnamlc synthe51s tcclnlques were used to de51qn the.
requlrcd feedforward controllers ~Aga1n ‘the vapor'
rate and thc reflua rate to the column were the, manlp-_
"ulated varlables Lu}ben concluded . that the comblned |
.feedforward and fcedback control schemc was more
.“effectlxe than 01ther feedback or fCedforuard control'

alone.

.Shunta‘and Luyben (109)studied the dynamics of a
blnary dlstlllatlon columnFn51nq non linear and llnear
dynamlc modcls This hork also 1ncluded the effect of
varlous temperaturc control tray locatlons on the

operatlon of the column:  These same'authors (110)

-haVe reportethhe design of sample4data controllers for f.

a theoretlcal blnarv dlstlllatlon column. u51ng computer

51mulat10n technlques * They have proposed a dual con-

'trol scheme whlch compensates for both set p01nt and
Ioad dlsturbances-,lt was. clalmed that this scheme was

superlor to thc contlnuous control partlcularly when

both dlsturbanceswere encountered at once. Thev also
pointed out. that dlfferent sets of compensators were’

needed to account for the different types of dlS-
~

turbances because these compensators were only good for
_the partlcular dlsturbance for whlch they were de51gned
' Clear (lll)studled thc dynamic modelllnn and the

wfcontrol aspects of a 6 vﬂ*'a 7 tra}“blnary dlstlllatlon
ST —-—"'/,_ . o r ‘.i

. . i
- . . . R
ot ' oot
. . . ~ s

- . N 4

-



column whlch separated n- buta‘e and n pfﬂfane

Tramontln (117)proposeé a _non- 11near modeﬂ and four.:” ' e

]

.llneaf models ulth various degrees of complﬂlltx—ioﬂ“‘“—'"—

<th flve tra»s He con-

R represent‘a ternary zplum'
.cluded that the. llne T Fodels WeTe applléable for the

: \\\p of conventlonal feedback and fecdforuard control

stems He also claimed that the non- 1deal mlxtureb

gt

.-

-prodice non- 11near effects whlch give rlbe to control

1nstab111t1es <' '\~§;\ o . o § ' o )

T01Jala c; al. Uﬁiiijgzﬁuiggxi?e dyﬁamic response§

of a—d- component 10- tray column and~a ; c0mponent qo-
tray column bv 1ntrodUC1nm step 51n501dal and stochastlc
: 7 .
‘changes in- the reflux rate, vapor rate, fced enthalpy -

. and cpmp051zlon,"lhese authors (ll@)also Studled the

two-ngint feedback control of the distillation column
i g - i | :
by digital computer simulation. : ) S !

In rec t years, feedforward control schemes'have

- - - . i

becomz-qulte popular for dlstlllatlon column control

The merlt of this control scheme is that ‘it can antici-
< .
pate the necessary control aetion before the disturbance

.

R ad Y]

enters the column. The success of this “type of control

1
. ’ . i s . > Za-
scheme depends on the accuracy of the dynamic model. -~
Ll - ' B
' - ~
./1- = \



"_2) oéTIMAL:CONTROLLER"_-:. S e

:Zhe major advantage of the'state space technique is, -
‘graphlcal technlques.
state space controllers for dlgltal systems Whlch could

L zero, - At the'same time, thls c01hroller would mln*mi zé - -

.a ouadraulc Fupcklon fOﬁmed by the state varﬂab1es.

"4l7_ - . " - .' !il|
State space reoresentatlon of the dynamlc system has . -
olayed an 1m,ortant “ole ln modern control practlce.

re® orlglnal statenent the problem in this form * -

' seem to have been made by Kalman, Bertram and Keopedke

(78) €773, -~ . e

iy presents,the‘design of dontrollers by anal yt ical

NNTR

p"oceduﬂe as oooosed to the cla881cal methods llke the
4 3 -
Bode dlagraﬁdand the’ ‘root locus me;hod (7.8) which are

. (-u-

Xalman and Bertram (77) proposed a méfhbd of'&esigning

bfing?é system from-the initial upset suate to the

equilibrium state with all state variables equal- to..

-
K

[

w.-.

Only cne manloulzted varlabWe was con51de“ed in *hls

“Astudy. ”he bas;c wory Dés e ented by Kalman and' S

Keopecke (79 ) 1n-1959 to mult 1-va“1ab1e systems havﬁng

. e
more than oz nanloulaued vaﬁlable and ouuout. - i

- -

‘These two arelcles by Kalman et al. fOﬁmed tne baéls'" -

N -~ s = ) -

for *he de51gn of optimal controllers. They are rngT

- i}

lutionary because the state space eguations are.uskd

~y
t

-

and an analytical approach to controller design is .

provided}' Later, Kalman's theory was extended by



-

,authors like Tou (80), who in his. text, has summarlzed

the state of optlmal dlgltal controller de81gn.

e

. Kaiman's dlgltal controller des;gn technloue aooeared o T

-

. . B 71@ chemlcal englneerwng llterature as early as . 196

- .

Amundson Aris; Kalman and Laoldus (Sl):oreoared set&ﬁ. S

) “ of_lecture notes on aDolled mathenat cs wnlch 1ncluded -
ke - - u Tan

e deslgn of a controller for a train of a six stages

. ~

counter-current extraction unit. This_extraction train '
was to be driven from an initial equilibrium state to . )

' " a new desired eouilibrium'statez LaR;gos later pre- . °

#

sented tnls examole in hlS textbook - Lapidus, Shapiro,
and’ Shap 1o and Stlllman'(82)'then published g‘paper'

concernlng the epplication of the so-called Kalman

-

- . controller to a sik-tray absorber. Thén, Lapidus

- - , N .
e extended this.example to examine, the effects of varidus

'_:-'Der_ormance criterions on system behaVﬂor. In 1987, _ - :

-, . -

ne ‘Lapidus and Luus Dubl’shed a textbook (83). In uhlS

A T - book they expanded tne treatment to non-linear systemsl'
: | such as the contlnuousrstlrred tank{reactor; Thls'bc k :
) has apvery thorough treatnent of ootimal.control"theorx . .
i and is a good source ol-relerence. | '
Heidmann (8%) app ed the Xalman optimal controller LO. - >
- -~ L.
a lour-tray dﬂstlllatlon column The dynamlcsof the
‘ column was represented by transfer functlons wnlcn o | L
iﬁl were,obtalned from experimental frequencyfresponSe ’
. data. _ S T SN - i*%
e |

R

trh §




“wr

:> v - " "Rafal - (85) studled ‘the ooclmal control of two non- ,_'-{ B

llnear processes ln whlch Dhy51cal llmlts on ‘the set

] -

“

of adm1351ble controls were Dresented. lhese TWO \' -

L processes were: a stlr%ed tank ﬂeaouo§_and 2. three- R
- . ~T 3 - T
tray dlstlllatlon oolumn -He olalmed that-the' . ‘ ‘

. . -

boundary search Lechnloue for deteﬂmlnlng the optlmal'“' 3: o
- 7 control was ve“y ef:eClee and the method was also o

~

good for on- llne d*rect dlgﬂta1 comouter controW~of

. N ""L‘-

- chemical processes.’ s , o R R
Brosilow and Naphtali (85) 1nvest1gated tha‘optlmal

on=off control of he same extractlon train used by

- - P -
.

Lépidus. Later ne and hanoley (87). aoolleo the same'

~

controller to g lS—tray~b1nary reculaylng'column undeﬁ

. . 1 . ‘ .
fei}|composmtzon dlsturbances, .This rectifying column-
Al

WaS ”eoresénued by a llnearﬂzed dynamlc model in

972 Merluzzi and “Brosilow (88) applied the same

on-off oontroller"to a-dis%illation column. ‘They = !

LY - <
o

c“almed the reg;lts were suocessful Zahradnlk Arch >

and RoLH‘us Q&g) Lsed a Sllee mathematlcal mode1w%éf. i

-

. fi-st rder . ystem or ﬁlrst order system with time lag
. -=to 1"em?esen'!: tne dyn;mlcs of a blnary dlSulllathﬂ
/;column.' They deolneda.orofmt criterion nlch was a : .

PR * fu

o ction of the manipulated vawlables, the ”eb01le“

-steam rate and.the top Drodud rate, and tbe too_
o

%:  product compo;}tlon and Feed suream aoeoifioatLon. a7

This:critericon was optlmlzed-by manipulation cf the

A



\

.

-

reb01ler steam and the- tOD product rates The tech-

. -

anUéS of dynamlc Drogrammlng and‘mawlmum DrlnClDle C e

.
- alis
¥ W

. were aDplled to obtaln *he optimal cOnt”Ol

w Hcﬂelll and Sacks(kgg) of Monsanto Co. reborted that

-~

.

-

Hney applled a "Bang -bang™ control scheme to a. euhy7—

*
- c"

benzequCOTumn that had a blsto”y o- unsteady omeraglon P

,n..
- -

and 310w response. The result waS'an lncrease in

co“umn throughout hy 10%, D“oduct recovery by 4‘ and

essentlally el*mlnagec ©0ff-specific product. The

authors clalmed-the Pontryacln ﬂaxlmum Drlnc1DTe has

shown that true opt.,ma1 contrc:»'I can be achleved onTy
by LSlﬂg "bang bang" contrel. . The faet is; when'the--~'

control enbers the Hamthonlan 11nearly and 1s bound, . -

-~ -~

the resul ing dpt_nal con rol 1S'the "bahg—bang"

- ’ ' .o

type (s1).

In 1872, Hu anﬁ'Rami;éz (92) synthesized optimal
. -'_-:-_ . . . Lo - o . g'

.controllers for-a_blﬁary distillation column. with five = | :
. ) .. d: i . . .... - - . ?
trays. The column was represented by a linearized

-

‘model. The authors showed that the results-were dlso ., -
satisfactory when tested on a non-linear dynamic

«

»

model. . L e

- . .

P e . A

“'In 1871, Pang ang- Joknson (S3)'have extended the

<a_man controller qesign to 1inc de integral con-

¥

'stralnt>on,the state. These authors used a laboratory ‘ .
scale extraction column as an example. The ﬁtegﬂa .
- . ot . / . - . .

- con$traint was introdiced because the average . .

-

r

— . . . .

" et

R
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_Value during the changé-~over Deriod;' This type of

system.. The distillat ion"%a cess was ﬂeoﬂesenued by a

linear time- varylnc State eouatlon and “the subor:n.:.ma'I

-optimal control policy he uﬁed was & time- -optimal res

‘linear system %o represent the binary‘distillétion

extraction coricentration. was “to be kept at some constant

problem is referred to as the isoperimetric-Problem in
the cla551ca1 ;aTculus of variations (Sua'CD“ObTeh of

Dﬂdo) The ‘original. Droblen was to find a mawlmun.arca

that a curve of fixed: lengtn could encmﬂcle. //(
VAR
WhatTey (115) SLUdlEd the suboatlmal cont“ol >

J - -

‘scheme for a batch distlllatloh WLLh a.multlcomQOnent

}

/u

",

ollcy was- cb alned fow«ﬁanlﬁulaulon um the ref lux rat

- - . -a-

Mayur (118) also studied the sptimal <:c>ru.r<:"I Dolicy of

8

Z
5
fu
r3
‘<
fu
=)
o,
rt
o

rnary-batch distillation. D*ocesses. The

-

flux policy. Eschenbacher.{ll?) using a firsf-order |

w i v

column, designed an ODtlma7 contwoller uSLng Lhe Lecﬂ-.
que oi dynamic p ogranm ng - This ontlmaT cort*olT

was lnolenented with the dﬁg;tal comauue“ to controT

|..J.|

the column. He cTalmed *ha* noise was a. maJO% orob em

: |
in the direct dig tal coﬁputew cont“OT and in spite of

\ b

n-linear dynamie_quel

et
e~
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N

of them is the matrix method proposed by Amundson’and Pontinen

.meters, the tray tenaera*u“e must be fixed sucn Lnat the”

CHAPTER III = - R -
: P ;o

FORMULATION AND SOLUTION OF'THE.STEADY STATE MODEL

.
.
~

& non- llnean steady state model was developed and sub-

1

sequently soTVed /, 1th uhlS model the starelng and the”

L 1Y

i.al»steady_state condﬂtlone of tne dlstlllatlon eolumn

- - N

were ”enenaeed and used *in Lhe dynamlc calcu‘aelon. ;he

v
i
;

rix. method of Amdndson and’ Dontlnen (3) and the constant.

N - ,

'CQmDOSlelOﬁ method cf ho‘land (7) Were emoloyed to set wyp

JE
and solve the componen t naterlal baTance and The edthaluv
balance equaxlons." .

5

L

o+

I
e
!Tj

FORMUL

%»

TION OF THE COMPONENT MATERIAL BALANCE quATiONs'

With the advent of hlgh sneed dlgltal combuuens

ot

\

i

rlgorOus Calculat’on methods for steady state disti ;l ation’
-~ / T

oPeﬁaL;ons have‘peenﬁwzdely used by_chemlcal eng;neersl * One

(5). In this method,‘tﬁe steady state distillation Droblems
) P

have been described as a sysgen of SLmultaneous algebraic

ecuat;ons in t % iGL_d comD051tlon ln whlcn a set of para-
] .

v »

_over-all-meuer a1 an'*%nengy balance w11l not be viclated.

-Becauﬁe of the.availability of hlgh sneed large'memory

.State tray compositibns‘of the distillation coXumn.

capacs Jy digital comnuhens, these eduathns can be 501ved

"ﬁ‘

dlnecL y, w1tn the deln of matrlx algebra;*tofglve‘the steady
-, R ) ,/~ .

: .
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FE TS

repr esents a componeﬂu materlal balaﬁce awOund any *way"

. —

The,;t”ratlon varlahles that mist be assumed toxﬁﬁg;n

-~
a

the computat*onfa¢nm*he temneratu“e and the.. vaporra*e D“Of iles|.

e .o \ -

‘Plguﬂe 1l shows a schematlc dlag“am of the blnary dlst11¢at

colunn under st udy. - :;//. R - o -

-
- o~

ion .

A comooneﬁ?‘i bil&nce around the reboiler.yiélds'the

. -
~ - ' *
,_

following equac“ons R : Lo

- (B o+ vl 1,1 oy s s)‘x 2,1 =0 ', ) (3-1)
ee— oo -t
Movzn;HH“““*m

) Xy

uD He St“lDDlng sectlon, the’ equaulon whic

this section is

Vi Ko o IX. Lo
V51851, ERRET
T(322)
‘ . ) J"_,-"""\ . .
‘ For'%he‘éeea tray, the equation is B '/,,

(vf—__K.x.*l l) x:

%;p(v%_T.* B+ V;KF ) Xe 4-4 (Vii'/D)

L E VB

.
Y
@-

. For any tray yﬁng section, the e q/ tion le -

+ V.. . ..o * (V.- D
D VJ : ).X , F' J 'l

LA rhé _top of the coiymn, there is a total condenser..

{ ~ez "

o
<Z

A
4 - -' : ! L
- . - . . = - -
N- KN -1,i ) XN ~11 T Vi ¥y, 7O A EED
N-17N-1 _ | : N .

Equatiéns (351) to (3-5) can be grouped togéther}ﬁo yield:

the follo hng uﬁctor-matrlx form. ) Y

f

!

\M

" ‘ - . - : — . J’ I : g
he eguati n that ﬂearesents it, is as follows: . - | > R

[

- -
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—————cal cu‘a DA’¢:g;‘concent“atloﬂs to bette the values before - E ';
. . - -
:-‘_"‘"':-.—-;_ - - ’ . ’ o J . R <. .
. - they arq,usec to evaluaue the new temperature profile.

: 12t Amtmdson and Pontinen suggested Ras toﬂqm
. change any negative number. to zZero and’

This metﬁSE—Egés not DPOJlde any co*wectlon ;ow the

.

then normalize thé\ . -

. oL . e ,. . )

iIng Tray composlitions s¢ that §§i Xi = 1.9 for each
- e n . ) . . e L= s .

' ized will then Be used

~ . ) ' .

new temperatureg ; r the nen- ideal bubble point hﬂg L

‘ o hpx * - -

' saleulation. - 0 : '
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C) DETERMINATION OF THE NEW -TEMPERATURE PROFI’LE\' Cee

- : o L —
"~ The bubble point calculatlon‘wasvused to detéermine the

~ x| new tcmpcraturé profile. For thlS caIculatlon, thc wapor v

B

phase trav compobltlons havc to be knoun. Since the .methanol-

waterqswstem 1s non-ldeilu the‘ldeal equllibrium consfﬁnts,‘

‘e»aluatca from the \nt01nn CQUGLIOW had to be modlflcd befor; \ :
h ST | o g
-4;hcv were used-j‘The act1v1tv coct£1C1cnt< (& and Y,, whlch

ncr calculated rrom the \an Laar th]td order equaLlons, were

o cq&woyed to modlfv thc 1acal CQUlllbrlum conbtants 'thslcal )

\conccrnlnc the non-ideal Dubble point calculatlon can_

C.‘

fk nd A “ppend‘ces E and_?. R -tf

e
- b=

The Newton's apnroxlmﬂtlon me thod u&gg bv' undson and
- . T

A ‘*&n
nen o} was not appllcablc in~ thlq cabe. Thc methanol-

b, o

system, being nqviideal, dld not perm1t a dlrect

tion of the derivatives rquired in the Newton's method.

[
Y

'oke,'aq alternative method-—the.false-posgtion'methOd-- N

The false-position mefhod 1s an interpolation method - : -

qpproximates the function by a straight line. Since

1
'

_ interpolatibh probess, t#olvalues are needed to . _

\ . . o TNt ‘ v

Staﬁt t:é 1teration-process.’ Therefore, besides the tempera-

ture q? the prcv1ous frialglanother_feﬁperafﬁre'is népaéd to J-LF;'/
- . - s '

ootgln\twc next trial value.- - T

- kt\a given set of ki'j s, the vapor compositions are -t
. N S : . . b
"assumed to be z function of temperature. Let:

¢ = T% +aT

I
~~
(2]
i
“a
1=
—
| .
.r .



-

where aT is a Small‘pre~§et‘quantitv..'Ti is the tempera-'

‘ture of the previous trnal ¢Evaluat1nq each Y. ij &t these

’

two temperaturcs the next. temperature T3 1¢ obtalned u51ng B

, 5 j
the following equatlon " . ’
. | .
AT (1.0 - 2 vl - '
YO R 3 W U5 L S A5-Tbe &
T3 3 < - — ) TJ S ijq 7b} g
=Y L. EY L .
=1 0t =g 2 . L
: - ’ PR
. - . 6/"_ ' . 'f.':' -‘E"J'Sl
. Where .1 NI, N — -
Y., = Kuae: AT . I G
: L,) T A 205 ) 4
'y )
P I C IR IS B
3,5 TRy By Ny _

The next best value of the tray temperature Tq is 7~

calculated by replaC1np lJlrw1th TJ , subsequent values of

R
Eyl;j— 1.0,

uMn

Tjn are attalned in the_same,fashlon until i

-

at which time the corrected trav temperature 1s ebtalned
Thl: set of new tray temperatures, the enthalev and the totdl-

materlal balance, are us@d ror determlne the new llqu1d and

: vapor flow rate prorlles of the dISLlllaLlon column e o
- - 3
- R
- » - " 1~
PR
. ~ .
o ~
£ s




- B} B - .*_ 46{ ‘:: - -
T D) rORNU ATIOY'OF TdE LP*HALDV BnLANCL EQUATIONS
" 'Thahéhthalﬁy 5alaﬁce'éﬁégﬁicﬁs can.also be set up in o

the Tecteor-matrix- form with the vapor flow rates as the

erat*on vaﬁl bles. - A careful survey of.thg availéb1eA ‘ T P
methods suggégféﬁfhét-ﬁoliand's_épnstaﬁ% composition method
(7) for enthalpy‘ﬁalange caléulation is.considerablv.better
: - S . ' - :
than the others. Holland's methkod: has been acdopted in this )
B Lo N .
-_caicula%ipﬁ to'obtainixhe new_%apor.and.the new-liquid flow
ratés'for this sfeady.state calculation.. :“J‘ S -
The vapor: leav;ns t%ay,—-L o‘ tné *éctl fying’ sect-o o :

0f the col umn ?on51sts of the distill te ‘and the l‘Gle

L] - ___,_“ — a

rrom tray ‘j. Thus, the total enthalpy cf

Hy

entering tray 3j-

he wapo* STream can De expressed in the following fo\ms:
T . . .
Vo qEiom SH. L ove = fHL L L (Lo Lo+ d) (3-8)
J=173=1 531,10 311 521 J=i,1 (71,3 1
R . W .
- . . - ‘.\ -
. A 4 p - ) :
V. iHy . = LE{X.): . + DE(X.D) t (3-8)-
I T R K e e 5 4 . 1 : o
- Lal
S N 2 .
where . , ; ' .
T ) a )
H(X:). .= = H. K )
AR T AP ER AP R -1
) S X, . ' '
20X ). o= = OH. . . -
tUDt=1 i=7 ;-l,l_D,l
- .
N 'Aﬁ.enthalpy_balance enclosing tray j‘and[the top of
the columreryielids the following eguation: L. '
et e e ‘ L : '3
3 ' . ‘_ -
; V. JH. I;= L.h.o + DH, + ' : (3-10) :
i DA b M T N
RN . : e ' i
N -



R : 7 . S : S . ¢ N

> Combining equations(3-9) and (3-10), the equation for ..
. '_‘ I .‘ - . . . to- ‘.< ’ f". ’ ’ . g . ‘\

13d flow rate ig .obtained . . L o \ \

-nq. . [ . ,=: _._. "L | 1 ‘f-‘f,:.‘. | . - i;’. V .I -
. e .ED(:-'-.;I(XD')j-:] Q% b e M

. . '
e . -

" The equation for vapor flow rares,iﬁjthefrectifying

1B
o P
o
e

L
-

L
'section is

3
.

oY TR R G -
: / . - . o .

-
|

Y

The equation for the condenser duty.is

!

fo)
l‘
"[_*‘
2

. . . - - R
For the feed tray, the equation/is . .

i

f RS A / v e T
: D [1«. Eix), S0 - Fh oLy i
! ‘_ D YD E-1 R /Qu.- (3-1”5) \ . -

"‘ . I JEH(X;):_ - ."F]/r':r‘- : . ~ . l ' -

.

Iw]

b

~

LE

For the distilldtion column under study, the feed
T q : .

: R VS Ll . R . ) o . N
entered the column as a2 liquid, therefore, no-vapor feed S

1

term appeared in‘equation (3-14)." - ST

,Applying ywhe same technigue tc the.stripping secti

I T S . . . s o
oI the column, the following ed¢uations for the licuid a

the vapor flow rates rafult: . o

L

-ll o .
LA N P o s .
o B. I-:(XB)_;I -‘.-:hB;j"+ Qo "= . . .

‘s
} v l .
.

L... = SN, : (3-15) -
1+ : .= h. . o ' : ®
T3+l [f(xj+l)j_.‘ hj+E] _ . D | s
.y ' L. = - _ ct R

¢ v, =L, - B - (3-18)

- ) ] ". . » “ -
b T 7

-_-/ ? = _, ) .

- ' ' *



- (3-1%) and (3-15) reveals thetfact that the deﬁominato“s:of

"
-

great stability. A carsful examination of eguations (3-12)

o, ¢ . -

y

these eguations are- of +the crder of magnluuae of- tHe 1atenn.

heat fnvapgpizatiqn,‘ W“e“eas tne corresnondlng deﬁomlnaLOﬁs

oI the convéntional c lcuWatloﬂ Dwocesses (72 Lake on & w’de

-

raﬁge of values whﬂgh include DOS;;lVe and ﬁegatlve_numbers.

This will <te end tc decﬂease the sLabllﬁty 0f the caldulation
' - L T o - "
"and may-alsg'result in negatlve flow‘rgtés. ;
- e G e T, '
The new set ¢f.wapor Tlow rates, together with the new
. R NS ) .
témperature profile were used to renew the AA matrix, and
; ' o ‘ - . -
then new tray OWDOSlLlonS were calc*lated.. This process -,
should be carried Qn until be tray compo ticns from two -
successive trials have identical values. . Then the steady
_ . L
state so'utlow is “eacnec, . T -
L o
s .- 7
~ e T T
e - - .- Nt
- l .- : (-4 -
e - W . '
. :‘ ’ - " : .) . . ’ .
o ) r ‘.’ . : . *
. . ’.‘:' r -~
~ :':.\."'L- v ¢
- : R Y ,; B
N - 5 l.'—‘ \

Where . .
. i.—c .
H (X3): = = H. .¥X_ - .
B 37 3=1 . Js1 Byl .
_ o | PR .-
. H (X;,47: = = H. .X.
o " T3tl0] i=1 J».1 ]+l:l i
'L'._ . '_ . T L . . . "‘.
- The “ebOlLE“ nea* dLLy can‘be ca cuWaLed from thé overp-
'. .“. - - . t.
call cnthaloy balance eouaulor : ' S ‘
thfmer;t.of-this cbnstant composition method is' in its

I

~
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" GALCULATICN PROCEDURE . S 3 4
The calculation 5 ocedure can be summawl egas follows - -
.' . \ " ; - . wr I' ‘_ . .
) . C e
IR B Assume “a vaoor 1'lc:w profile. and a tempe“auur e
. pﬁéfile'of‘fhe coTumn : e - : U
i . N S . s
' STy, Calcwlate the non—ldeal equilibrium:constants with :

the An*owne eq\é tion and the Van Laar third order _
- ~ AL L. o

equatlons. N S \¢ -
’ . .‘ \ * " . < . :|
- '-' -
3) Ca;c*late Lhe clements o_ the 1 A4 and the
. - [ )
vect&“ BB.
. . i . e .
- ) Lﬂﬁg“* Al and premultipl y.tn*s lﬁve sk to the i
vector BB. R _ o
* ‘ ~ _ o - .
5) Check whether the difference between the old ang
the new.tIray compositions are smaller than the errcr.
criterion, I it\is,:the regu ed steaav state is -, °
obtained. If not, proceed to'step 8. . : o .7
: '&- . - B N
- 8) Normalize all the component tray compositions
Xy . . g '
'?{-'- = c - . N . P
- J s+ =
B O ; -
. i=1 Js2 .
7)wCom9ute the riew LeﬁDE”aL re profile.based en tha - | ~ =
no“mal*zed tray ccmpesitions with the non-ideal bubble -,
r‘/’:“‘:“—'—‘? . - ’ .
o ;_pOLMt calculatzen. .

- .

Tar - F'r‘
5" : > - o
~ - 3 . . T
. . p L
. . - /.‘( - . ./‘.«)q;_r-.__,-/ .
' o .
J . ,"‘.-" o .. Y
-
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CALCULATION Or THE STIkJY STATL Two DOI\IT L : nE

'1_ CONTROL SCHEMES - f?“ T

. N (- -_,,_.-l-—-—_'_—_ Far

Utlxl__“g the steady state mathematical model developed

in ter'III,‘the performance’ of the twq-aoin* control T
- > v - — ' -
scher smes were avaxua*ed whew the ”d' llatlon column was unde“ T
‘:‘ s i .
.Ioad s5n set poiﬁt_disturbance. The steady state operating .
. : . -, . . -,
conditio of the‘coléhn were also comauted in *Hese .calcu- .
. lations. - These steady state co“hltlons would be used 1nﬂthe
dynamic optimizat ion of the<fwo-po;ﬁh con;r0¢ SySueﬂS.

1 -

I

.y .

2y GENERAL DE CRIPTION OF THE TWO-POINT CONTROL SGHEMES = -

. - . . . . .. _ /‘ ] - ) _‘_"
variables were either the top product with

- the steam rate to the reboiler, or the;reflux rate and ‘he )
) - . . . - - . . ' . \‘. \‘
o bottom product .withdrawal rate. Lhese control’ schemes were .
e o - . ' N . ot .

cf feedforward configuratior. _The'man4fuiated variables
" . - . -

.oupervised“éy the computer were.undér. P

— Tlow- control. The other pair was manipulated.by the level
controller whith-maintained the level of the reboiler and &

" g . -
_’ ' i R
. _ L
s . A - .
! " R - . -
. oo .
. N o - T . '
4 " . - - = - L]
“ .
- N Ao
. . i A _ ) y
AW - - N N . . B
i , i >
- 4 ‘
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8 “”W“Qﬁgxghen'a distyrbance’entered the column through the feed . .

N T~ e ip e e S
“stregam, or a changé in product composition was needed, the’
e . mrhTh s b -

: S e - B s . N S ST ' o
e—&—’—§3§nal would Be- transfered to the computer.. The necessary A

control actidns were calculated based on -the mathematical . * - .. .

L . R : g
+ medel and sent to the pertinent.coritrollers., “ ' .
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B) COMDULAWION OF THE MAVIPULATLD V%RIABLLS ' _— '7y.

K

Among the 5ﬁaﬁip§1aged variables, fwo caﬁ readily - o
be calculi Ated from hhe.OVér-all~materialmhé;agce.of'the o
JE < . T '
column;'“Tﬁgy are:fhe top and the bottOm product withdrawal
rates.‘.-g al énd componenh ovéf all_ma;erlal ba‘ances o; |

Cor T ¢
. R

~» . the column “ESUIu in tHe rollowlng equat ioms: ' . |
D+ B, - . (4=
oo : !

XpD + XgBI : S -2y " _

27}
1]

s

- -
-
-

x

-Af

ol
L

. S _ . |
~Combination of equations (4-1) and (4=2) yields:

L) |

: - . _ . . - _ . . e .
U EXam Xy I y o :

: S the feed condition, the spedificatiéns of the-

1.1.
.ID

“TOP and bottom product compositions have all been fixed, the '+
Co oy ' . R : ) ] ’
top procduct rate can be'compﬁted from eguation (4=3). The
4 : - . . . . .

»

ottom aroduct‘ﬂate can tnen be obtained from equation (4-1).

g

The calculat*on of tn o-point CONtrol now reduces

1]

t0 the search of one'control varianle,_gne reboiler' steam
- _ . it . ‘

. . " . .. . & - v :ﬁ‘ . . B
.7 rate-or the refiux rate, depending on whigh con;rol Scheme

/

is employed. -A careful review of the situation shows that.
T 7 o ;'\0.- ".' . F... . . .
both the rebOLler'steam rate and the reflux-rate can be
.-LS* one ca7cu-a+1on _‘Sinceéghe feed condition
X o »

aine d
-% oD 'uﬁe Dot“bﬁ preduct. comnosmt;oﬁs and the externdl

O
rf
|.,n

s

Cf

ne

Ld . . - . - . '—- )
low rates 1aqe a*l been fixed, tnere is only cne set of ng=:
. . . s 3 - _._‘__J . N . R —‘. ..n ] . -

boiler sugam rate and reflux rate that wikl

A
Fty

uifill the

. by

he reboiler steam rate and the reflux
K : .
' * ] z : , - . o

.

- o . o . ¢ : . ’

regulrem=nt, Also,

ct
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oo _ SN l" o | k
_.rate arefrelated to Q_ her through the enuhalpy balaﬂce._.._.‘
. ° (PRt T .
_Therefore, one calculatlon iE‘engEgh to emai“te the twe ;
- . \ e el \\ ;l’
pairs. of contﬂol varlables or the two di1 iffe rent‘control

wr t - - /-{)

'schemes. ThlS O; coursegiS'based dn‘the’assumption!thaf all " N

-

. el N ’ L . e : [ ’ i ) . S
tray fflClenples are con§tant. Only %7e:maninul£ted varia- . | e
‘ < -

\-v “a

'.able among the'¢ouw has to be ¢ound tnrough the seawcb

N

pﬂo 2SS, - In"%his. s;udv, the Sole sea”ch variable was the
L E . — . f’ ~ _
re¢boller . steam rate and Lhe rer ux rate was_calculated from

L4 ‘ . . .

v . ! . " ; » . : . . ' A S ~
the enthalpy.baiance. o / - S - e

a

*u

. . . -~ T
- PR - e
- Four di fferent seaﬂch D“OCedu“ES hawe been qsed to

locate the d351rec rebomler steam rate. Also, this searcn . ; o

e, t P T

problem was used . as a crit on to evaluate the ef f’C’EﬂC) o

[3 Lt A r

 four search methods. Am01g tne-“ Uy two were cne-

svon l seaﬂcn D“ccedures. ; _;?
. - ~
} The &ichouamous search (e5) . . -
- This is a -one- dlmenswonal se/“cn methoa.- Inwthis, _ '/é}, -
- r . @ - ) o
profess s tne s;eo size. 1s redaced Dy ha7r for each ‘/ E . :
itendtion. It is a s_mmle but. E?IECLIVE methed and ' ,
t“e@odi d“awPac is that it is faind: 1ne consumL“g
1 . -F- " % -~ - 7 - . .
2),The fa“ se- 0051t10n~nut (88) e T ff . .,
.. This is also 2 one- dlmeﬁslona- sea_gh m t?Od -1t is , .
v : TR,
. D | T -
.qsimilan to Nem on's meunod-excent fhag-'t“dons ot
require the kﬂOWWedge of the derivative. Ih"thiél»~ :
Dﬁcbeduﬂe,.;ﬁe “on-_ nea“ eouat*on i1s/- aon*ox1matec by '
. a-straight line through 11teﬁoolat1 n.
: , Ry /
~ . o-” - .,-/'* -«
. , : o= P
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e ik,
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r = .

ﬂ, morks’

T3

EE ThiS

. This &% a combﬂnatlom of the steepest descent and

: . : %
‘Newton's method.. The steepest.debcent method is use

);

The Dattern search method (85

"

*]

©

Fhi

h

.approa

S

an

ression of multi—dimension systems.

is a le;l dlmenglonal searcn mathod T It wa

H dlmen5101 systems. T

method

e T lﬁetter method'thén§§ca\NewLor ] metnod bec use 1t

-

o : '1:‘ '/4
In cases nne“e sewton's m thctéﬂn fa11ed

i .fg _
'23“ o 'ob aln the soiutlon (903

=

ched,

at thé beginning of the searcha as the minimum is -
- * : "'1— . i -1 - . . —— ‘. -P‘-‘-a;—
the ca_cula icn will sw cn tc the fast

FEWLOQ s methog. : oo

convergence ©

-linear aTgeb%aﬂc equations and non-linear -

che dimension,.rThf . thi process is gogd

- ! Tl —t
e o
. . : PR

S h !
;  — = A
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\ A i,

. . Ty

Rl § - L)
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preposed by Eooke and ueeves (95) an late“ modif
f T ' /)f
SR S \ s . .
= S Dy ®he” same authors. This technig ls_EF on
B A ﬂg'peful conjec; ure. tha*‘anﬁ‘adjusumenL -,k paré.
; which have. been success*u"in.early trials will be wo
,f :.. - R . P - , I L 1 ‘ .
' trying ag ain One of the baaut es of thig method
) I’ . o ) ) B JF/ . \\‘ " \ ¥
;o Hits compufatlon tlmo; 1c"eases withi“the first power.of s
! -~ - R . ) . . . N L .
/ ’ ‘ Y c e - . .-
P the dimension, wnereasa“;or the classz&al search
/ B = e : SrEESa g < e s .
! . . . . -." - . .' -
: he"computatiop'tlme 1ncrease§‘w1tn the cube 3,
/' . . N .l. ., ) - . -
- -

-
- y

s

— . o i

3

i -

was origin lly set up for solving system
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hat thls method
. rapidly conﬂcrg IO the gglution. .- The sclution‘was : L

-From :hls studv- 1t-wa< observcd t oL

usually obtaine %'after'a fow trialé

-Dérivative infor- "
mation 1% n

ssarv 1n-Lh15 search pTOCCbH and Lhcv .
“MLIC ;valuatcd numer1L311\
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convcrgoqce lld depend. lehlV 01 thc JLLLr1CV'of *hc

.,

2

cval dulOﬂ of the quluativcs‘ o e L

Thesé four search methods were tried and ‘the ° o
- L . ) L R . . ) . ’__‘ o -
$ false-position method~was found to be, the most 2Fri-
. - * A0 . . " _' . r . Y 3
_ _ . _ . |

.cient ong.. Thcrcfdre,'mos‘ of the calculatwor CWere -

M)
rs
~Jdone byv eﬂplo\lnﬁ tnc falsc poqltlon meLnod : oL
- . | . - . A T .
1 . ) B : L. - .
.S - ' L ;-
. e . -
s . . . E 5
o - C > ’ . :
& . - f . : -
P . . ) . - . C .
? Ll T - - S - L 4 Lo
' Lt : : ¢ ~. ' : . i
. : ~ . N )
" . Ll
“ . ’
N.'J-l -+ - ] -~ »
, - i y Ll \’___._"-—:-—"'
. . . o T e . . '
: i b L . ~ '
ERISN ‘ . S S - :
T‘ L ‘ - . “%7.-
1 . i G L~ R " : L S
, N g S
- . .. L * A S
. 1 - ) ) Do . ' . 3
. o I Ty
: , AT s S
i T N ' R &
T . S o “ N - '
’ T ';/ : i . - " !
I .
.-,:‘ -' ) . . , - » -
} T 25 : i o ! *
i . ‘. - -
| . =N <
4 L . . .
TE L T S
, ' T T . :
- - T g : e LI ’ i
. 'F YT 5 'Q:” » Y !
: 7 L ' ’ S
- . - .’ -.. : °
. . , . < ! - . - '



-
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'two;polnts arm

:‘Itcr 101 of cquatlon (4 6)
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o ITERAfIOV or THE g TROL VARIABLE USING. THE®FALSE-POSITION -

,' VFTHOD
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~ . . ! v - . et 7 o : .
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As it was mcntloned 1n fhc prcn;ous chavtcr 'the 3*alsc-

- . L.

.poéit OP algorzuhm is an 1n;cholaL10n met od und bhorcForc

- >

r.n -

']

‘I ) ¢ 5 . " + .
.- . 1 I. -, K
obtalncd by assudlng two steam rate es o ;hc-

f - ©

“cbo 1Qr. ‘Steady;stat ‘calchiations ‘are tben' cdrried Yout ..

Ath thcsc Two' valucs vie ldlng the tuo corresponalng top

product con3o=1tlons. Lct thc Stcam rate§ o thc beOller.be

QR an@ Qﬁ;:thq top prpduct composztlons be,kb ﬂnd \D” and

: : - - - ' ' ‘\ - ) &i .- ‘. ' .I : " .'
SEE SV e g _ o Qtl" .
Xy =Xy desired R L G 2

, esized TR - - .

. .

! L U S . S n
-~ ...~ The steam rate.to ;ne,reb01ler which makes AkD =0
is hh requ1rcd one. ImDLcmcntaL101 of falbe—p051t10n o
methoa resu;ts in andequ 1on blmllar';o eauaLlon (o—/b)
. w

The new steam 1"5'1: ‘Lo-Lne r00011cr Eﬁ\anlch is -given by the -
. B _ ' -
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Thefcai{%@gtion”nrdcedure for fhe'tko?pbint controf
. & A T

|
SC g es an be ‘summariz ed in thc falloulnq step
1) As%ume tcmpera;uro andrvapor ﬁlou pr iles.
< F P

2) Calculate D and B from equations (i- 1, (4-2) janid

\ _‘,,_,.....“'_-c, . , e ‘ ! )
R '4 .3] . ' : L o o "x;,."
-a) Assumé é vaiﬁe\fof the*éfbam'raée to thc reb01lor.
-_4) Calculale thc componén; Tray conpoqltlon hlth tl
jmatrlx me;hod L ‘ ;- s

'\,'.':\ Chec‘f‘hc d;zferencc: of Lhe valucs of thL tray
comp051tlons of two'succ0551vc trials: If the dlffcr-

- & ‘ences ?ewsma11er than the error criteripon, procce d to~

. . " " o . ] ‘.,
"'_ step 6, If. no;., Calculd‘te new Lemmerature qnd\ flox-.
profiles of the- column ﬂﬁd *eturn to ctcn J ) . X
’__.(_-/ L. C -"_ ’ .
6] Check if Xg .ﬁual.to the dcsirej value. ;f it

is, the calculation is ended. If not, Obtaln a HEa
- value of the reboiler stekm rate by the false chl—.'{--»

/o step 4:until‘kD‘reaches : e

. f -
the desirted valye. J - .
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material balance eouations.. Combﬁnlng eouatlons (5 22) arid

the follow1ng set of 51multane0Ls eauaglons result:

' - U S e
. - . ) c .\‘.‘ .. . . .
V8%t ) 2 T (g i) T Uy 1SS ﬁg LT
A "“ .‘- : ' - .\‘l' . ' —’1_(‘\ e
Ve . ‘ o o TTEETE T~
' o L ‘ c ) . . ,- L L. )
- g -_" ( e-‘ 8 C e --—— 6\1‘_ ')- = -: A (gi_? )CO - |D ' . ‘
- N l -— : 2 . : W l .i=ll N e . \‘\‘ \

the set -that maxés ecuatwon

The desired set of Sj's is
S can be found by

-

ﬂ(5 28) eoual to zero. Thls set of 83

~

'app lying the«agwuonfRaohsop method (887 to eouatlon (5 =28).

TS !
- .
In this rocess, tne ;9¢low1ng g)stem of. 51multaneous equa~
tion 1s solvea'Lor 469 ~ A82 --ﬂbei : w g—
. - ' . . " : - ."\\ R . !
- . " ‘\\ - 'l
o . o | \
’ & ) b fm— \\:‘ ’
o, _'.‘_I - 2 5
e L= - - \ 3
-~ - A . X
= . ' \-\._[ T
. .
. - N . -
- - ~~ 4




e - e T4 - el
..'.' Y e t _ Ny
- . -l — /
28y 28y co. 28y | ) /
28] &%, 98, 1 59 TERN
NENAY N- . /
: - % H /
B8y 8y L, L L T8 X
S5 . 55 ' 55= g, |
28, 282 . ) neil, 2 ) 2 \\ | .
¢ i \\“\'("
d ="k (5-29)
. - . " - " ’ °
' 7 . \\. .
. Y
T . _ . . .Y
T ?gq_l :D\gl\: 1 Bg:“'- o -\\
= : A8, ‘ Exn_. 2
. o8 8 28 N-1 N-1 .
_ , 4L 4 e -
where -88. = 6, 8. .
ere J.ntl J.7 - \
After .the comoonent r'later‘z.a'I baléncg hés._been solvédu<.'
for the'Qj‘;!s, the gesired set of Gj's that ﬁgkg,gi = g = .
- . g - - ~ . . .

. - . . . " . ) . ‘1. B . . .
g3 = -+ .20 simultaneously, is the set of Sj'sfthat must be
larger'than-ze}o to satisfy'the Newton-R aanson equat;pn

SeT ' - o ‘J,
(5—29), With the assumed set of 8. _'s, the g —f’unctlons'

N , -

anc their derivatives can be anluated. The equationrﬁﬁ—f )
is then solved ford Sj‘s. ‘A new 'set of \s that are equdl
to - the cld set pld§ theqﬁe s Wlll be used Lo* the next .

atlon (S 290 This b“ocess 1s carried

'~_=-

trizl sclution o

on urgil ‘a set of 6.'s w*tn ;he dESl”eG degree,o¢\\“&uracy

J. . ’
has beem found. All the e ‘s are taken éoual to 1.0 ZTor the
first trial. Durlng the calcuTatlon, wnereve“ a ej 0 is en-
P s - It
[N - -

- countered, it is dlscaﬂded and nalf of the last positive

'/value of the 6. _ is used. , o - .

-‘l

it

- - . . " .
. ' N . : ’ - I
_ T . . . . . »
. . .
A ’ - = . . . T
- -. M 3 .
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The\_flqe of the de”lvatlves are evaluaged by us;ng

i
- ‘ 4
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A O Y

or tne C“lt@“lOn for selecting the ej s that it

the required accuraty of the'ej. For
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G) DE ERMIVATIOV OF NEW TEMPE

. .
v . ) . Y
‘- . N
) ; o
.

The method used .in this calculation is the same as

T,

that used in the-steady state calculaulon.

- 3 LI

g ‘ :
,“_te” the 83 s have been‘detcrmined; thé ccrﬁected

tray temperatures were comDUted. The‘new tray tcmperafures

were de;e“mlned by the non- 1ceal ‘bubble point calculaglon.

-

nis wasz done bv evaluatlng each k, 1 “%hen, thc correctec"3

-

?
e . c-

. ' - v . \
temperature was obtaﬁned.wheﬁ

.-_., Yb -, = 1.0.
. =4 Js2- ’ . .
'In order to <ompute Yj i‘s, the equ ibrlum consuanus
: . . 3. ‘ o
X: ;'s have to be determined. For a‘no“—ideal systein such
- T ) . [

-

,

as methancl-water,‘the.eouilibrium donstangs ;row A.;owrel

»

equati n (98) have to be mo d fied" Qy.uhe actlv;ty cdefficients

'/’j before they can. be used to computeFV] i’s.‘ Van Laa - nifd

e E)

o“de“ eouatﬂons (98) were usec to ‘obtain the actﬁvrty ‘co-

o

efficients yj andy oL . R
9- ‘ ‘ -

Wl;hkthe nelD-or the modified Kj .'s the corrected -
[ E ’ H

©Ttray ;emoeragures were evaluaued thn *he -alse Dosit*on

-t

'methad; .Each Y.

. is eva ;uated at two temaeratures T.™ and

. ) 3_73. : 3
N sz~ The first is #he temperature used in the Dreceedlng
o, : ’ .~ : . ‘ ‘ ) :

- time step. The.second 1s: e, oo -

L : . . . =TT - .

: a R T-z"}z T‘l +'AT9‘ : ' - E
| 3o : :

e Whaﬂe AT"Is a smal p“e-se*;q antity. Tnen & new
Foos e 3 e

y y'approxlmatlon Ti is calculated by the foxlow1ng ecuatlon.
e & ‘ '

A

EY;
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g S =77 -
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S L s i
AT(L.0 -, .= vy=. . -
3 T(1.0Q Y . le, = ey -
3. & Yz & Yl d ST
. 1=173,1i7 i=1 *3)5 O N
- . ‘. . - . :'"
- Al 1w/ l - -,
where Yo . = K. (T3 X. . -
L J.1 Ja 3) ’3 e .
- v, = K. (Tz) X
T3, 1.1 7] 1,1 .

. . ~.m3‘ -- PR . ] .
he vaTLe of 1s replaced by lf anq the whole process . .
Y = 1:0. Then, the corrected tray

1S S ‘
ained. Wﬂth the new set of t“ay tempera-

res entnaLDy and tetal materLaT ba’ances are used to

COWDuue the new set of ilUle ‘and vanor r‘ow nates.
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H) CALCULATION PRCOCEDURE - ) o e a _ P
N - :
. The calcula 1on Drocedhﬁe can be. summarlzed in the _
R : : it o o
follow%ﬁg steps: - : L , : I TR o

o 'l)_Take-)u = .slas sﬁggéstéd by Holland (1). Choose

the first at.

2) Assume Vaiues for the.tempérafure and thé f;/ﬁ)“ “5Y.
QQ@fileé at*time't1+nt.l Th; Doint-slopeaa;eéiqto:
T i;i-be psed to edlct the. va¢ues of tne teﬁberétu“e
. & | ' .
-and vapor rate D“oflles the second and subseouent - “n

" time indrements. The point slopg formulas for Tj and

T

Vj are as-follows:

v . .
tn+at t.-AT B ™

| - P . . (5-32)

ponent mateﬂlal balance eouatﬂons.

- — - —

L) Find the Sj's.w'm'_ch-mak‘.e gy % &g .?gn—l

= 8g
/
- =D, by means of the Newton-Raphson method

a) Calculare the corregted llou d com0051tlons ard

!



.’d

'6) Calculate-the new 1

5 -7 B
, ' - . v . . - N v
» ‘ I . “ '.{ ,,\-‘.‘ ) . .. ' . ) .‘-
) . C N . . . Iy ) 0
~use_these values to evallate the new temperature
- . ) . RN N . -
S o b e T
ofile. ~ " B '

quld and ehe vaao“ flow Y'=a'._‘c'es
>

w1;h the enthalpy Dalance and ‘the uoLeT.mate“1al ,

" : e : . AR
baTance eeqatlons.‘ S R g
. URTLITE IR AN S A -
7) Check whethér |1 = Sj =10 1s true or not. If |
not, return to step 2.° If it 1is, proceed o the: next
time int¥ement by returning to step 1. .+ -

: {9 -

S) Repeet steps 1 to &

-~y

t¥ay temoeﬁathwes, .compositions and I7Oh ra;es between

ntil there is no ch_nges in

-

tio successive trials.. ' ‘ " T L
~ R -

Tn alue of }.lﬁ fact can be aﬁywhere between .5 and

1.0, nollano (1) has proved that for /p)-.az the cal-
LTat’on is stable!and bound, ‘even though at. 1ncreases
witHout: bound. o . ) .
- .
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FOHMUHU TX. AND SOLULION OF THE LINEAR

r)
,.{.
,p
'y
]
t"l
<2
H
A N (—./ .

2 . ~ . : . \
DYNAMIC MODEL- . . . N ) ‘/;,.

A linear dypamic mathemitical model . of this.-binary

‘ ’ - A : T
‘distiiyat lCD cSlumn was deve;ooed This model was used to

represent’ the disti llétibn.qolumn ih‘%hé éy%thgsis‘of the .
é mal contro 17:oli-ies whéﬁ,the‘colpmn #asjunderiloéd or‘ o
. ! K . o
set point qisfhrbanéij ) ¥
@ ‘//" '-—h:- "_ : - -

- ’

'A) ASSUMPTIONS FOR DEVELOPING TH

LINEAR DYNAMT® . MoDEL

.

. The linear dynamic model is based solely on the compo- '
. { . .
nent naterlal balance of the binary dls i1 athn column w

the‘help-of Ile'following asSumptions:"', ..' Vol o e
P S S R SR : _ S =
N - . . X . . . N S / -
1) Adiabatic operation. : e ) P : k
P ) . . . . . . o o Co.
2) Negligible vapor holdup onr all trays. ' - .
i 3) Ligquid holdups are constent with respect to time
for all trdys. . . <
-4} Tray efficienc1es aréglOO%.
5) Cnanges ¢f vapor and. thG/,iOW rates are _Instan-
taneous. ) S : R
8) Egqual molal overflow. o : T T .
7) Zguilibrium constants remain umrchanged when the
dperat 1ng cg}dltlon changes. T _ _ T T
: "// ’ ’ N .
i LT N
- . - L « : ) )
- - ) ; . ‘ . s,
- . N - _ -
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) B) FORMUdﬁTTON GF- THE COM°OVPNT WATERIAL BALANCV LQUATTONS \
_‘;‘ : ;-" . . : \ R -~ ‘

-

A conoonenu natnrlal balance arOLha'the‘rebOLlef lea\;
to e@uatloh (6 l).

: as ) - -

. . \ N . ‘ 1 ' . ‘\. ' ’
L dXp - T - '\ﬁ\\\::? R '
o : Us == = LyX, - V.Y, - B.X :

. » 9 . -
':‘..J M r \\ l d ) 2 l.. l l l . ’

: o brgm T K K B X ey T
ﬂFor':he gfriﬁpiﬁg‘éectipn df‘fhe;cplumn,. .generél
equatﬁon'thatlrepfeséﬁt any tray of this seétion‘*s the ;  S‘
‘ .;oliowihg_equgtioﬁ:'?‘ L . '

. . 5 = (V.. + L) X. + ﬁ#N;x.' . (E—i)q S
. R e At T e s S s R L2 A R ‘

-~

ed ls.infroducedlintah;hqlcciunn,

+ FXo. a7 - .
T ’ .
B -y
. (6=-33
- ADDlylng t e same comooneﬁt mateﬂlal ba‘aﬂce o the Lo
\\ .

rectifying sec;lonw ;he equation that epr ents any tray /
e v, ST .

. . . \ : o ’ i
this section is: :

1
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MOVingfto-the_tﬁp.ofjthe_cgl%pn, the equation for thé -
condenser is : . . % L - 'j'il' o }
NOFE T VNm 'KN—l s R (6-5) ST e

| N e ] E . ...‘,_."--"
/. gatlons (Ei-n to (6- 5) are .nomn- lihea;.ln n;tuﬂa In ﬁ.
: N ,

-ordep 11ﬁeaﬂlze‘;nese equatlons,.uhe non-Wlﬁear teﬂms éfé'; ‘

expangeﬁ into a Taylor'sewmes w;th the lﬂneaw te“ms beﬂng ﬁf{
'_retaiﬁéd. The following set of lineaniz ed‘g1¢;eren;1al e-‘--w )
'quafiQné.resglt: . - ~_;.‘.H : "..'ﬂ"~-, \ ’{?-

Urash = (L) By = (V) #3) &y o+ -xx)“+<xmL °

S(x)aB . o | ) o (e8) .

J at’ 317517 -l ¢ 3731 _1"3.)‘ x: ( J+.1;)'__’-{J :

FG Xy v KX av e Xy, s M) AL (8RT)

[t
thy
(6
rl’l

~

<3
e
'._l

=

h
1
I,_J

~r
I”'h‘ :‘...,‘

~

<X

h

P

+

N
Hh

NS

t |
h

+
FanY

1
~s

v
1]

:

1851~ KeXg f+1 " F

+ (‘%T)_n':: e - i . (6-8)

‘.:__ - . "_" _:_ H - _ .-d"._
. Lﬁ T ‘(YN-lKN—l) Xy (D + LNl Xy (XN) (AD + AL)

- . Lo el

*tK :'."'x'-.. L i BN T

LTSRN o CB-9) -
y S t ' O e 4 .
2Ewhere.; AV = AD + AL - s . L (6-10)
"B = 8L - av'z " -AD . (6-11) .°
.‘._.l\‘ 5_ ', ’.—'hh‘:‘ . . .
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€) SOLUTION OF THE ;cbgPONENTr,__MATERIAL ‘BAL‘ANCE;B’QUATI’ONS N

Equatlcns (6-65 tb (c ll) formu1ate tha llnear dynamlc ' L -

~l
—
e

nodel of “the blna“y dlst11latwon. Lhese ecuat’ons can be.

'J

Dut lnto the compact vector-matrﬂx form. " The fou“th ordeﬂ )
- .

Runge -Kutta integration routine (1003 was{emoloyed to solv" T //f
.

this - 'set of dlffeﬂeptla_,ccua ions. Lo_clye the 13 ﬁea* _un-

sgeadv s;ate responses of the column. e T
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. ..~ CHAPTER vIT ;
' _--""" SYNTHESIS OF THE OPTIMAL CONTROLLERS = = - °
~="" A) DESCRIPTION OF THE OPTIMAL CONTROL PROBLEMS : T

Two different types of optimal contbol’problems have

been studled in this work, they were:.

3

-

! . .
This is also referred to as the set-point. change

S — 1) THT SFRYOMPCHANISM PROBLEM - o

[
-

problem. The set points in this case are the-+top or -

or

bottom proéuct.spedification. ThHe problem here is to

changq-eithergﬁne of the product'spégifications‘from'

g
-

his is essentially the same as

-]

- : . one value to another. -
il N . .

. changing the column's operating condition from one

B

_f ‘\( level to another. The purpcse of the cdqtrollers is -

. to make this cniﬁgefover in an optimal fashion.. - -

- o\
2) THE.REGULATOR PROBLEM °

- - R .
— . <

+ ' - This is also referred-to as the load disturbance
¢ problem. . In this case, the controller should be able
to keep the top and the bottom product compositions

- on specifications.in an cptimal.fashionin spite of

external disturbances such as feed.rate and composi-




-

' el 5) THE OP'I‘IMAL CO\‘TROLLERS R SR

Two dlfferent types\Q\\optlmal feed%orward con~ _ . . 2

trollers based on dlfferent control phllosophles wcre

'bVﬂthQSl ed in this study o . - /

T a) The flrst contgoller was otlglnallv proposed,by
o Kalman and co- workers (/6) (77) and is called the m1n1-
e © .. mum energy. regulator problem by coﬂtrol englneers

#" —lo. When a dlsturbance enters the cg@umn through the feed

strcanp—<u;4&46nan§e-1n the product specifications is
{

*requlrgd, the’ compo51tlon of the two" product streams ; Ve

re

‘ tend to-change. The -functiom of thlS type of controllz;/

=177 is to br1ng these two term;nal product comp051t10z\.ba k-

. ‘r “
T to thelr respectlve de51red values whlle mlnlmlvlng the

-.“

l}\ follow1ng functlon

O - 3 i / : o .
| e Vs

J= x'(tg) S x(tg) + iy gmu'(t).&u(e—-)gdt o T o

o L/ (7-1)

e "

f}
!
-
~

Q - -
Function Jy ié called a qﬁadratic pénformancé index.
The controller 1s\opt1mal/1n the sense that it performs

"

g 1ts duty Whlle optlmltlng the above performance cri-
~— terion Jg. _m / 2 ' o d
. 7 Fron\\he definities

', 1 N . -

f the QUadratlc performance index
Jq, the Weighfﬁng matrlx S, whici™must be p051t1ve seml— 3 h .
“*-»_\

deflnlte can be treateH as~the_pena1ty fohztton for

e

.the ‘state varlables ~ the dev1at10ns of the topaand

L4 ‘ A T
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. . : | \
L
~hottom produot'compositionsfat;ierminal tiﬁettf, The S

welghting matsix_Q, which must be posit}ve semi-deiinite;
-can be viewed aé‘the'penalt “eagtion for the, two prod-

uct dev1at10ns durlng the whole control perlod The = 7 s

‘helghtrng matrix R,which must be. p051t1ve deflnlte, N

-

'governs the control actions between tlmc zero anrd time . £ &

: - -
4 ; .

- ) - -

'?tf.“ From now on:thas type of controller'will be refer-

red to as the fir%t controllerbﬁ"'

- t

b) The second type of controller is more complex than

the flrst one. ‘Besades mlnlmlzlng the.quadratic"oer-

' formance index Jl (equatlon (/-1)),‘th15 controllcr
. also ensures that the average comp051tlon of thc tWO
product streams at- the end Df the control perlod tf,
.are equal to-thé.deslred-value. Thus on the average;{t

;ﬁngroff-specification products are produced during the

“control périod' In terms of devratlon varlables, thlS
'-.---&.

. means that the average déviations of the two product

comp051tlons between t = 0 and te should be zero. These

additional restrictions, when translated into the lan-

—
S

.goagé of mathematiogf yields the following equations

— . . -




* -

‘r\ A - - -

- . o — e - - R e e e e
T P ' - . LF

. : ' [ . ) MR S
- ' ' - . ) ' S . ' . .
. - 8‘; - - . .. . . . LI
- . . L

: IN(‘E) dt | : . . .;'js

, 0 3 ‘
Where xi(t) and x,(t) are the bottom and top product
composition deV1at}ons-atﬂg;me L. Eo; xl,ave and XN, ave
‘equal to-:ero;"%Be'numera5$T5 on the right hand sides of .’

equations (7-1a)"and (7-1b) have to be zero. The above

equations can be simplifiqd‘to

At . .
. C = L= : = ’ ) ‘
0 Xpave T LT xy(0) o.\\ -

T . - ‘\ :
=T .70 - e T *
I ) t f ~
. N = = ‘v (£ dt=- 7-3
XN-ave I, xN(t) dt=-0 ( %]
o - . : . _ . - :
0 _ ,
. . - . ) “. . : ’ . ‘/'/ .
These: two equations, when put inte vector form, result .

in the following equation

- g

-

L k=l ox(e) dt=o0 o (7-4)

ave

;o o 0 o



ALy

Where : .
: o - ‘_//- ’ - - ‘
v ~ . o
& '::" t: T o . ' -
i = |71,ave x, (t) 'Y
N o ) '
L S 6 0
- T - .
sl - -0 U !
cXave T x(t) = .
, 0 0
Iz r ’ - )
P, ' xN,ave ' xN(t)
) |- ,.:‘Jml ' -
. i "l' : e . J R

'Proéﬁpowlpnkphis typeof controller will be referred

EO as the second controller.
~ £ ' ' -

'Diffé:éntiating both sidé;,of‘equation (7-4) resuif§

in the following differential equafion

Xave <= X(1) _(?-5)
with the foliowing terminal conditiohs
Xave(9) = 0 ”(7-6)'
'xavé(tf) =0 (7-7) 5

N

.ﬁLThe-synthesis of the second controller can be referred

' } to as gﬂe isopgrimetric problen (94) (problem of Didq) ; | jfﬂQ_-
‘in the glassi;al‘caiculus of Vafiations!- fhe original.

'problem‘inVOIVes the‘find;of a maxiﬁum area'whigh a“

curve of fixed léngth’can enclose.

. Figure (42 shows‘the_typical résponses'of'phg product

=
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'As can be seen from’ thls flgurc, the PT duct comp051t10n
RV 8

1)

dev1at10ns of the second controllcr average to ero

bctwccn tlma zero and tlme equal to 70 mlnuﬁpb.

a (Thc area abovc and below the ‘zero line equal to each .

other).. ThlS is not thé case for thc flrst controtler. .

-
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'B) STATE SPACE'REPRESENTATION oF THEZNEAR DYNAMIC MODEL .
Equation (8-10) &= be rearranged.into the.following
T . = LT S . .
AL = Av = AD' | ,(T-é)-

Substl;uulng equatlons (5 lD) and (7~ sl\fnto equatwons

(8-6) to (6-9), the Tollow:.ng ecuatlons resuTt

=
ey ‘D,
=

=1
Ka¥
Fh

= (L) 32‘- (KlVl + B) Xy +.(X2 _JXlKl)A"'

| N | o
] X- - (V.K. + L.) %X. + (L.
i73-1 J-1 ¢ 173 ] x] :

Y KD ¥l o= KeX. X/ = Xe) av o+ (X .
. (Kj—l/ﬁ"-.l J JjﬁL : j-‘A-\:r -3

= e Ke ) Rey - (VeKe + L) Xe 1y ‘“f+1) KEk1
P KeRaly 7 KeXe * Kpyy - XAV 4 (e - X508 D
P xp + (X eF (7-11)
= By Vo) xyog = B F Ly xyet Ky g Xy g-xev 7
e T (7-12)
T



' Theege llnear leferenulaljnquatlons can be grouned

[

g0 L

-

,_..a\.\

J

_\\fether ‘and put into the ¢0110W1ng vectoramatﬂlx form

|§h 

(K,

A

e

- (KlV

»

N-17N=1 ~

+ B

e
e

13

-
‘/'-

P

.-"'

J-.r2'

ﬁ

o Swe1¥nar
=

- X,)

- u----

e

-

Where x and EF are \ dgmeﬂ51on21

- € )

-

.“7. v
L .’

_j'.

L)% +

vectors

.r _--
*1

b

L

(XF)AF

-

Yo (7-18)

and u s a

i -
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m-dimensionalv¥ector, A'is a-N x N matrix and B is a Nxm
- -." J- ‘_‘ -"'“ . i - o — ‘
matrlx., :;5; B o BT . - t - “ﬁ;W .
; - - _ , :
The llquld holdups., Uj‘s‘cah be absorbed into the . .
pight hand side of equathp'(7el%)'through the followiﬁg
rransformation of variables, Uj ij = ij  Equation (7-1u) I ,
R ' . . . oL I g
" bécomes - ‘ S 2o S
."; o . - ,..'\‘." ’ .l . . . . ’ L {j
- ©o= -T:Q‘ - . . . . . r"‘o'-:’
X (t) =.A %(%) +;§_ u(t) + FF o (7-{5) - :
4 p
&po‘ ing the follow1ng t“ansFormatlon of varlables te :f'
eauatlon (7- 15) . PR . "’_;}/f )
x(t) = x(t) -‘id,
- — - //
ult) = 50t) - Gy, =
Ff. = FE - Py )
it. becomes: .. .’ T ' 1;
%(t) z°A x(£) + Buly) + F£ ... (7-18) -
Koo ﬁﬁégand Ed'are the @esired'steady state values.
+ __f-'_v__,\:‘ —— i ’ .

Tne essence o; thls “ransformatlon is t& t”anseer the

desgred state into Lhe orlgln wnﬁle mov1ng the lnltlal

sga¥e to some othem value.' ‘The “initial condition of this

equatlon beches: x(O) = Xeo - - (7-17) .
; Egu.tiﬁ (7-16) is the so-called state space represen-

tation of tﬁe binary distillation column. Under the termi-

nology of mode“n control tneOﬂy, x(t) is called the state o .

vector, u{t) is the control vector. A and B are the

- .

N ’ - \ R T_._j'

~
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-coeff1c1ent ﬂatrlces for the state and control vectors. A
The eouatlon g,_g} was used in thls‘ tudy to reoresent the - R
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'ablnary distill tlon column in’ synthe31z ng the optimal
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- .C) ?Q§ﬁﬁLATioN OF THE’OPT;MAL L;GU ATOR "PROBLEM & ,3;4 'Tf;\\’//,,,—

_;.'}\ ) . . - w.
R Applylng the minimum Drlnc1a%e of Don rvag11 (91) '
to the state equatlon (equatLon (7 15)}, the ouadratlc {:?
performance ; ndex (equatldn C? l)) ;ha the > _ntegral
o ¢ :conétraints Cequatlonsr(T-ZJ and (7—3)), Lhe-lamll—
vronian is defined as: )
'UH = Il ©) (A& x(£) £ B uCt) + Ef) + X X (t) g x(t) + k ute)
el Ru@ sz . . S 18y
A GD and'Zc;érq,N—dimenéionalvcofstaté vectors dor-
_ responding to theuveéfors x(t) andg Xive :( -
zl,c )
N B J
_z- = )
’_E - o @ ? _;_—
} . ) U . -
g ; ‘ ‘ 2
R P - . N
7, ZN(t) o . : zN,c .
"‘_',‘ - \i . . . . v
) e L i '
The c?jétate eouatlon 1s deflned as: . :f?“ -
Ly '. a €7-19)
= - T
Z%° - Q AT Z(t) . i{ "
. " ‘T__-; y
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Applicafioﬁ‘of,the ;ransve“sallty condltlon (917

EEE‘!

resu;ts in the followxng termlnal conditlon for,the

- L . . .o e
co state vecto -

-
-

Bt =S (aaFe

ﬁe ot her‘bo-state vector Z_

-3

.
-

—..

the whole Lrajecuory and is unazeCLFled -
. “ 3 .

- L ’
'
- -
. .
R o
-
'
«
.
o
FeE
-
9 .-
- . -
. S
“
V - - w
‘ Q - s
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~
--'N
P .
=, R e -
R
4 i .
- .
P - .
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is cons*ént thﬂougnodf/
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)j_DEP"'wF-%TI__.:N: GF THE ODTIMAL CONTROL. ‘TRAJECTORY ' T
...._-\-i . :', 3 -

In.frqer to minlmlze the function Jl,'it ts.neceSSaryf

g ' .. e R - : . - o - .r' - . . K
'to-mlnlmlze the Hamlltonlan-H Fer unconstrained U, .-

;//+~' " +he mlnlmum can be Fouﬂd by settlng 3 H /5u eoual to :
- . zéro.. L ; e
. a T S
- oo F - .
- !
‘ =3 - Roult) +# B'Z(1) A{7=21)
- ' . L l - ?t."._'
E ;1 | .
us = - R " B'-Z(t) g (7=22)
a, - R ) .
S . _-‘ . " !
. ga*n, dif erentlatlng eatatlonxirugiznﬁltn:;egbeet_ ‘ N
) 'to u, the *GlloWLng exure551on results._.b' “om
__—.’ :.‘__T\: {7=-23)
Tut H o :
From the°definition of the function J1; R is-.positive

_desinite, 0 H ‘has its minimum at u(t) = u®". o AT

. 8
-]

T Subst*tutlng equatlon (7- 223>‘nto (7= -16) , theistete . ’ L 'iz
i | ecuatlon becones ) __3_ \ . T!:.; :
'q‘ . ) -1 e L ¥ _\ _ ‘
(£) = £x(t) - BRT:BIZ(E) + FE . (7-20)
iThe syntheSﬁs of ontrnal controiler-now reaLced +to .
rlndlng the.séiutlon.or two sets of coublzng vector o ‘
‘d fserentlal ectatlons (7*19) and (7- 2u} with mixed,:. ",‘
tern%nal conéltmonsv ThlS system of emuatlons is caned
the’ évo -point boundary value Droblem., Once thls is '
- _solveq the ootlmal control trajecto “can be generated
_rqm equation (7-22). - | | - . ?7 e ‘ i -'; -

a
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3) TLCHNIQULS FOR SOLVING THE ODTIMAL CONTROL P?OBLEMS

_f WITH INTEGRAL COVSTRAINTS

.quadratic

-

—
I .

%;Nawlous methods can be used o solve the two point .
7L boundary value Droblem. The Riccati transformation _ e
rol. problem with' ’

m;thod (81}, was developed for control

pe fOrmaﬁce ifidex and no.ihtegrgl'constraiﬁt,
Kalﬁan, then-modified this'method aﬁdlapplied ‘the modi-
fied R?cc ranst formation to the t”acklng D”oblem '
Dapg and Johnson (93) hnve imple mented this ¥

(91)
" ~""
‘Wi
wethod success? u71y fow the ccmtroj o, an. extﬂacglon
FETE g N >
column.wifh only,dde integrél consﬁraint.and no fore- :
8. In this study ki

.ing<-uncLloﬂ 1.e:
v .

7 the sane-&adroaéhrhas been extended to the present
system with forcing functien and two integral con-

straints. N T
' Equations (7-19) and (7-24) can be arranged intd the

follewing form: o

VS

~A . ) :
- ‘ : =
/' | S -l ' B N

+he sclution

. -\_ | //
tiliz ing the fundamental matrix (lOl)

of eouagkon (7 25) is:

4 ST

-

LISTST
. Lo
<t
-

|

|

C:
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'Where.4’(tlt°)‘is the 2N x 2N_5undamental matrix of. .

! 1 . . ~
eguation (7-25).~ o _ *

—
x(x, > (t) ‘
. =ﬁb(‘:;,"c) +

4
::

g ’ -
_ v N
g , . i

Cembination of eguations (7-20) 17-27) (7-2%2) resul<s
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$ x(tg) _“{’ﬂ x(t) + @ Z(t) +Az1

) \\\\ thé follow1ng‘equatlon

.quatidn (7-29)- can be sepérafed:infb‘the following.

equation:

xr) =Py i‘E)“{:’lz A0+

EE, (7-30)

™ ™

(7-31)"

A gomblnat on of equations (ﬂ—30) and (1—31) ylelds

¥ . J.

M 27
L Le o lel 2L Y
> I :
- S Ay, TNy 2770 ¢ (7-32)e

s - [+ 0y -

Z(t f_ (.S_'Al :
t : 7/ : )
“DNyy) Zo - (SA, -/_\,21] rE 7.3
— —— .. —/—-— . ' -
- - o
' G S
Let ; | RS
I = - (895 - b, 0t s, -0 N Wmatrix L

kiS5 = (s L -1 N v et
K(L) - (gc-PlZ -c?22) (§_A 2 "‘A_zz_).N x N mat_-_.x . '

J L(t) = 4‘(§ﬁP12 - ¢52) _ A Z& YN x N- matle. ~
ke Substifuting the above quantities intq'eQuatiOn' T
(7-33) yields the following equationsg:
. i ) . , - " :‘r
Z2(t) = JCt) x(t) + K(£) - 2] * Llt) Ef (7-34)
At + = _--t_‘__ i .o




ar -
~ - A - /.A
- 99 - v -
. ./V
) . . . . w oy ) . //
« . . o / = S
' - : ) . ) ..- . l. ,/, . . = ) ) -
'Z-(tf‘)“ = ‘J_(tf) ;c(tf) _.+.1<(th) ?E + -L(.tf>;E£ ‘ | €7-35) |
Comparing equation (7-35) With‘(7ﬁ26), the following
. ' . * } ' // . . B . ’
equalities result: ’ 3
Jltg) = 8 S (7-38)
— /. Lo o
| . —-"'——_ "/ -
' K(t) = 0. S (7-37) o
E— .y e
Ltg) =0 ./ (7-38)" -

The product of the matrix K(t) and the vector Zoo

L

/

—

‘ .(tj‘Zc,-éénfBe simplified into.the-foiiowing form:'“
T R _ i
z_ I x k
HC,l -I'[ l:l 1,N
. 0. S ¥ 2,N
~ . " . - ' o
., . N . -
K{t) 1 - = ZC,:]. + zC:N . |
c. | ) ’
y zl Ky Ryl '
Bl | Nl .- Ry
L ’ - = : =3 + . +) . - 7-39)
K(t) EE 201 kl(L) Zc,kaN(L) (__ ?

: ﬁhére ki(t) and kN(t) aré N-dimensional vectors.

Similarlyfthe product L(t) Ff can be simplified into
‘the following vector  form: o
, L) Ff = £F 1.(%) o e (7-30) -




~ 100 -

L]

ﬁ;S(t) iﬁ the fifth coiumn of the matrix L(t), ‘there-

fore, it is a N-dimensional vector.

(7- 35) the. kollow1ng equation results

Z(t) = q;F} x(t% oz kl(t) + ;C,NkN(t?,+1€f 10T
At t =.1‘:f’ : : TN P '
: - ‘ . s
2(te) = dltdx(t) + z (t ) o+ z N kN(tf)

b
h
J
~
ot
H
Nt

gt - '.<7 -42)

Comparing this equition with equation (7-20), the -

fellowing "equalities result:

ey = 8 (738
BRI S (T-s3).

Kt = 0 Lo

lS(tf) = 0 - (7-45)

' Q;f-erentlaglng eauat*on (7~ 41) wlth resuect to t,

yields . the follow1ng equgtzon:

.
Substltuuﬁng ecuatlons (7-39) and (7 40)- 1n;o ecuatlon

4,

f

2(£) = J() x(£) 4 JCB) R(E) ¥z, Ky (1) . )
‘ ' ? — L ’ . /
* oz, g k() + £F ) (7-48)
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By'combining'equatioﬁs3%7;24);ﬁ(7-41)ﬁaﬁd (7-46) the

fdllowing equation results f .. N - - - ,
] S -t - S - K .
2Ce) = (O€1) + J(B) A - (B §j§.l*§ﬂ (¥) ) x(t) )// o

- - ..'5 ‘ i =
# “c,lRl(t) ol ket - oz J() BR ™ B' k(1)

e (77u7)-§\

s

: The V—dimens*onal vector (t) is- the fifth column of .-

_5 o

the N x'N matrlx J(t)
Comb*nlng equatxons(? 19) and (7-41) ylelds tne

following equatlon,

..-,4_ - - ‘. —. _ ' N ‘.‘
2(t) = (- AV J(E) = Q) x() -z JA" X () :
_ AT k() = Z s £F AT L.(t) . (7-48
;C,N“=‘ kN(t) EE _f A LS(u)‘ (7 }
The N—diménSEona%'veCtof Zc can:bg decompesed into the
' following,yectors: T . . ‘el
» T /,A-'-'. . — . d -1 - 0-_-.
z. -4 . 0 1
Calf
~ —3-.__“'—-—&__“_‘__‘\"""‘-—— _ | "-
0 . _ g i
. + . = zo,l . +'(‘zc,N « joe (7-49) .
. 0 - ,-':"
":_L N '
g v -0 :
- - _CJE ] o - o
- TA L 5
FEAN
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A - 102 - _
- he‘t/-A 1 0 J . \
o 0.
- 0 > n-‘- -
0 i - ::':‘:
S N -
Then A ) ;:

Combinatigﬁ of equétionsz(7—u8)'ahd,(7-50) yields the
PO | _ ‘ € ohe

© following equation:’
Ht) = (- AT JC (t) - z A Xk
it At J(t)y - Q) x(t ¢:l A £
- ' - -~ ‘ . -
zc,N & _kN(t) zc,l E; zc,N EE
- £f A' 1.(%) " (7-51)

Slnce the exlstance of an outlmal control solutlon has
" been establlshed (93), the corresoo%dlng terms of . -
equations (7-47) and (7-51) must be.equal té/gach_other;

‘. Then, the following equalities are obtained.

J ¢ ATIE) ¢ I A - I BRIB I 4'Q =0 (7-52)
k(e + &' - -.(t)éﬁfl,g__j,{:kl(t) 8 =0 (7-53) 7

. ' - ) R : o o .

R(E) + (A" - J(8) B R™ BIMK(0) + By =0 (7-54)
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;{

1 omny v (oh 4 e ; T

is(t) +.(A! - (£) ER." B") 1g(t) + i () = 0. (7-55)

Substituting the*information of Z(t) into equa"cion-j
(7-22) the op;lmal control tﬂajectory w1ll be gener-

ated from the follow1ng equatlon

o

o :':.l‘ = _.. -1 -l T T -4-. . ) o . l‘ /
'y () .5“ §;[jJ(t)-§%:)-+ Ze,1 kl(t),+ A kN(t)f
3 ;Scrﬂ - | e (-88)

Combining equations(7-24) and (7-56), yields the

equation which represents the 0ptimal‘state trajeétoryE

() = [A-BRT Ik <z . BRTE k(1)
. - m= = === Te,l== = 71
—z, o BRI B k(1) - £2 5 R B 1 (t) ¢+ Ef -
ST Fen 22 2 Xyt 222 At i >
, (7-57) 3
VTheleccatl tﬂansfcﬂmatlon nas helbed to transform the <7 i E

two'po‘nt oundary value orosaem into four sets of

aecou *edal;near dlf;e“entlal eauatlons - The original . T
R e+ i ¥ -
two p01nt boundary value problem has mixed tefminal ‘ o

_cénditions, whereas, the four uncoupiéd equations have
terminal condif%onAat.termina1 time tg. These differ--
ential equations can, be 1nuegrated backward with D .

,.“esnecu toutlme, b} any exlstlng numerlcal 1ntegratlon '
rout;ne tp obtaln'thelr tgﬁé trajectories. .After_

. . . . :
thes?(four sets of differential equations have been
: ' AW
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Conii

integrated, a .search process will be used to locate

the Va;ué of the co-state vector Z. which satisfies

" the two integral constraints (equations (7-2) and

(7-3) )... Then;AtHis particular Zé will' be used to

M —

‘generate the optimal control and state trajectories

P -

from Sgtations (7-58) and (7-57).
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. : \ﬁu)iQPTIMAL CONTROL' PROBLEM WITE NO INTEGRAL CGNSTRA}ﬁT // '
i T, . L ' ) L ~. N < . "

."‘4--_.\ . ‘ ~ . 3 .~ -
-""Fhnen the integral constraint does not exist, the co- -

state vector Z_ is no longer necessary. It can be -

.3

treated .as a special cadse with Zc equal to zero. This \\\\\\;\

4

will make the solutdon simpler than the previous one.

S . .
_ The state équatidn is ,
A x(4) + B ult) + Ff, e . (7-18)
o =
w% - \ ; ‘ : \\
Y % The co-statelfdudtion is - la?b' )
s tLa . . :
(R = QR - (7-58)
RGPS A I 44 o
e - . \ = e . T .
: == CN ' ' -‘\\\\\
=t ‘The qguation'fgsﬁthe control 1is
CouEle) oo R T.BZ(%) : ' - (7-22)
-'_‘ -E‘-r,—".' h ) - ‘—-.,_._- . :: . . . ;. .._
=

After xhe.application of the Riccati transform§§ich§

- .

“ ' the following working equations are obtained:

2 = JCE) x(w) F FE 1 () (7-59)

—
1‘-",.._-/

CL3E) ¢ ATIGE) ¢+ J() A - J(D BRIB I +Q=0 .
' ' | (7-52)

- .

(7—36?

1
|

'J{tf)

*

cuF(£) = - R B [?(t) x(t) + ff 15(ti] (7-80) o



. . . - : ) . ) 7 B & . . . . P
. - . _q? ] \ _ ‘ o
© %) = (A - B B’ J(t))x(t) - fE B R VB 1.8 +FENL L

ey = @' - B 5 <
PR CAS
x(0) = x, ‘ ) -

,(L;)

No’ search Drocess is lnvolved because the.’ co- sta;e

vector, Zcﬂdoes not appear 1in the eouatlons. OnIy

. cne set of aifferen ial eouatlons, lnszead of ;our

’ -, . bast i
" as the D*ev1ous case has to be lntegnated before 4
_the ootlmal cont”ol and state trajecto%les can be -

generaued from eouatlons (7- 60) and (7-861).
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5) NUMERICAL MLTHODS FOR OBTﬁ&NING THE SOLGSiOVS .
The gwo p01nt boundary value Droblem nas been trans— , b
formed 1nto‘sets of uncouuled,;_ﬂeam diffe rehtiai B _ - L

u
-

.'“:

-~
ik S

“

ecuatlons,u*hese eoua;mons were 1n;c$wa;ed wumer¢chllj -

by apply ng the Runge—w -ta Lourth order\lntegraylon e

o«

rouulne (100)
Eor the ase wnere lnuegraL const*alp;s we“e presen d . .
. L - -
two different search methods have been tried to locate‘ )
- - . . ‘ . ..‘ . -_* . "
The desired Z_

-
L X
< . i

~
[l

the value of the cu-statevector
. 2k LT
-‘was.the ore that_eguations(7-2) and. (7-3) were sati
. . P, o 4;\‘. .
The first search'method used i n tnls calculaulq. WE
the pattern search technicue'(Qﬁ);5 It was fou d tﬁat
' -“ ' ) ) T o Emmm
this *hoa was, very time consumi g Therefore, an
algowltnm which would loca;e the P“gﬁu Z in a shdr
The NeWtOH-AaD”SOﬁ al— .y

‘,_ cémputatlon flme was desired.

éorith was-tried éné was foﬁﬁd to be ggr superior to . w2,
.- the pattern éééfch %out*ﬁe ﬁecause of itéffést_¢0nve“— T
| | | pequir ‘. W r-wég located in

Usually, the re

“gence.

t
m
3]
fu
ct
e
0
v
in

.less than seven 1
searéh method was concerned,

+ions to reach the solution.

iterat _
) The'fOUi;.e used to integrdte equatiens (7-2) and (7-3) .-

PN ) -
’ - " ' £Y - .
was .the combznahlon of .§i impson's method ang Ne"*on s

3/8 netnod (102)
Different step sizes:havé been used. I+ was found that
. . : N N -~ \ .
step size of one minute’ was most sultas for‘thls\ Ludy ‘
hd .. . . . - \ -
' L ‘: R ’ “5 r . i
2 .o { } \ s
e o L e
o ) - ke
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6) CALCU'LAT_IdN{,'pRoC‘EDURE N v e

_The calculatlon Drocedure can be Summaﬁlzed mnto the » -

_ *ollowlng steDs. A - ‘f<f' o . = y N - -
a) Obtaln the new steaay state values for the state o o
t ‘ . . . ‘ -
and control vec%ors via.a steady state calculation. =~ . - '—_—\\\\
ake a nge of “varniabl =0, | . X
D) g cna ge fvani able such ;hat xdes*red Q. | :
c) Lw;eg“ate equations (7-52) to (1—55) &ackward in ST

time wltn the Runge Kuuta lntegratlon routlne.

-«

d) Search for the ‘co- ~state vaﬁlabTes'z ll and Zé NE L.
- : - & A R
ve) lntegra;e equation (7 57)_to obtaln the sta;e' .
. . _— __'>.
trajectorys -
R

£) Integrate eguation (7-2) and (7-3) and éhégg if
. - . - i 1

. - . . . . . . . . ’ N < =L

the error_crl erlon 15 satisfied (i.e. xave'f i ).

If ngt,,”eturn to step (&) and repeat the process

until the error crlteMLOn b satisfied. . o : ‘ o
gl “a1cu1age tne o“tlmal cont**o1 tra]ecLo“y w1th i

- - 1] . R

—Eq&at101 (7 So) B Lo o - c . ;/

“Ali the calculatlons were done on an IBM 380/6 com- ,
= - - . . ' ) < s / .
puter. Dpouble’ préc;s:on arlthmétlc was used to en-

sure maximum accurécy. The'nrog%am for solving -this . s
‘problem util izec about 2ﬂ0 K of° the computer core ;
space. . . _ : o
- . s -
. . 4
. .\ - M
N -
. L
" 4 - i . ! _ - )
o -
: $$T‘ L) ’ "
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D) FORMULATION AND SOLUTION OF THE SERVOMECHANISM PROBLEM . - ... -
1) CHANGE OVER POLICY WITH INTEGRAL CONSTRAINTS — ~ | ™.
The state equation that représents this éperatigg is 0§
() = A x(£) + Bu) (7-62)
“x(0) = Eo ‘ | _ - T -
Thé.gi term does not appear here, becauoe there is no:i
feed disturbance enteﬂlng the COLumn in this case.
if‘ADplylng the .sdmé technlques—-uhe minimum uriwci‘*e
. : 2 :
of Pontrvagln and the modlflea Rlccatl trans*or—u
S - W~
_matloﬁ--and ‘ollow;qg tne same argumenu as in the
~ ; -
~regulator Dwoblem, the fol?ow1ng working eouatlon -
h ] ) . ) - -’ )
result: " -
2(t) = - Qx(x) — AN - 2, | (7-19)
Z(t.) = 8 =x{t.) (7-20) :
J(t) + AY J(t) #-J(t) A = J(t) B R ~'B" J(t) + Q = 0 (7-52) i
T bt — — — - - 'u—'- - - i . o --:._
A L L \ Sy
Lk () #TAT k€)= 08 B R B ko (e) + 8 =0 7 (7-83)
00 SRS B0 B -= = 7 2 ST
s :T“"‘ -1 . = i""‘ ) ‘
‘kﬁ(t)gfgﬁf;ﬁN(t) - J¢ty BR ™ B Kk, Ct) -+ 8y = O cytsu
e N ' -
fov 5.y 28 W (7=42)
k(tg) = 0 [ . (7-43)
‘ -y 745 L
ky(ts) = 0 . ( ?
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~Lhe optimal state trajectory is

- 110 -

3

The optimal control trajectory is’

T RTB () x(0) ¢ 2 () bz k() )

; - : t7-53) R
_//// o | '

=t Y ) x(E) ~z . BRTT B!k (¥)

n
tam ]
=3
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27 'CHANGE "OVER POLICY. WITH NO INTEGRAL CONSTRAINT

© Tollowing the same method and argument as in the - e

'fegulator-prpblem,‘the‘following.working equations ., °

* result: .
() = 90e) x(x) | o L(7-88)
. o . 1 '
J{t) + A" JCt) + JCt) A - J(t) B R~ B' J(&) + Q (7-52) -
oo S - & / )
SN ICIORE S S (7-42).
. : s .' ‘ ) - .
ut(t) = = R™T B J(E) x(t) | - C(r-88)
%(€) = (A - BR™" B'.J() ) x€t) ) (7-57)
x(0).= X ) ,
.o £ o . R | ' - - ' ' . L
The same nwnerical techniquesused in the regulator
problem were applied in this case %to obtain the
nunerical solutions of these gquations.-: i
5
A
S




CHAPTLR VIII B

EXPE ‘“%KIAL DYNAMIC STUDY OF THE ; ’

DISTILLATION COLUMN

e .
Ay ~ . ¢

~

check the validity o

¢ne proposed dynamlc and sueadv stabe
»models. - Steu changes in *he reed rate, composition, the Lo T s

reflux rate and the stedﬁﬁ?ate to the rébgiler were intro- ;ﬂ _:;'
duced into the‘column. Trans}ent a$ wel17as steady étaté'
temperature érofilés of theicofﬁﬁﬁfweféimonitored. These
.exﬁérimentéildata weré';hen ;oﬁpared‘with'the cnes generated

from the digital computer sigulation of the mathematical

.models.

4) .DESCRIPTION OF MATERIALS AND APPARATUS

el ) . . iz
The iece of equipment used in this work is located-<#in
he-Depariment of Chemical Engineering, University of Ottawa.

=

rt

¥
B
-

a total distillation column of semi-works scale. The
\'binaﬁy mlytuﬂe whﬂcq gnls column seoarated was methanol and

‘r

-4
ct

i

i

\"'-..

jater. The metnano1 used ln thls work was grade AC- 573&,‘_ from

5

Anachemia Chemical Limited. A simple schematic dlagram cf e
S g ]

the equipment is shown in figure 5. . : ~
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'Qithva'thickness of 3/8 inches. There were two bubble-

‘ ) E . o

; .

n Th" DTSTILLATION COL’UMN [

Lhe column ltself was constrwcted of Q V. F §-inch -

' 4

glass Dpipe WLth an 1nsmde dlameter of 8 .38 lnches and
an ouL51de dlameter of 8. 25 1nches. The wo“klng draw—
ing of this glass column can be Found 1n aDDendlx I.

Ins%de the column, there were ten bubble-cap trays, and.

two dist butlon Dﬁates. - One of'the diatributionlpiates'

‘was for the ref flux and ‘the other ‘was Fb“ he feed. Both

the trays ‘and the OlSt“lDutlon plates. were made of brass

-

caps on eachAbubblg-eap tray. The bubble-cap risers

BTN R . ‘ . N

: : O ! .
were made of lk-inch tyoef"K" seamless copper water

pipe. .The bubble -caps were made from 2»1nch tyne e

seanless copper ‘water pipe cabs. Each cap cqntalned -
28 l/B-lnch X %nlncn slots located 1/16 inches froﬁ,the_
bottom qf the cap. The circular'downens were alsc made’
frqg Z-incﬁ‘type "K" seamless ceppep water pib- J'Lhey

extended l%'inches“thfough the tray providing the neces-

.

sary weir height. The tray spacing including the dis-

e — . - . . _‘//h-""'--.__,_;
"tribution plate was one foot, . On each tray, there was

‘a2 copper-constantan thermocouple for measurifg the’

. . ; :
tembe“a ure of the liquid. It was located in the space

. . : _
between the @owncomer and the‘bubblercabs. \Samoles of

., - .
.

tray lig uiﬁngpe also drawn from the same Dlace whe”e

the thermocounle was located. Remotely ooe”ated sole-

i

%} .
ﬁOld*valves were used to w1thd”aw the liquid samoles

. N .
., .
P S .

g T TS P




S =1lza<

~ Tt

frOm the_fraysd These samples were Dassed through water
'coolers before entering the samole bottle., A detalled, e 7

O“klng draw1ng .of the bubble -cap tray can be found “n-v' | )

. D
o

aooendlx I

‘The overhead system consisted of a total-eondenser]
oyerhead'peflux'drﬁm'ano two;produot tenke."fhe con-
oenser contained‘two shell and tube coppef heat ex-
ohénge:s_opeﬁeteq.in series. The shell sides of these
..exchangers ware made of 3-inch type "K'.T seamless copper
_;ube. Saoh exchéngerjoonteined fen 3/8'inchee,type ny

—_—

seamless copper tubing.. The length of the two ex~
changers;was 4 feet. The detai led wowklng drawmngs of

the condenser sysLem can be found in aooendlx I.

-

-Coollnc water to tne coedenser was nanlDuTated by a hand

valve and,a rotameter. Pant of the overhead condenser
: was-withdrewn as overhead product. The overhead product

flow rate was'manioulated by a liouid 1evel control

sysiem on the overhead oroduc; drum which was unde“ the

v

ooﬁdeﬁeer. The product tanks of stalnless sueei, were
. Y P
horizontal, 18-inch dlameter x 28 -inches long. Part of
the overhead'condensate”was pumped through the reflux ' C.

flow conffol.valve into *he reflux distriBution plate. - .

- The bo;ton sys;em consisted of a thermosyphon ngboiler,”
bottom product oool ana WO sto“age tanks. The re-

boiler was. a£ﬁ§3inch diameter she11 and tube coooer-

neat-exchange“ mounted on the bottom oF the column

~
-

PPN
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. NOTATION FOR FIGURE = - - . - .
,13 X Ovérhead Cé;denéaté Drum. o i o
- B Overhead Céﬁdenser; . - ,. —
- C 'Refiux'Pump.'?_ o .  - ';""'////”’T—f_f
D Bottoms Cdoléf. I j f < |
.E Bottoms Préduct Tank.
F Feed Preheater. - d
H .- feed Distrigutséh Platg.
X Tép Prddﬁqt Tank. = - 7
L  Feed'Pump. “
M Reflux Control ValVe.j
- N Feed.Control Valve.
P Bottoms Cbntro; Valve.
R ‘Rebdiker., ) J‘ R L
S Steam EBE?T:§~E§lvg, | ';.:. 'fﬁ
& o

Reflux Distribution Plate.

-
Ry
R
- <
B
~
«
- .
-
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_The.thickneesiot‘the»sheil Was .125 lnches. There were

ug coooer tubes of 5/8 lnches outSLde dlamete“ and a

wall thmckness of . . 045 inches lnSlde the shell. The

.

length of these tubes was 18 lnches.. The steam .was

~71."‘51..I'oclhf:a:ecl in the shell s;de aﬁd the/Tlould in the tube

smee,_-Deta11ed d”aw1ngs of the reboiler can be’round

- T
-

in aooeﬁdzx I. - R . 3 ‘ T
- . . h ] .
The steam ?EEEfiodthe reboiler was controlled by a flow /" ’
] 27 s

\_

' wweﬁﬁt“ol ‘system. The bott om oroduct w1thdrawal rate- was.-
/""—- ) .

. . ,'/
naﬂlotlated by a level cont“ol system. The bottom '

oroduct-was Dassed through & bottom cooler berore being
stored,ln the two product tanksf- The bottom cooler';
consisted of two shell and tubev:iifea‘*-t excnanaers in

series. I* had the same.deSLgn as 9he overhead oondenser.

Coollng water to thls bottom coolﬂng system was manlou—

lated by a hand va1ve. The’ two storage tanks of stain-
. less steel, were horizontal,lzu-inoh dlameter X 48-inch if
.long. . ;' | ' |
fwo ve**tica1 stainless steel tanks (24 lnoh dlamete“ X
68 lnch hlgh) were used to store the feed stock Well.
mixed feed 'was pumped tnrough the owe—heateﬂ on to the ;" 7
.~eed dtstrloutlon plate- located above the _ourth tray
- . " from the bottom. 'Lne reed oreheatew was, a sheTI and L 'n
tuoe'heat;exchanger. .The de51gn of the feed-greheater_
. waé the‘Eame as the ovefheadﬁéondenser. iseincﬁ oarbon“. ' N

Steel pioe was used for the shell side instead of the - =
. & o ' ) ‘ '



Following is a list of auxiliary instruments used in

3-inch type K" copper pipe as in the overhead con-

denser; St n Was used as the heating medlum It was

~

controlled manually w1th a Dwessure reducer. The

piping systém "of this edulbmene was bullt ln such a 7¥ :
way that ‘liguid could be twansfered dlﬂectly betweep‘ ook
the reed~and the top and<bo:tom product tanks. With |

this ar”adgement the methenol and warer oolut:on . R
could be recycled and blended convenlent ?

+

2) AUXILZARV INSTRUMENTS . . .

A constant temperature bath and a 3-ml. capillary -

U-tube pycnometar were used to determine the speeific

‘ S - - "-.l
tailed description of tnls method can be lound,ln a

gravity of thei@ethanol-water.system at 207 es “De-'

paper by Lipkin-etkel. (ro3y.. -~ - S

El

this work:’

Four Brooks full View rotameters were used for the
following services: . - - : S ‘

Reflux flow rater Type s-1110-55po~e E;, indicdtifig

maximun flow of .5 USGPM (sp. gr.0.73). The float

| was lntegrated Lo a transmitter which twansduced float

1if+ 1nto Dpeumatlc signal.”

L

Feed flow rate:” Type 7-&110 5500 -4, indicatingrmaxi—
mum flow of .8 USGPM (sp.”gr. .98). "The flow was

integrated to a transmitter which transduced float

B -
a3



. Ce : S
o

~
i’

e 118.- _

llft dlSDlacement into pneumatlc s;gnal
T »

Botgom Droduct flow rate Tyne 8- 1110, lndlcatlng A

maximum flow of 75 USGPM X Sp. gr. és); ' i ij;rft *
. Topfproduct f}bw?rate: Type §-1110, indicéting'maxi:;' )

mum flow of (1% USEPM ( sp. gr..73).- . | |
LEVEL TRANSMITTERS % - .. i ~

Foxboro Differential Preséure'fD/P).cé;ié‘ . S

TypéflSA-LSZ-with“dutpuf range of 3-15 psig. ét 10--

‘inch“wé;er gage setting, to transmit the bottom level

of the coluﬁﬂ. c . “‘t ,

Honeywell Dlrect Action Dlabhragm T;De Llou &1 Level -

-Transm;tter,-‘%_h ou p't rtﬁge of 3-15 ps;g atf

10- 1nch'wate; gage setting, to transmit ovérhegé con=-

denser‘reflux'drum Jevel. The digphragm'%as of 316 S.S.
CONTROLLERS/RECEIVERS - o o

Four Foxboro Consotrol Unit, consisting of Model $24 -

controlléd output with model 53 receiver for indicating

and'éontrolliné bf_feed ‘low rate, reflux flow rate, - .
\ D .-
“eCWux drum level and bottom level of the column.

, Honeywell Pneumalik.Tel-O-Set two pen recorder with

automaticamanual'control station model 52302-16-80, .
was used to control the-rate of steam input to -the
2 :
reboiler. PR ' T \ i
- - ) ’ “«
s £ ‘ <



\ . ' .o ' ¢
- féfilg'-"; R .f?' L _—

: C fi\%;\; ~
CONTROL'VALVES ) .

.Flve model ih03= HOneywell Control Valves were uged for -“.' -
the followmng‘serv1ces in the\experlmental set up. _Ali ; ~ u;gl
valyes had soec1¢lca lon of % inch body size, 9/16° ’ o ’

“ inch llzt, linear contour, noﬁ lubrlcated teflon_pack-' "
iﬁ'. ed,' 316 S. S. trim C. I. DOuy“ ST - . . T
| Re¢lux cont”ol valve w1th cv’ SE 0.83~ - :
*eed contwol valve—*-w;th CV of 0.63 7 -  ,' E “2
Bo;tom level contPOﬁ-va1ve ) w*th CV of 1.6 ‘ ‘." ‘” | . o
_-ae;lut drum 1e.:el conton Vque:N'Wluh v OL,-aﬁf- A B

—_——

Steam cont“ol Valve ~ with CV 0f-4.0 M;”
THERMOCOUPLE REFERENCE .JUNCTIONS
M~ T

Acromag model 335: A" 25-channel, with O'C‘réfereqbe _
for typé T (copper-constantan) thermocouple reference

junction, operating for all thermocouple (one &t g

- b

time) connected to a Honeywell multipoint temperature
recorder. - ' . - g

. TEMPERATURE . RECORDER

<

-]

- .. ". ) . . ‘ . . c

-

' Hoﬁé}well Tybeng3’Elecfroﬁik Multipoint Recorder: A"

e

ik

18-point connecued up - dlth the Acromag model 335:1
’ﬂe;erence junctloﬂ to record ail tenperatures. Input

rangé is .5 £5 5.5 my.

-




- FLOW RATE'AND LEVEL RECORDER . . = -

Awprboro”model 5330?‘TﬂrgerPen-Recdrderi

D recorder~was aonnected wmth the T-‘ox]:.w:)ig;; Consx'

- -

L unlgs 1n order to monltor the r‘ow rates and ' '
L B the column

- .L

. ~..

'Two Dumos were used _or t"ans‘erlnv tne *eed and the/

~

\-.\
. reflux 1nto\the column Tne ieed DLmD akso ac;ed as

Lia

'_a Lransfew Dumn, “etuwnlng the quld from the a“oducL-

!\ '

<
tanks to the feed tanks. The Tumps were ?alrhanks ana

at

- Mo“se cast iron body centﬂlangal tyoe. .T‘

‘N \

Wagne-

T

uelard' 1725 “Dn 1lav

ype QPAKJI model 9111 02

’;;,;/L*): 1/3 H.P. motors wene.used :oodrive'unese Dumus.A

. ’ . -!“ N -',.. . . 'L:\ ' \-“.‘;
© SOLENOID VALVLS Nk A AN

i
Y

-

.~ _Ten ASCO. Red Had | 3- -way Soleppld vawvé§f type. 8320A3 o
LB

e use d for w

»

.. A”\;‘.‘-‘.:

from ASCOlECu‘lC Brant*ord le*ted wer

He

Ahs - -
liqﬁld samples‘-

5

U

aizei N
was 1/8¢inch N.iP. T., the- valve oueraLed_on 110 V | o

A. C. and 60 cyclesi

- o < B N e E \/:.
e - ) ”. -;-" TR ll“ 7 -','5' B _‘i - !
THERMOCQUPLEE : T W

. ‘: .\ ’ U
Twenty eof them were 1nstalled An Thg tnays and in

ta -

varagus 1ocatlons of the” coTumn . These the*mocoup‘es
. \-'ﬂ

were f“om Thermo Llectrlc Canada dlmlae“\ Thev were

i-.
!




. > . - - -
. . RN / _ :
) . -
. Vo Y a t
.. . .
P
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o
- R T
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. 3 /‘ -

-constantan w1th probe 1ength of 6’;nches~ These

~ o !
; thermocoubles wereé’ lnstalled ln the column together .
T with Thermo Electwlc type MSJ TY jauKS and Thermo
ETECLrlC No. 8 adjustable mountlng brass bushlngs
05 °1/8 1nch N. P. T. : -20- TxﬁthermOCOUDle extension
- Y %
o ‘fwi.e was asec to conn<ct the tnernocouoles to ‘the
c“omag ref erence junctlons.L . ) ‘;\5u’ , ' g
THERMOMETER s . .
‘Beckman type, médel T2§§?iicgiwith aceuracy to .hl‘ _ - o

o]
. C from Canlab was qqed to 1nd1cate tne b=th uemDera— -

[

‘tnre. o o - .
' TEMPERATURE: CO'N'.I_‘ROL'LER PR 1 S '
N Bayley Inst“ument COﬂDany model 225 Promortﬂonal Lyne | , _i

_with senswng elemen;, the 300 watt heater was’ con- ) ; - T

nected. this controller. o C e . }
[ . -, - . » L
' . S . ~ e o
-HYCNOME ER : NCI, ’ )
’ . B ’ . \'.;_'_ ' .
Acé-Glass_Incorporated model 5&37-10, aml Dycnoaeter .
. R R

Tyae By was used _ ta ce;ermlne tne SDEClL’C gravmty oF

'* ° the methanol- warer SO1uulOD. o .
'BALANCE . S o T -
) ] - ) ‘ o
.. A Mettf/’k20 .éiectric balarce frém Fisher Scientific .
Company witn?maxgmum readidg of 150 gr. and a minimum _ ©o-

reading o .01 mg was used to measuﬂe the welghts of

) ~ . 0 .
v . C . ‘ .__'_J .
. - . T
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~B) EXPERIMENTAL WORK-
S -li'CALIBRATIoNS

Some callbratlons were reou*red before the dynamlc_

o testlng was attemoted The volumes of the Dycnometers

were callbrated agalnsL the Dvcnometers' scale ”ead~

——tt

ing. This was done by us;ng deae%ateo dlstllled water.'
The oa71bra lon curves can be ‘found in apoendlx D.

, A steam gauge wh;ch was used to 1nd1cate the.pressure

~ - . -

"0¢ he steam line was ca71bwaued agalnst a dead~

welgnt gauge. Thls calibration curve is alsc shown in : S

gp dlx D,
Ao orificé métef; which was part of'fhe s{eam.flow-
coot“ol system was *nSuaTI“b in the steam llne uosuream
okmiﬁg control valve. . The diameter of this ‘orifice

Poter was .25 inch. . The calibration curve of this ori-
. ]

. can be found in aooendlx D.. T T _ —

2. SINRMIC TESTING OF THE COLUMN

. The first steo in'this experimental wotk was to blend

-

the feed stock ‘then. measuwe 1ts concentration oy ' a

using the pycnometers. Tne ;eed was pre-heated while - -

passing through the jged prerheater. Then, %ﬁ was

“ansfe“ed iﬁto the oblumn. 'As‘soon as tne liguid in

toe reb01le” reached a cehtaln leve s steam wgs intro-

duced intc the reboiler-through'the.control valve.
When there was enough condensate accumulated in the

S



. .
s
- >

reflux drum, a pre deteﬁmlned Dart offlttwas puﬁ%ea 5 ':Z ) K
‘back into the column as reflux. The feed and the
re;lux flow rates were. undér flow ccmtro'I The top“
and,¢he bottom product- flow rates_were.under level
“control. All these controllers were tuned tp:tﬂe B
aﬁtqm@fic mode. The tray témperature; as well as the
reflux température‘wére monitore@ cohtinuqqsly with

the help of the multi-point recorder. No attfempt was

made .to automatigally'control the reflux temperature.

‘The rate of-cooling water to" the cverhead ‘condenser

o

)

was  set at a fixed wvalue.such that the reflux tempera-
ture was rot too far from their saturation temperature’

ST —

. for all einerimental.runs. fThe pressure in +he main

v f-..._"‘»

. Steam llne was keot high, around 120 DSlg, be;ore B

o

as iﬂg tnrough the orlrlce meter and the cont roT

valve. However, the pressure 1n51de the rebo iler was.

» . *

-

.”eTatlvely 1OW, arQund 5 psig. The steam rate- was

4

cuite constant tnroughout all the expér;mental ms.
-Usually, it took ‘about three to. foup-twlrs before a R

steady staté was attained.

no s;eaay state ‘ter'meure DI"OJ.lleS were *‘ecorded
- )

'for_differént*speratlng-condltlons. This was done:
" mainly for checkiﬁg the validity-of the steady state L .

—_

" . . .

ma*hematlca model. * !
- A~

Tne dynamlc “esnonseSOT the column were obt alne? by

1ntrocuc1ng she? cnances in Lhe feed 1"a't:e, Leﬂﬂ T
N _ R
‘comPQSLtlon,,reflux vate and reb01_er steam rate.

R, Y T : v . Ty T ) o M



fsena*ately a*ter the flrsu‘steady state had been '“‘_" ST
*eaCEed For the flrst trial, 11qu1d samoles were ‘ -
T g :

-

taken from tray No.- 6 during the whole twan51en* £

period. lhe conceﬁt“atloﬁs o-.;hese sémbles were de- |
Term ir d by u51ng the Dycnomete”s. At the same time,
the

ray temme“atu“es,we*e measured and *ecorded u51ng

1

‘The mului—po nt recorder. nese measured tﬂay ‘concen-

trations were compared wLLH the corwesoondlng vaWues

obtained from dlg al simulation of the mon-linear

" dynamic model. It was found that both thé experimen-

tal and the calculated values agreed quite well with

‘each other as shown in figure 6. Tray. No. § was -

chosen’ because this one had the larges; changc in

composition and,temberature. .

For a —Dhase blnary daSulllaulOD, once *he oper- -

“ating pressure is ¢1xed, the specificatlon.of only-one

-

additional wvariable is sufficient’ to fix a1l cther . ‘

e

variables in the system. In this study, the ooeﬁatlng‘

v

i)

oressur

m

was fixed at one atmosnherﬂc pressure. .

.. ’ . . < 4 ’

According te the phase rule, for a binary system at
4 - .

equilibrium, knowing the temperatures it giveg the A
. . ' . . — ;: . ‘,'f"'l L
knowledge of the compositions. T N
. . : DN Co- - .
Therefore, the temperature response, instex of the . C~E
composition response were recorded for all dynamic
. : « - - . : . : -‘\:“‘-\___ .
~testing which were periormed subsequently. . PR e
AN o A ; ’ . . ~
' oo - r - s :
! — S



-t .

' was_recorded. The correspondlng tray_compos;txons

-125a -

B
P - 1 -

‘The thermocouplesuaed in this studv were not callbrated

'-/

'Accordlng to the ltformatlon subnlréd by Thenmo-“

Plectric Co‘, the llmlts oAxgr“5§‘uere + lk I between

- e FE

the ranve o*"-75 and +200 F - To check "the dceuracy 0¢

the *hermocounle, a- s;eadv state temnerature profile
‘ )

o

“were obtained from the temperature concentration dia-

gram. | These values were compared with the ones
te y 4DE ‘ . ed W i

obtained from analysis of the ligquid samples with-

drawn from‘fhe column at steady state by the specific

. gravity method. The\differences between these two

0

values were Veﬁy small. ¢Here -ore, the accuracy of Lhé-

e Y ~

ewmocoaules was cons;dewed good enough For thls work

'1thout_being calibrated.

.
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, o CHAPTER IX . o T

. ]

o "~ RESULTS AND DISCUSSIONS - - =

_A) STEADY STATE MODEL o | e

| The steady state temperature profiles calculated from
the . non-linear mathematical model and'those from experi-

=

‘mental work were plotted and shown in Figures 7 and 8., From
- l ‘ . . ' ST * . - ' ) .
these plots, it can be observed that both values agreed

quite well with each other. The differencés bestween the ex-
verimental and calculated values .were nct more than 5%. B

Thereforey the steady state'médel, used in the. work can ade-

‘ ' : L . T . ..
quately represe 'he steady state behavior of this binary

- . - -

L]
\

mDortant factorithat dominated the steady

e ¢'.

':stéte-calcu’a;;on (aWSo the dynamlc calculahlon) was the

“'dict*on o; he vapor, com3051ulon ‘with- the Jau“r l’Ould

A

ecull*brlum relat101 hip Because metd ol —water is & non-

;deal systen, uhe 1dea1 eaulllbrlum constants calculated

from the Ant toine equation have to be modifi be‘ore they’
can be 'used. These idezal eoulllbrﬁum calculaf\ons have been 'QT>- . -
‘used in the stéady state cdlculation, the @omputation would - 4

.

el ‘he% converge to the wrong steady state or did not con-

verge-a; '211. “The activity-coefficients evaluatéd from the

Van Laar third order equat ions were then used to modify ' 3
hese eeu’llb“lum cowstanus, the calculatlons aTways con-

verged to the right sueady sLates.

- i -~
-

“i his ,yae of-stéady state. calculatighiz it was
| 1%,

o e —
necessary to assume & temperature as well as a vapor flow
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profl le in order to start the computatlon."This was ‘con-

- b *

si derably 51mpler than other methodﬁ‘ShCh as the-Thielé-
Geddes, and the Lew1s Matheson methods. "~ Both of which

required- e aSSumptlon of mo“e variables before calcula-

tibn-coulc be started. C L~

.

CAs faw as the comuutatlon time is conceﬂned,.ubls o h
hod was.comparable to other methods. "The*Thiele-Geddes 2

method was t”lEd It was r“ﬁnd that both me;nods took more

Pop & ss the same amount of computat&cﬁ”élme’aﬁd cemputer

.-

ﬁeﬂo“y A tyolcal c&“culatlon w1th the method usec 1n thls .
study tookabout 10 CPUseconds onh an IBM QSO/GS_modérgpompu@er;‘
£ ‘obtain the resuitS: ' L o

~ ~

-
&
<

]



Cmel l‘j.;'lgi_;

B) STEADY STATE TWO-POINT .CONTROL CALCULATION |

. ' ) ’ -.\\

‘With_the same non-linear steady ‘state model #the vélﬁes;' T

',o;-tne control varlables were computed when the oolumg was. .

\r - [
.under &eed rate, como051tlon dlsturbance or change 1n*opera—
: ! P
These control varlables we“e

the ”ezlux and the bo;tom oroduct Tlow “ates or the rebomler

- L~ “ -

seeam rate and the too~produc; flow rate.,
AS was mentlonedfln an early chaoter, the values o;.

these two oamrs o¢ “contreol va_lables could be obIalned ln

only one calculatlon. In this study, the»steam rate to'the

reboiler was picked as the'iterating variable. TFour differ-
ent searcn procedures were triled, two were onecdimensional

.

“search methods, the otheps were. multl dlmen51onal search

+ - . . > o Tl Y. -
H .

methods? - . U~
) ‘ . o P

Among the ;oupumegaods, tne dichotomous searcn was. kﬁe,

1‘

simplest ‘and the most stralghtfopward method.” An uooer and

& lower bound of the éearch-?ariable had to be assumed at

-

i

Lbe b\aﬂnnlng of*the search. Normally,-the range De;ween
-"\.I
the uopen and the 1ower bo d was set at al ge value in

-

order to _nclude the deswred value.’ The convergence\speed

~

was al“ectly onooontlonal t\\thls range. A large nenge
anuomeulcalWy 1mo11ed longer comautaulon time. Alfhough-
9 B oo

'tnls met nod was simple and. stnalghtforward its speed of

conVengence was con51derab1y slower than someén* tne other.

- - -

o methods§ﬁ The onTy,merlt of this metnod was 1ts ease .of .

L}
B

' programming. @ - -

D o
L.

11

- -




et U STUTE SR R
o : OR=L32 =T e : "
Co . S L e : . - )
Vot . LR . = ' -
- SO - . -
The mddified pax¥e rn search process ‘Was .
-‘. R L] -. ~ . . e

tbe*dlchotomous search as far as spced of converdence was "’

x

- . ~

concerned.‘ The beauty of “this method was tﬁat 1; COUid - o s

. ..':" IW’. :
a1ways locate the answer wegardless of the lnlt’af guess.

: . §

&lso, the comDutatlon tlme 1ncreased cﬁWy as tbe %&s*

. power of the number oﬁ vaclables ratheﬁ than to the cube

.

. —'cn

as in other_methocs.' Su“ely, thls method is ve”y Dowe”ful

~ ) - — ) PR . {

for problﬁmg w1th a Large number of variables. - Judging ¢ ° AL

Lrom the'result of Lnﬁs btudy, ‘this method was not particu- T
e . " -,'.' . : .

larly at ra&tlve to onﬁ_ﬁlmehagonal search Droblems. .

-The metnod of . Hérquardt'is-a sonhlstlcated.nrocess -

nlch was ﬁr*glnally desmgned for non- llnear regreSSLOn and

:"...,“-
so7v1ng SLmultaneous no&wllnear algebralc equaulons. It

- -
- ..

. -

- was edopred in : thls wo“k wlthout any modification and~§as

_;ound to be very satﬂsfactory ln'locatlng the answer.

- 2

-+

Usually,_;c.took-abOUu Tour Lueratlons to ﬂeach the rlght I

answer. "However, this méfhod required tﬁe knowledge of

derivatives of the fﬁnctions involved. In this work, the . -

derlvatlves could only be evaluated numeﬂlcally Whenfthe oo

-

'estlmaclon '©of the derivatives was no; accu&ate enough thlé*"

—

process collaused.‘ This woul& be an extremeTy effl¢1ent
- method D“OVldlng accurate ‘informations o_-Lne derﬂvatlves . o ;
ey . ] _ :

could be obt a;ned. Another drawback of this.method was the

T . - e ~

- fact thatllt-requlred a”fair amount of skill to’”incorporate .
“it into a computer program.. = . o - -

. | -
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Py

Dosctlon method 0f the four,-lt was as far as’ th*s\calcu-

K . - \ .
1atlon Was concerned the best method Its conve“gen L- N

-

o spewd could match that or the Marquadt s me*hod. .For the °

cases that haveebeen studled six_iterations were enough to

P T R S . .
—l e N

‘obtain the de51red answers.  Kiowiedge of the” denlvaueve ‘ .

- "
>,

was not necessany The " lnltlal guess and steo s1 ae had mo -

a bearlng on the speed ‘of convergence. Above’ alle thls method Y .‘ﬁ:

was- veﬂy easy to 1nconoorate into a- comouter program S -
P B ~ — ’ o

: L . . .o
S .54The same *aIse.DOSLtmon method_was also used in’the "

-5 B . ] e . i
} bubb*e point calculatlon. The convengenoe of this method.
& .

. dﬂd deDend on the initial guess in this partﬂcula“ calcula-

- ~ '

Q}tlon: When the initial guess was too far frOm the déSirEdif
7 wvalue, this method ‘would collapse.. Usually, in the bubble

- point calculatlon, the startlng-»alues of the temoenatu“e'

-
0 - .,-t'..

Lbroflle would not’ be too far from the, desz“ed values. So, .
\-v'- . . N

ths still “emalns a very good method fo“ *he bubble DOlnt

- N ."’/_. .

R * N ! . N -
calculatlon°' LT ' | : AEEEEN - -
. / L . . - -
3 P h *
c’ -
~ - Te - -
- N -‘: - ='.‘-_ o PN )
- - ) "'.' _‘ .-" : )
- - / N / - N
] g - . . ‘ -
] s o '/\._ 1 - -
R . . /‘ -
/ : ' . . -
. ‘ _ . .
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R ‘134 - ., ' |
) DYNAMIC HODELS“_‘ R -'517. ‘
‘ . .o LT . - | . .
- Two' dlf erent dynamwc nodels were studled in *hls woﬁk;"- " A
. ' S

The non-llnea“-vodel was used ﬂ? Dmedlctlng

he tran51enu -
behav.fM o~wmhe dﬂst*llaglon column under., S%;EBdlsturbance . . SV

. L -~
) - T . . o .
1 . . TN . . . il
Lor sequ tlal dis Lurbance in the.feed stream; the veflux
.. ind the reboiler, steam rdte.  The linear dvnamic model - was Lo
9sed inrthe syntheSis df the .optimal contrelfers for the |
control systems Sf the COlL“4 S : - ";\& -

he non-linéar model used in.this study was more or

. L U L T =
~lass the same as the one{develoaed by EHolland and Waggoner

. " . - N L n ' . . .1 . -"' ‘
(1), The sale diffe penco'was that the trav efficéegcies;‘ -
- o : _ o ) | - -
-were assumed to be.unity in thls work. . T .

» The *transien<t temae ature profiles pfall trays gener— -

ated by theé 10“—7*Fea% model and the ones that were ac juired .
. . - 1*]

.from experimental testing were plotted iq flgures 3 to 1u. ,
code agneement betwéen the predicted ahiljthe experimental ~
. L . L : | A
N = s . 3 L ; et -
data can be observed~from:these plots. 7n most cases; the i
difference between the experimental aﬂd T culated ‘valuas . ' -
were less‘%han %X0%. However in some .cases, the .oredidfe . T
- . =TT . "
e ™
and-the*ggpérimental values ai d not agree vemy well for the
[ . ._;__ . ~
trays in the middle part of the golumn, thel r differernces
were as high as 30%. -The discrepahg;esfbet een the two . s :
values could be due to the assumpticns which:were mado A““
ing the develepment of the mathematical model, such as- inity )
o N I > oy
r . 1 - e TA
travaiefficiencies and saturatlioW r#ilux |[temperature he -
| ’ T - R
o - - . .
Iimivation of the experimental eguipment alsc contributsas -
T B T P : T )
Ll ' . TSR, L -
in Dpart io these discrwpencles. R
. : - . . ---—._".-
- - ! ..‘\‘ ; - - .
- e * | ~
-, ;’ . / ;" - e "
- .d\ ) ’\ ' ‘:_ .’ S ’ ) i
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TRANSTENT HFMPERATURE RESPONSE OF THE COLUMN-

UNDER STEP INCREASE I¥ REFLUX RATE"
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-~ NON-LINEAR ‘MODEL . .~ & ' —{
@ EXPERIMENTAL DATA™ ° ~ ~
.. . - ’ C . ‘-. j

A
(B!

rease in reflux rate. .

~

‘\‘ .
~ skep in

l'
/

4
column und

B
< 4

rfsponse of “the

—— — -
I
° . .

Transient temperature,

'
4
[N

) @ . ". - ‘ ""30 v._ - ‘_ . 60 ] . - 90\ . :'“ o IZO
R . TIME - IN ' - MINUTES 7 :



V = -
- - :
- i ~
- .
. + ,\
__':T\"
! i :
¢ a0 "
o . N
; < ,
- “‘f"_"'- - Al -~
ANINT e ' -
N e
— Pt B N
£ . .
. . = ¢
- " .
-

- ‘-HdURE 10 - | APEE G
o | | |

T-M\SIE\T TEMPERATURE RESPONSE OF THE COLUMY
UNDER STEP DECREASE: IX REHJ.J\ RATE - ”

(z..,4_s.¢—x-lz._14 1.b-_m‘010/hr) S &

- e .
»y -
P
~la
-
t Lo
L g
]
) S -
— i rs
Y - . -
.
Vahe .
- - .
. ¥ -
g - - -~
~ b .
. .
N .
bl . T
- Y
e - !
- ’ ) [
P .
. -
_ -~ -
-A-
s
. 3 .
-
A
¢ -
z —
-4 ' .
- -



..—..

r9AR XNTJOJ UT DSLHU0DD.

<

¢

dols aopun uunioo Hya

10

mpm-. o€

hsuodsoa' aanjeasad

T

{

193 JUDTSULAY,

— .
| ~r———-NON-LINEAR MODEL

-

Tt

® EXPERIMENTAL DATA'

.

T

iR

®
.

vy m——

L ¥

-,

~

St

-

I

\
Jﬂnllwa. .
L .
a
).
i
L] ™
- h rFJll...I..
R N
/(
. P
,._A
* ¥
ot
e
L
o T
T -&
I -
.
-
o y

20— TRAY 9

20— TRAY 7

Jdo

NOILVIAIQ

-y

1

o
FUNIVHISAEL -

" 5l-TRAY 3



o . ! —— 7\’:'-'
- S s
..':”. - . ‘--_V ,-'“lh . . . -
- ‘ . B : ( o
:"‘h \:“ - - '..
. e LA -
N ‘. : \'\s{’__
SR T s
T B I-‘IE:URE TR o
. l‘.-. ""-.._‘_._\ . ‘ .
s TRANSIENT TE'\IPFRATURE RESPONSE OFf THE COLUM\‘
_UNDER STEP DECREASE IY FEED RATE 1T

(11 5~—>9 728 lb—molc/hrJ -

e
L
Ay




. &

‘DR PoUf UT 0sLaaodp dods dopun uumios oyl 3

'

;-7
¢

P

v LI

.o.owco;noarwpwww;mgsﬂp juatsued] TT mL:MH;

1o

»

I

LN

——————
-
-

.

= NON-LINEAR - MODEL -
® EXPERIMENTAL DATA

A

T

1

-~

) 90
LIN  MINUTES_

60 .
© TIME |

- "

E
v
',
W
I
o .
[ I ’
N
B
% ® o
Lk
i ® .
1 .
Ty
-

do

O| —
- NOLLVIAZA

o

‘0.

oo
FUNIVYIINIL

-




>

-

- FIGURE 12

. TRANSYENT TEMPERATURE RESPONSE OF THE COLUMN

'UNDER S‘TE@_\INCREASE IN FEED\ RATE
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-alao uscd to - Qencrate the transxent C0mp051t10n responses ’

d\namlc modclb were. plottcd and shown in flqureq 15 and 16 | _ -
A, ! . R ,
Good aqrccmont can be obsorved from tnobe plotb. o - '
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drotlleq wg obtalned TthC data herc plouted in igures oL //4,
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E) SYVTHESIS OF, THE OPTIMAL COVTROLLERS A T
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Ih”thisﬂstudy,-quantitafivé-reSults‘of'tho

'7controllcrs wore generated usinq a2 11near model o

. blnar\ dlstlllatlon oolumo, Dlsturbances in_foed‘COmpogitioﬁQL X

_and rate as well &b product spcc1f1catlon'ohdnées

v

-~

o

studied. e M o  ;;_ .
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. The controllers were optlmal 1n a sensec tha

' v4'ipractical 51tuat10n.' The value of t; bhOle not bc -
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optimai
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.\. -
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LOHtTQl action

.__lml cd thc pﬁTformancc 1ndcx Jl (cquaélon ?-ﬁ}“x_ In thlS ‘
Qquatlon thcre were fourﬂoarlableb thaf’ could affect. the
‘pé:foFmances of, the controllers; Theseffour variables were: b
.tf%‘ooeiéontrol peﬁ}od'ond‘ghc wc1ght1ng matrlceb R, S and - ‘ii
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If the dlstlllaue and the bo*tom producc w1thorawa1
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products orocuced dur;ng thlS Derlod wle-deflnltely ;1 .

LT have the de51 a*evera ‘e concentrations. This .can .be -
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mlght be outsade the phy51cal llmlta%ion of the system | '
H*Fortuna ely,. the optxmal control could he regulated
throuéh manlpulatlon of these three welghtlng matri-
n;39s:' Because of thls, S O and R could be regarded
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Athls stLay was that when the Values of R, Sﬂ\\ and

"tial values of the state Qector had positive signs.

'tf were ;1xed ‘the resultlng oDt 1mal cont“cl trajec-
tory had a defznlte trend and shape accordlnc to the-

.sign of the ;nltlaW valuesﬂof the state vector. - For,

approached zero, it would\be the same as the case.

'.WHEF% there was nb integral: constraint at all. 'When5

-

thlS ba ‘ed -the two ootlmal cont%ollers tended to

AY

~ be lden al to each other ang also their peprormances.

3 LF?ECTS OF THE LNIT¢AL SLATE VALU;S ON THL.f

OPTIMAL CONTROL TRAJECLORIES N

. Anothe“ lmDo“tanL fact observed from the. results o;
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examnle,nﬂzf?the Feed comp051tlon decreased from

.0715 to .065 mole fraction (methanol), all the 1n1:;,ﬁ

. !

The't%ajecto“ies of‘%he éont“ol‘vector (reflux and

boutom Droduct flow raees) ijDed to certain values

o

-'and then lncreased gradually to thelr steady state .

'values .~When the disturbance enteﬂed the column in

the HXorm of feed rate 1ncreased (9.728 to 10. 5 l1br -, *

"mo hr) the 1n1t1al vaWues of the sta;e vectow were -

all positive. The T*esul't:lng optlmal tTEJECLO“leS of

- T
the . same control wectow had 1dent1cal trend and shape .

. as in the Drev1ous case. On the contrary, when the
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;eed concentration. lncreased from .0715ﬂto .0815 mole -7

fraction (methanol)v/fthe ln;tlal values of the state o~
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- vector weré mlxed Wlth p051tmve and negatlve values.
gg;)resultlng optlmal control trajectoryes of the same = T
con;rol vector 3uwaed to certaln values and then de- - o

_creased gradua iy to thelr steady atate valueb,--‘ ~ T -t

Figure 23 shows how *hese control Lrajéctoriés vary .

with the smgns of their co“resaondln“ 1n111a1 valuev

of the state vectoﬁ. As sSoon as Lbe tyDe and magnl- . W
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Lude of the ‘eed dlstuﬂbance are knywn, the 1n1t1a1
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values of the state vector can be calculated. Then
the resulting optimal control trajectories can‘be | -7

¢

'esulma;ed w1thout recourse to thg\lengthy calculation.
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of the second cdontroller wheh a change in the top
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- . . L

* . product composition is demanded. In thif case, signs
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= L - . - -
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i . . . _‘~' - L
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trajectg;ies cf other cases of the op;imii change over

. .. ‘ . " - - . . - . .
‘ policy. _ - : -
B . ! . X T 1] R , - )

" In the case ¢f] the first controller
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dung/had'no bearing on the v

troli < This was hentﬁonec bj B*os;lo» and Handley {(27) -~

in their work.’ ;abl%’il shows <he :aTJas of the re-> -

- ; - - . L} —— -
sulting optimal contrcl vectors witn Constant - o O

a v . -
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A

and tf -»The type and jjg;ltude ““fﬁéfaisterbance

'.Vuwefe the same buxwene'“al es of the lﬁqu .d tray hold-

‘\ '/ “

_ uns.were dlfFerent However, the magpltudes of the

‘liquid’ tray holdups didjaffecf.fhe optimal state
"' tyajectories.

Il

F) VALIDITY TEST FOR THE QPTIMAL CONTROLLERS WITH THE NON-

-

‘LINEAR, DYNAMIC MODEL S

Lhe~design'qf the two, optimal controllers was -based on.

a linear model of the distillation column. However, it was

A'l i ‘, N .-u‘ - “ ) . - . -
-understood that tbe llnear model coqu not truly represent .-

-

-

the . ooeﬂatlon of the" blnary dlstll1a ioh’ column.” Good'“e-
sults hlth the Tlneaﬂ model dld not necessarlly 1mply that
good “esults would be obtamned f%om the actual dlstlllatlon
column_when these-control stra@egles were‘applled, since

-it has been D“ove& that the noﬁllinear mathemetical model-

3 r '

could closely represent the actual column oneratlon It waé'

loglcal to apply these optlmal control schemes to the non-

llnear model in order to check thelr valldltles.
Flgure 27 {snows the comnar:.son - of the product devi-'

ations between +he two nodels w;tb the Fl*st controlle

. It is obserwed that the pewformance of the con;roller de-_

1

ter1cratesfor }he non—llnear model Buu the product compo-=

: 51tlon devlatlons are still very much acceDLable It can-

~ be said that-thehoptlmal control trajectoples generatee

from the 1inear dynamie model apelgoeq'enough for the real

,
ot .-
" WX . . T T . .-

i
'
v
v
'
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Th%; mrght be on account of the presence of the 1nteg,ral
coneralnts. The dynamlc 1nrormat;on of the column wéuld be
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the second controller were also tested w1tﬁ ‘the: non- llnear

model ‘ The resultlng Droduct dev1atlons"resuonses were mot

T
as’ satlsracto“y as in the cafe o* the flrst controller.

'_sitﬁatién.x The ontlmal control trajecfo“les generatlng fromJ

. \‘Qw:‘ .




2T ge thﬂ 1s taken.” rwo t}pes of closcd 1oop responsos are
shown on. 'the flguﬁe 1nstaijiiii&i,ﬁﬂﬁﬁ?orward control and, ‘

. . . ‘u - | ]
optlmal control (first contrellier) Instantaneous feodforward _,{:/

) control con51sts o erely changlng the manlpulated varlabl'

G) COMPARISON OF- THE OPEN AND CLOSED LOOP RESPONSES OF THE

- - L -

NO\I ~LINEAR DYNAMIC MODEL R

E .

Flgure (35) shows thc 51mulated open and closed loop

responses of the top and bottom product comp051t10n dev1at;ons

- oy

under step dlsturbance Lﬁ-feed comp091t10n u51ng the non-'

T

S S TV
T ¥invar column Jodel. . B B

, v.__ﬁ.r_s_..l.'L‘ ———— - >

-

The open\loop Tesponse 1s the response 1f“no control

‘-

1:”! "\--

to thelr ﬁlﬂ/f-control values the 1nstant the feed ”‘sturbance

enters the golumn “The figure" demonstrate he effectiveness-

of thc optlmal'control io}ioy Thi tYPe of Te5U1t5 has 3150:; -

heen reported for feedforwar control .in whlch 1nstanzaneous

. . - ) . - L Lo ' - N T
feedforward contrgl ;compared with feedforward control with - :
o . it ‘ 5 e :
.dynamic,compens fion (72). . AR

e’

A o/mparlson of the 1nstantane0us control Wlth the

o o

‘seCOnd control pollcy 1s/not included because they are not

(4]

con51dered to be equal alternatlves. - ey

Y
h
}
'
e

. T -
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COHPARISON OF THE OPEN AND CLOSED LOOP RESPONSES™

OF THE NON- LINEAR DXVAMIC MODEL UVDER STthﬂ.ﬂ
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“.',j ' The 11near synthe51s and quadratlc performance 1ndet
~?approach used in this ‘study is a- valuable process for con-

structlng opt1ma1 feedforward controllers It is a versatlle

method because it handles both the set-point and- load dlS'

turbances in one formulatlon.- Thls linear synthe515'approach

- -

15 nore attractlvc than the non- 11near SVntheSlS from the“’
- - numerlcal calculatlon p01nt of v1ew espec1ally for hlgh order

systems. One of the non- 11near synthesis mcthods is discussed
P - ) A iy

in appendlx B. -This method was applled to the problem in thlS

l'

studf . The result was’ not sat1sfactory because of the 1nsta--

blllty of the numer1ca1 calcﬁlatlon On the other hand the

l
'

linear synthe51s approach guaranteed an opt1ma1 solution and
the numerical'calcuration was straightforward.

\‘
Untll more efflcaent and sophlstlcated numer1ca1 pro-

cedures have been developed “the approach used in this work

:lS a v1able alternatlve for the synthesis of optimal control-

lers of high-order non—linear-systen;
| Because ‘of. the large system of equatlons lnvolved in
psynthe5171ng the optlmal controller, the optlmal control
-~ | ,,trajectorles coula onlv be genezafed us1ng a hlgh speed
| comeuter with a large memory (i.e. IBM 360/65] Thus it is
not economical to 1mp1ement these optlmal cdgtrol schemes
jdirectly for on-line-direct digital computer“control.‘ How- ...
ever, it is concelvable thgt szmple algebraic relatlonshlps

'“\\_*‘\betpeen the optimal" control trajectorles and the’ dlsturbances

e, . . - - . -
\ . . B R X o .

.. R : - -
- N . h
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eould be established' These 31mp11f1ed algebr 1c}expre551ons -~
AN

could then be used as the cont?ol law and 1mp1emcnted on a L
dl“ltal control computer for on- llne dlrect dlgLIal computcr
..
control of the dlStlllatlon column operatlon. By using thls'
approach the opt1ma1 controller synthesis described in this o
study can be V1cwed as a very valuable 1ntermed1ate stcp for
the development of optimal on-line dlrect digital computer — .
‘control of a distillation column’
» At / : )
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- . CHAPTER X ¥ T

JR

“CONCLUSTONS AND RECOMMENDATIONS-

The dyﬂamic study in this work reveaied that”the |

-

blnary dlstlllatlon column with methanol water system could

adeouately be reoresented by a non- llnear mathematlcal

r

mooel based on materlal and energy balance. The simplified . *

11near model whlch was based on comoonent matenlal balance
____/

could not truly describe the twanslent behav1or of the

-
-

blnary dlstallatlon column operatlon. The comblnatlon of

v -

- thé iffplicit method and the Bémethod of c0nvergence have
7 B L. : . R ’

i
-

proven to~be a better method than the convehtional direct

numerical integration of the_differential éQuations-which-

o

_constituted the dynamic fodel. B I A o

P -
T - .
- . - . v

The steady.state model used in this study‘has also

been,proved that it could aotly descrlbe the steady state

column behav1or. The’ comblnatlon of the matrlx method and

~other processes. A

in the other methods.

constant COmDOSltlon method for enthaTDy balance was not ol

-
[}

superlor to the wethods by Thlele Geddes and Lewmstetnason,

.

“but -at least it was comoarable., The basit: advantage of.~

this matrlx method was it solved the material baWance dl—

.'\

- rectly rather tha the tnay to tray calculatlon as ln tne

to be assumed to start\ the calculatlon were not as many as.’




',state two DOlnt control calculatlon the false p051+10n‘
:method was best sulted for thlS oartlcular computat‘
Thls does not 1mply.that-the other three'me*‘

They can be the best on some other edcasions. For instance,

v

- the PattePn'séar%ibif/§99ﬁxior cases where a large number of
~ variables have to-b€ searched. = _ :

~,

The ootlnal two- ooznt control of ths blnary d*stxlla-'

. y.l~
e -

tlon column under various feed dlsturbances and product

Ll

ComDOSlclonS changes ‘have been 1nvest1gated minimum

'or1nc1ole_of_Pontryagln'together w1th the modmfied Riccati
*ransFornatlon were used to solve thlS control oroblem. A

B H

'unloue leature of thls Rlccatl traanormatlon was that the“

resultlng thlmal c:ontro’I was always a functlon of the

<'state vector; Thus, 1t mahe ‘tHe: control oroblem a. leedback
. v . \
tyoe in nature.“

~

f’

. Two ootlmal controllers based on different control,
_philosoohles were synthesmzed and their rerformances evalu4.

: ated. Even though the Sllelfled linear dynamlc model was

used to construct the ootlmal controllers, the resultlng

optimal control tra]ector;eS‘worked'well when-applled £o. the

- non~linear model.. _

- * \ .
When the control vector was-allowed to ‘move freely,

and the'devia tions oF the state were Denallzed severely,
the oerlormances of the tTwo controllers tended to becone

identical. The corstate vector Z would apDroach 2e70 and“

' this implied thdt the two integral constraints were not .

ds ere not good.




-

enforced. S there was no dlffere s e between these two .

contﬁollers and they would tend to ecome 1dent1ca1 ThlS

extreme case mlght not be oﬁtalnable in reality due to the

phy51cal llmltatlon of the colupa. - | R o, _
‘The second optlmal controller was t.as sensltlve to “":ﬁ ;;%5

the welghtlng ‘matrices S Q and R as thezk@rs one. Usually,’ m

more control action was needed for'the second controller_f LEaA

thanlfor,the'fiISt one to combat the seme tyoe and emount»of‘%”
disturbance. The two additional 1ntegral constra1nts d1d ,1 ?
; VAF

‘change the performances o;\the controller | - SR
The linear synthesis and quadratic‘performence‘index';ﬂ Q'f»;fH‘

technique used in this study resulted in a satisfactory opti:ff

w

mal controller. This technidue is versatilé from ‘the desig A
of the:oPt;mﬁi feedforward controller point of view becausg,;ffééff"”
it is able oo;nandle'the:izﬁ/ﬁoint.and load disturbance PTObf&

lems in Oné nathematical {rmulation _-From the numerical |
‘Léalculatioh point of view, -the method is stralghtforward and

stable- "The optimal solutlon is guaranteed by the propertles

auyEes

of llnear system with quadratlc performance index. The more

compllcated non-linear synthe51s does not possess’ this sall- o : ({

ent property and is also hlghlv dependent on the numerlcal

procedures. Thls is especially trué for high-order system

11ke the distillation column‘hn thlS work

Lo~

It is not practlcal or economlcal to 1mplement the

.

optimal control synthe51s described in thls work dlrectly on

an resent'day on—llne digital computer. However, it is a

[




2

- - . >
-

.

valuable 1ntermed1ate step for obtalnxng 51mp1er control

laus whlch can be-readlly 1mp1emented for on- 11ne control

‘\\\‘ It 1s recommended tﬁax‘future works should be focused

e

-~ o

on the follow1ng areas*”’ | f":f_. L : A s _////
1] The simplified optimal'cohtrol schemes obtained, from
, the optlmal ‘contrdl calculatlon should be verlflod

P

experlmentally - This can be done by 1mp1ement1ng these

{

cpntrol schemes with a control computer whlch s .con=-
nected to the exlstlng column.

2) Try to put actual constralnts on the control vector
rather than settlng them’ through the welghtlng matrl-

‘ceis, S and g \

3) Tpe‘time optimal control problem that leads to the

famous "bang-bang" control should be tried and then
“checked for the feasibility of actual,impléﬁentétiqn

of this simple control scheme on the existing distil- - B
N : ' = ) | s
lation column.. ' '

.
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;IRANSIBNT,COMPOSITIQN RESPONSE OF TRAY. NO. 6 - -
* UNDER STEP DECREASE IN FEED COMPOSITION. * -
(.07.1_5 —>.0681:_2.m01-e f:ac_tio;u Mer,haré_ol)'
TIME (Minutes) . . Composition Deviation
: o from 18t- steady state
(mole fraction) > ) -
-5 - .00817
10 T - lon4ss
13 - 02056
20 - .02461;
25 . - 04059
30 " | - .04217
35 - .04846
St a5 ’ T .04768
55 - .06242
70 . 7= | 3 -6.06;778.
sg I Y 43X o
100 S ' - .07914 . 5}
£ 155 - 08661 ;
S 1g0. ) - 11076 f
These eﬁc'per@_m'ent_al data are plotted on figure 6.
\' | o . S s " L - 4

13



Lt

TABLE 2 e

STEADY' STATE TEMPERATURE PROFILE OF THE COLUMN /
Feed Tate - 9:72§ 1b-mole/hr’’

Feed compositicn 0715 moTEﬁfféﬁfion hethanol
. Ref1ux rate '2.484 1b-mole/hr -

Steam rate  51985.86 Btu/hr

Tray numbér - Teméerature, °F
- (experimental-values)

.
o

R e ©207.5
z 206.5

s . L 1860

;7 - 162.0 I
N T | 156.0

;“).." o . - - 151.0
S we——e . 150.0°

_Tﬁese experimental data are plotted on figure 7. .
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TABL 3 ST ' 7 . ) )
. :b } ' . R -
o STEADY STATE TEMPERATURE BROPILE OF THE COLUMV o

-H
-

pgeairate o -~ 9.725 Ib—molé/hr R L

| Feed_coﬁposition.'. 06817_ mole fractlon mcthanol 7‘ .

Reflux = 2484 16—mole/hr

-

Steam rate 31985 86 Btu/hr | R 7;"- _ T

. - "

) *  Tray number ... - Temperature °F -~
o - L : (experlmental values)
) ' AL -
' T . 209.0 0
2 . 20770 : ’
3 : 1202.3 o
g . 198.7
L A ' ‘ i “ é
5. o - .. 195.6
Gh" : . ' 187.5 ‘., . - .
7 | S L g
d | | ‘ _ ! .-T.‘-“-k ‘ Er S N
. Tt 16400
I gl g S 1550 ”
100 0. T+ 1sL.0 |
- - L ~ = " s ® . ‘ k ‘
These experiﬁgpgglféiﬁﬁfayefbiotted,on figere 8. . . -7- H
- 9
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e - TABLE 4 -
L |
-:'?' . TRANSIENT TEMPERATURE RESPONSE OF THE DISTILLATION/
c;,_; | COLU‘MN UNDER STEP INCREI\SE IN REFLUX RATE -
5 ;f L (7 434—-) .58. b= molc/hr) i o ‘{-;".-
K Rirst éteady;State condition .' Y
Feed qomposilt-ion L6812 moié fraction methanol
~.© " Fced rate  ° . 9.728 lb-mole/hr |
- : . ‘ : A - ‘\4_,.,"' ,‘ .
':'t“‘f N ‘He&t_inpﬁt._ to rebqil{ér 5198&' !} .,htu/hr - L
’ ."‘L. : . ::"'-‘: [ ;'l'..i-; . _-—'
. Reflux rate. - -~ v . 12 .484%1b- mole/hr A
" The #xperimental data are plotted on figure 9 . —
- :- » -~ . a ° .
p il ‘ ' *
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. - o ‘- ) J:\“‘l * .

./ ' TRANSIENT TEMPERATURE RESPONSE?bg?THE.COLUMN

< . UNDER ‘STEP DECREASE IN REFLOX - SR
_;(2'484‘f_;2;14‘1b-m9187h;) ‘ . "

-

.- - First steady state -condition L

o

Feed composSition -~ :065 mole fraction methanol T

Feed rate : 9.728}1b—mole/hr-
- . ~ ) . ‘ - . . .b-~

T : - ¥ ‘
- . . .
d

Heat ‘input to reboiler '51986.0 Btu/hr ~ ¢ |
Reflux ra{; - 2.484 lb—mple/hr

r

- The experimental data'a}e;pidiﬁed on'fiﬁﬂré i0. *
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— | . ) S
TRANSIENT TEMPERATURE RESPONSE OF THE COLUMN ‘///i
UNDER STEP DECREASE IN FEED RATE . )
W (11.5-—)9_.72yb.-m01e/hr)
‘ First stead}.staﬁe'condition

Feed compbsitibn ' . . .065 mole}fzgg;ipa’me;hanol' - . ';,

= Feedfraté ‘ T 11.5 -lb—hole/hr n‘. : R

Heat ‘input to %eboiler-'51986.0 Btp/hr' B
_Reflum 2.484 lb-mole/hr

The experimental.data are plotted on figure 11.
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 TABLE 7 -
o .TRANS}ENf‘TEMPERATURE‘RESPONSE OF THE COLUMN g
' - UNDER STEP INCREASE IN FEED RATE |
<. (9.726—>11.5 1b-mole/hr)
Firét steady State condition -

P

. . % : . . - .
Feed-composition . .065 mole fraction methanol

: FEed rate ' o ’ 9.728.lb-moleﬁhf

Heat_input to reboiler  51986.0° Btu/hr

-—

Rgflux.rgte - : 2.484 1b-mole/hr;_//,/f

. T -

The experimental data’ are plotted on figure 12.
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" TABLE 8. -

TRANSIENT TEMPERATURE RESRQNSE,OP”THE COLUMN
' UNDER STEP DECREASE IN- STEAM RATE
(5198670 —>51009.0 Btu/hr) S
: N . : S -
First steady state conditicn
Feed composition .06812 mole fraétfén:methanol'

i
L.

Feed rate o | 9.728 1b-mole/hr

JHedt input’to‘reboiler_ 51986.0.‘Btu/hr S N
‘Reflux rate S : ' i.de'lE-mo}eﬂhf
The expéfimental;data are plot%ed.on figure 13.
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o | TAB‘L'E 9.
TRANSIENT TEMP‘ERATURE RESPO\ISE OF THE COLUMN '
UNDER STEP }DECREASE ‘IN FEED COMPOSITION
(.0719 —, 06812 mqle fl\'actlon),
First steady state _condition : / ot
Feed composition : . .0715 mole fraction methénol _
Feed rate ~ 9.728 1b-molefhr =1 7
. E ) R . S - ,,'-'Tk\‘"
Heat .input to reboiler- 51986:0 Btu/hr. ]
- Reflux rate . T ' 2.484 lb-mple/'hr :;,'.p
s " | . - ‘ 3 ' X ._"" . -
The experimental data are plotted on figure 14.
. V ] ‘ \ -
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ST - TABLE 10 - - T

EFFECT ,OF S ON THE TERMINAL PRODUCT DEVIATIONS -

Disturbance -~ .Feed Compesition Decrease.

.G?;S-e—-.OSBj'mole ffaqtién,of methanol

[
]

7 Hh

= - 70 minutes

.o ‘\-

QY = -y
— - -L'

|0
n

L0511

i
~F

Top°Pfodqct .
v dewviation. S .83 x 10+ 111 
(mole fraction) ’ . -~ -
. Bottom Product .
' _ gdeviation - .17 x 1070 - 17

(mole fraction),

. r .




. . \;.::, . - % o -
. L A Coen T
-@5 , R 'fﬁ ~ i
"TABagzll . ‘
‘ COMPARISON OFTHE OPTIMAL CONTROL'TRAJ CTO;EESCABCULATEﬁ SR
FROM TWO“DIFFERENT SETS OF LIQUID TRAY HOLDUPS -
‘ TIME;‘ .REFLUX[lﬁiﬁpFE/min)- Bottom rate(lbfmdlé[mins S
' (MINUTES) A ZEoeB L0 e DT, aaT

0 . .ow3zigw  -.043210%.. .149168  -.148166

0432185, *.: .anzos&J,.i 1149193 149158

20 Q43211%~ «:-auszoas‘ 149180 . 149150

300 .- 0432012‘&- | 0439075 7 L1se1u2 oo Th9Ln

.o - o1

L0

80

70

50

“0is2082

0432043

. 0432040

L 0532040

ﬂ,ouazqa;w>.
©.gu32050"

. 0432043 .

.14813k

Wi

1691315
.1481:30

.149130

- L.0L32040
IR '

N ' ' . . . =
. Ja e - =

Column A and C are. the opuImal control trajecLorles

calcu‘ated from actual llGuld tray no;duns Column B and D

. are the ootlmal c0ntrol trajecuo”les calculated from l*ouldw o
+T*ay hoWduDs eoual to orie pOund mole : : .
) . . 7
- _/.//‘
s : '
y
o
//r
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AN OFTIMAL CONTROL ALGORITHM BAS:D ON.

* AN INTTIAL co STATE SEARCH B 0
- . N .o _ . Lo ot . . .- . -C*
A broad classrof optlmal control Drobleﬁ% can, via the

.o . .

-necessary condltlona\oreVLded bv the Pontrayagln-mxnlmun . . )

s prmnc;ple, be reformulaued as two DOlnt boandary value prob-

. "

'L‘

e

P

lems.. Varlous ways can be employed to obtaen the‘solutron

\\;\‘43£_the two boundary value.problemsu‘ The’ Rlccatl t”ansfor—

o WA )

matdbn is: One among. *ﬁeée'ﬁet ods. Blrta and Tnushel (105)

was ne;erred to as the -

%f_ 1‘ter*m:.mal erro: functlon“ (TEF) apbroaoh In ‘this appr ach,

i;LH,~muﬂt1 dlmenSLOnal mlnlmlzatlon,p.oblem._ Then,:a sultable -
. -y . \.- N . ‘y :

7 "error" Iunctlon lS deflned Thelmlnlmum of Lhﬂs er rdﬁ'-.' :

7 . \ & N . n. .

runctlon should co;ncmde-{ith the solutlon oF the boundary _
- “-"/ '4‘ ' T "_ ¢

”-value oroblem. o ' - f“\erq A

-

Con51der the dynﬂ\i§ system .which g%n be descrlbed by 7 .

£ ‘ . e
"uhe followzqgnnr—flrst onde” differential. equatlons. W : -

L . :-_,.-‘-.7- ! ] . ko
A Ll em w1 = fXx(E)

- ._.\" \ ; . .. __-_

i
B o

- B Lhe nn- vector x(t) and’ tbk r%vecton rlt) reoresent B %d
1

El . : A .‘-‘L

Su(e) ) (B-1)

T - ‘.,

. the- shate and the,gontrol rector re ectlvely, the 1nde-' d B

.- - P ] 4 . //
- Denden+ varlable t denotes time. _w59,,h S

\\Lt is assumed that the lnlt*al jtate vector are given

.'l'x(te) = x,o




k%;h. £ ‘ . _ : _ S
.are vrescribé&7&5?§6me“{erminalntime - of the process.';; -
The boundary condltions of eauatlon (B l) wlll be
x5 % " (8-2)
X x(ty) = op : ; = } 2. .ml- (8-
v . . g.".'

.. , PR N{N - -
The ontimal control Droblem 1is to ;ind a sﬁt offcontrol

7wh1ch=sub3ected to the - dlfrerentlal cgwst g&\t of (B~ l) and -

' the boquarw ccndltlons (B-2) and (B-3) WLll mlnlmlze the. .

outzmal eontrof“and is aSSumed to be emlsten '_‘ .

l/ . -k" .f//

B . '/"
ollowmn per*ormance functlon L s u‘ﬁ;\\‘
Tyo= MM (x(ty) ) # LL (x(t), ult) ) dt  (B-¥)

- . . ' A
v e

to ’ .- S B .. : .
: - ~ T .

—

The solumlon of this problem is then termed as the L
f’

5

The necessary condltlons whlch the optlmal control has

- to satwsfy are provided by the Pontravagln mlnimum prlnclor‘

o
In o“der to est blzsh these necessary coneltlons, iz, 15 es-

i

sential to lntroducea.nnrvector (LY (c gtatqﬁvarmable) and

e o e m e

the Hamllugnlan ;unct;qn-whlch is. defined as’
‘ Y , C

"y

5 (x(t), ZCE), U(E) ) ¥ Z(E) £.(x(t), ult) * LL (x(t)., ult))
L. . L ‘
T T A (B-5)

1“.. ]

Let x* be the solutﬂon of (B 1) Whz fch corresvonds to

/

x*(te) = X, and’u SV For u* to be the optimal control,

it 1is necessary that there exists a vector function Z*(t7Y,

. . < : -
~ such that : - e
t-: ) ~ '_-:52.\
. - j . .' KA
. " ) ~ - L
i o~ Y
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- Q‘_ ; ‘ } P .
~ i .j: ~- C - L . :
‘:"_!&;‘:. . ; . . ‘ ‘“ Do I P ' .
a0 272050 0 T o T :

L ZECE), uE(e) ) 0 T (B-B) g
. , ZECEY, ut(e) ) T (B '”‘_ T
2, ?a _"—hj-mi-‘ " . _ (B—éj .

) 33 = m, +71, m, + 2 -=--nn-(3-9)

1,

C T TTE (), ZE(), u??%)'f.c_ﬁ GeFCOTEE(E), w ()Y (B-10) T

\.ow each t [j ]

the e“mlﬂal time t is Drescwlbed and the éduation

""h.

i

nu(x(t), Z(t) -) 0. can be exvllc1tly solved +‘or* u(t)

udt) = U'(x(t), Z(x) ), £ o“muTatlon of the TE: method results
~" 'in the followd ng (r + 2n“+ l) equatlons. - ’
By Ger(), 23 (t), w (t) ) : 0o T I (-1
C -~ o T T -
= '(x(t), 200) ). L (3-12)

u(t)_

Ny
4,

(£) =-H, (X0, (), ult) ) PN €55 -5 I

B8y = - Bylx(D), BN, W) ) .

— =

- X

(o]

|-f<“

- .‘ ..2. g2
(Z.Cty) - MM, - (x(“‘ D - L

e . . --"' *
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When u is glven by equatlon (B- l2) andll-represents ~

the set of n-vector w, for whlch tbe dlfferentlalbsystems(B 13
and-(Ble) have uncfaeosolutlons ln the 1nterval [}, -j]

Then, for every‘geli there corfesuonds a un*qﬁe non-negatlve
..... 8 -

value for the scalar functlon E. Thls functlon, whlch is the

termlnal error Functlon, can be regarded as a functlon ‘of tbe

-

1n1t1al co~state W =‘A(to).- . .“;'3‘ s

-

\\Qilf a ww E17 can be Iound of whlch b(w *). = 0, the re-

ultlng solutlons ofwequatlons(5—13) and(Bnlu) subjected-to' '

- (B-12) w1ll saclsFy tne necessary condltlons of equatlons

(B-5), (8-7), .(B-8), ce-e) and (8-11). Then, the comtrol uf

~

SDeClFled by equation (B- 12) will be at. least &, local mlnl-w.,f__

mudm lor the orlglnal dynamlc optlmlvatlon uroblem Further-”
~

.r-“

-more W also glve .E 1ts mlnlmum value.r Conseéhfntly, the™

- T

optlmal control problem has now been transformed lnto the

problem of mln;m121ng the termlnal error functlon by look-

ing for the w*. Because w¥is tﬁéxlnltﬂal condltlor of the |

-~

_co-state vector, this mlnlmlaablon problem 1is also teﬁmeo

[
L.

*he "1n1tlal co- state search" _ ' o - L e

.r_

The above has just outlined the essem::La'I c0nceDts Of

-

- o

‘ the THF method ror obtaznlng the solatlon of the ootlmal

: control Droblem. Notﬂce thac in this pp oach, two of the~”

/

three necessary condztlons (equations (B 6), (B-?)'aﬁd
(B 31) ) are: forced to hold and tne 1teratﬂve scheme 1is
geared toward satlslylng the tnlrd necessary condltlon

.(equatlons (Be8) and (8-9)_). " This metbod of Forca.ng some




P -

of the necessary condltlons and then 1terat1ng to satlsfy .Q "?{

the remalnlng 1s common to a lot of ootlmal control algorlthms,:‘

) . ' . T 1

et

Birta and Trushel (lDS) oresented solutlons oF the I

suggested in recent years.

* W'

opximal control.problems of different complexlty with the

the fOurth order. . o }.

. . . - T~ . AR ‘ . .
TEF approach. Thelr examples\ineluded'llnear_as well as non-

linear systems (such as the CSTR), problems with bounded and

“unboundéd control. . Birta ‘and Trushel (;OS) Wrote a computer -

pro; ram whlch Handled ' ontimizatiou orooiems with this

1m.t*a1 co -state search technloue. Bl“ta (10?) C*almed tna;-

,thelr orognam has been hlghly successful w;th systemsup to

. !
- ' ]

A copy of thls Drog_em nas- been given~to the edthor by

-Blrua and has Deen trled on . the optlmal dlstlllatlon contnol‘

-

ca7culatlon. . ' S - _'“ .

The. trans;ent “esoonses of +,e column were' obtalned

L]

_through‘s;mulatlon of the non-llnear dynamlc ‘model. Second:

order hransFe“ function were ubed to\mjt allthese:resoonse

curves. The second order systems were then used to reore-

[}

sent . the”dynamlcs of the dlstlllaulon.column ln//ﬁ—’oo_

' mal control calculat*on with Blrta S progranm. Only one

-

~ gontrol varlable ¢ ux or “eboller stean rate) was |

s -
con51dened in this oalculatlon., Both the bound and unbound
. -~ \-4
.113 calculatlon. It was ;ouno,

conxrol have been' rie

-

in some/case y bhe’EBﬁ?ergence of the oalculatlon deoended

ni gn“y on the initial guess of the co- statelvar;ebles.




Y-

-

.conve“gence was again highly deDendant on the ch01ce of

when the initial 'guess was too “far from ‘the desired. values.

ential equations that have to be intggrated and th

.

?or a gﬁess'hhioh'has too far from'thefdésired‘values; the.

CalCU1atl°n would take a- long computatlon tlme tO'conve?geQVf'

.to the rlght answer. T

. The llnear model used in the two DOlnt ODtlmal control

-ca1culatlon has also been used to “eoresent\the column iA

‘here. Again “only one oOnt:ol variable was cons;dered}

‘Slnce the l near dynamic model has; twelve state variables

(12th order system), the calculation would bé,more'complex__

and olfflcult. It was obServed that in thisﬁcase,.the

*He

initizl co-state variables. The_calculatlon would collapse
' N . - . _‘..\ . »

The mefhod of Blrta and Trus’he1 ls good for non- 1lnear

-
"

sysfem with low‘order.- CIt guarantﬂea at least s local mini-

'. o

mum. _Also, it-did not weoulwe 1aﬂge amount o1c oomoutatlon

ime’ and oomouter memory (about 120K on the IBM 300/65

- oL

A=Y
model) On the otheﬁ~hand for hlgh order llneaﬁ systems,

this methdd may:oollapse dueoto'uhe large number of dl;fer-

o M

1 ‘ , 2 he high )
~uml £ e to T hed" +he s ~3 : ,
number of pnkpowns to beHooaronedc;h@ough EEEf”%a : _ '

PRI

P ocess. In this case the method i§ very time consuming.

The  Riceati transformation used in the two point - H
control caloulati@n 1is pplicable only to linear systems.
No seaﬂcn D“ocedL:e 15 lnvolved and the resu

cont%oT is aWkays the globa1 optimal (91). So,, for a




‘method ﬁés an

The result’

‘linear system

..,-«

"‘\—-n
. : Z
;

\‘
2
R

w;th hlgh oraer, the Rlccatl transformatlon

"+ = 209 -

edge oVer the TEF method of ! Birta and Trushel

~ 8

Sa

-
-
-
T
-
.
N
-
~ .
-
'
-
"o
~

of this work has subported thls point.

N
S
~
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APPENDIX €
N iR ‘6)_‘ o ‘ -\ ‘ ) . -
STUD¥~QF ‘G@}UMN‘DYNAMI_C'S; BY 'PU_LSB TESTING -
3 _ . e
Thusoo 610u) studled the dynamlc behavmor of the ‘same

z\slszilliflon colunn in the frequency domaln The dynamlc

“of the column was obtalned experlmentally by pulse testing
technlque. . | |
| In.this work; thefsene pulse"yesting teohnique was
used on the methenatical models‘rather.than'on‘the actual
column”ifselg" | L T
The llnear dynamlc model whzch was based on component

materlal was used to reoresent the column Dlsturbance in -
the. form of - oulse was 1ntroduced 1nto the column in’ elther.
the feed'rate? feed composetlon, the ref lux ar the vapor
rate from the reboiler. Tray ComDOSltlon reSDOnse was com- ;
. ;apared with the‘temperature response of Thusoo s work in the
freou\ncy domaln. The response curve lrom the simulation
was found to agree wWith the experlmental results oualitativef.
' ly, buu not ouantltatlvely This result confirmed the fact .
'*hat the llnear dynamlc mode{ Eould not acuuallyqrepresent'
the transzent behav;or of the column _ B
Pulse testlng was then performed on’ the noanineer
model.‘ Same tyoe and size of pulses were 1ntroduced _nto

the oolumn.' The transient responses of the-eray temoeratures

were obtained.- They were transformed into the freouency

domazn; by the same me¢hoﬁ used in the prev1ous cases. It
. N \\

~




T A S

‘ ‘ '-“ . . e .
was - found that both the results from szmulatlon ‘and Thusoo S. i, .
experlmental work agreed wlth each other. From the results
of the Dulse testlng, 1t was proved, once. more, that a‘non—.
llnear mathematlcal model was needed.to truly represent the‘
dynamics of thls blnary distillation column. . -
Detailled deSCPlptlon of the Lechnlcues used in trans— _ i
forming the dynamlc 1nformatlon from time domain to frequency ' ' -
domaln.‘as well as the experlmental Dulse testing results_can-

. be obtained from Thusoo s thesis (104).
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APPENDIX D ° © .

J# O  TABLE 12

-

e

1. CALIBRATION OF THE® STEAM PRESSURE GAUGE . |

—t -

Reading from Dead ‘ | ";_Keaﬁiné from .
weight Tester (psig) . L * . Gauge %

20,0 ot T 880
50.0 - . . 15.0

00 L 55.0
s0.0 : o o650

60.0 T . L 5.0

- '
;::'...-." .

70.0 7. i I | 8§.0

80. 99'0.

1&‘

90.

B

110.0 i oo B 130.0

T - 109.0

o o o O
&

| - 120.0

These'éxpérimgnﬁél data afe;b}d;ted on figure 28.
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"TREADING FROM GAUGE PSIG'
Calibration curve for steam pressure

130 140

gauge.
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% 2. CALIBRATION OF.THE ORIFICE METER

Steam pressure

—_— . .
b .

Reading of BRI

Chart Recorder
15,0
31.0

39.0

120’ psig_ o . .‘,'\,,-..

Flow rate 'of
" -Steam (ft2/sec)

.0387
loszs_"
_0395 3 '- ;f
“5w0s
.0655
K . . '_0§73 ;-.

0749 .~

L0915

are plotted on figure 29.
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1
}
v

.*.r-- i - R ] ‘—-,. ‘“
,“.f':: e . ..__ v
L o\ - ¥ S T T N
B T T
-_.; :‘ - 5 ) ) - - : "“i - o '--'._;_"7 ;h,_.. . " - . . ) -
a -3: CALIBRATION OF PYCNOMEEERS = | . .« - \f*\\\\\\\;\
. . . Dry weight of Pycnometer -No. 1- 18.15127 gm - e

Calibration Temperature™  °~ - 20°C
3 . ) . ; . R . . ) r_"

- . Total reading of -+ . Actual Volume
~ the -two arms " ‘ in ml

-810 i oo - 5.0273 g L ‘.f~A“;fﬁ

-~ - - -

b!-

850 . 30502

9
o
wn
gl
o

£.050
8.650 - - . s.0881

8730 o

1
SO
(2]
o
ot

C1siuets Lo T 13.1219

(V1)
p—t
~J
i
~J

13.586%

14 410

These experimental data were plotted on figure 30.
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. Drylweight of pycnbﬁetef No. 2 _-.19:21915 gm' Do
. c;lmbratlon Temperaturq;:B 209 C. . R

Total reading of = - Actual volume S
... the twgarms - ¢ o | in ml . I
el S R . N ¥ N

i.00 - . . .- '5.1228

$.170 e r;hs,lslo' | | L w

’ 9.750 oo - ¢ 3.1436 |
‘ ) . J ... o ' - ' -
12.620 a |+ 3.1662 -
. | } ) . )
12.980 D i 3.1683 ’
. 14989 / 5.1662

L . . ' .o | LA
- 1 : . i '
These %tperlmental data were plotted on flgure 31 /z’

- Ll e , .(/




e

L - — R R . . - by ] i B
- . o . c - . . .
<, . - - . - -

- . ot . - ’ . - .. . ... ) Ly .
L e : : ‘ol puv [ o} JdojouwoudAd Joj SOAIND- UOTIRIQTTED [t oandTy . p—

e : . .. N . - . . ..... . ' ] . . . ' .. . ) O—.m '\ ‘.‘.......
oze - . 88 | ._ e o orel e

v, .
B .
% .
;) — 9
.
. L] i i
A - =
R y
! s ‘. * o
L
Fon
X ' ,
i — 8
' Lo PR
. S . ) .
L o : ]
Tyl A
. 1 - . S
- N -
BT ] .

iav3y viol

—

l

l

N
DN

: - Y _
,4... " -. . 4 i
LI .
... 4
__ B X TR
f e
-
— .
v \
... v " -.m.
g : 9l
- ¢ . . . N
N -.M.. ) . - “
B ) . . = '
' - e ....A.. \\\\ .. .w R
' . ) FEREE A i -



-
v

) . APPENDIX E - o
. . - s’

, . : & : ,
o _.VAPOR uIQUID LQUTLIBRI‘_ DATA FOR METHANOL- WATER
o , B
o™ 'SYSTEM AT ATMOSPHfRIC PRESSURE (89)

7; B 2 ﬁntoihe‘s'equation_ .

AN o . S —

L . Log p = A' - B'/(T +Cn . . (D-1)
D ;

: e =" mmHg : o H;/,/,) SR

<o - L L

+3
]

s Antbine vapor pressure]constants.
Sl - ot ‘ -
©1574.89¢ .~ 238388

1668.21 . 25,0

~

Koo = = P/P o c - (D-2)
P = 760 mm Hg : S .

<*'Yan Laar third order .equatio:n

-

log ¥ . =~ — 5 ‘ o (pea)

S

- Xo (Bgylfyg) * Xy 7 B

3 ~— -
.~ Van Laar equation constant . -
Ajy = 3825 .. . Ayy = 42418
. B : ' - R
i




-

’ - .
t . . o Lt S .

. ¢ - TABLE 16

TEMPERATURE AND VAPOR-LIQUID-
- METEANOL-WATER SYSTEM AP

Mole fraction of
MeOH X . MeQH Y
.0293

. .0346

o

. .0406

ro'r.'-':t

Lon22

oss7
- s, )
"',f£°§37 ‘
o .péssl
oses

.28C1-

;goou.l' 5882
.3212 .6882 ' .
3435 %700i

3 554 7 17 8.'

..;;f221 ;_

Mole fragfion of "

~

760 mm Hg (99)

e

‘:?c-

. 95.20,

L. 50

$3.70
182,80
91.80

R
80«80

90.00

89.10"

89.20

78:80

77.60

77.60

76.90 .

7620

R

MPOSITION DATA FOR -
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TABLE 17

TEMPERATURE AND~VA36R;L19UID COMPQSITION DATA FOR -
JMETHANOL-WATER SYSTEM AT '760 nm Hg c107] o

© Mole fraction of - Mole fraction of .  Tdcf
e McoH X - ° - MeoH'Y
.b,.:‘ 7 . T . “~ . - . . '

n v . ~

. ' . . ’ ‘ L
.020 BEEECEE - 96 .40

.:“

£.040 . . .230 ~ 83.50 o -
060 - o w508 0 91.20
080

S 1 N

90 L. T
.95 L 979 . . 7 65.0
100 7 /.10 © . 64.50

o L .

Experiméntal fata of tgbles 16 .and I7_arb plotted on

-— -

. figures 32 and 33. . ' _ , =
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'APPENDIX F

.. ENTEALPY DATA FOR METHANOL-WATER SYSTEM (" 7:7-
Enthalpies of saturated watef and éteam”(ilS) ' »}'- : '

-—

. . s r -
Temnerature - . _Liquid h K “, - Vap0ﬂ'H ‘ v
( F) ‘ B " Btu/lb __ . Btu/lb .-

< . 140.0 107;891 T ——2122.0 S
150.0 . 117.880 - H2sge
©189.0 o 127.887 © T 1130.20 -

170.0 - F .. 7 137.90 - 1134.30

180.0 147.82:: G, . . 1138.10
190.0 CTas7.8s. o 1182.00

©200.0 0 187.89. . ¢ . 1145.90
210.0 S ca7si0s - 0wl T 11ss.70

212.0 180.077 " 1150.40

220 o. . - 188.13% ©1153.%0 o

' Base temneratu”e = 32 °F ‘%-

-

,USLngleas+ square curve ;lttlng, the following equaticans ~fF

. . K TE
'resu7* . =

,‘;Sétuﬂa ted water _
| fh-=;4‘586.62 + 18.054 T (Btu/lb;ﬁole) : EE—i) .

Saturated steam .. - '

=
n

.19212.48 + 7.058 T (Bt u/‘b—mole) ’ (E-2)

=3
u

femperature in °F

.
. , . .
. - ~ \ . - :

| | .‘ | ///’ S
7 . o . N -
et . oy 2 . .. -, . -
- c L * H
/"" . N _' - . ‘E..-.‘ ; . R . . o

TABLE 18 - =_ R DA




Using least square curve fitting

3

" y o B -
o .= 226 - T }

. .. 4_‘ ;" - '__v. . . O ,.__'A
- TABLE 18 -~ - IR

L .

.
L I :

' . . N . .'//l ‘.—-A'. . - . . - . . . : ‘C
. ENTHALPIES OF SATURATED LIQUID AND VAPOR METHANOL (108)

T

Temperature - Ligquia h ¢ Vapor H

F
140.0

149.0

Liguid Methanol | - | |
h z - 850.23 + 20.96 T (Btu/lb-mole) o (E-3) T
_JVappr Methariol

B = 17164.4l + 1.62 T (Btu/lb-mole) ' . (E-L) -

Btu[lq . Btu/lb -

85.34 - su2.5¢

- [ - 1
J7L007 0 <0 0 54k, 50
. 76.86 . - BLL,72
3 B L
-"82.68. S45.46. . . T
— T T '
_ 88.56. - 544,93 .

T oewwsr 0L 5575

100.‘.0!4.‘,.‘ _  545.78 - . T
108.u4.  546.67

112.50 . 547,20 ~ e

—

o

o
_ -
“ -
— \
* - >
o
“
L
4
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'“STEADY .STATE:OPERATING,CONDITION OF ‘THE ~° °

. BINARY DISTILLATION COLUMN EOR.-~ . . .

: OPTIMAL CONTROL CALCULATION. .
: co | ATION.

Feed compesition
Teed rate

. :h —.—“_ .
© Reflux rate .
Heat input. to reboiler

-

Top product withdrawal rate

Bottom product-withdrawal rate

-
r
i.
= '
-+
/
- -
.
1k . .
. .
L Lo
— -
e

'.87997 ib-mole/hr

.$.04803 1b-mole/hr’

\‘ +
.0715 mole fraction methanol
8.728 lb-mole/hr.

2.48L4 1lb-mole/hw

51,988 Btu/hr

- - ™
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In the ¢ptimal control calculatien, the-flok'ratés
. were in.1b-mole/min. - )
The folldﬁings are the nuﬁericélrvalues of tﬁe‘ﬁoef} ‘ Y
-:‘lczeﬂt mat“lces of the state eﬂuaumon - St
Wh,en-*he.contro1 varlabWes are the Te:lhh aﬂd Che—“‘
. Vol T
’_bot com. flow rvate, the B matrix is ', E
. -“\ o ) Lo A 1 p :
|-- 00030&\\\\\ " .poouo3 | . .
: -.000855 .- . ..000903 K 4
.- |-.000880" . . -- ‘~\\\p0110 : LT
1-.00L0 , 0oTE_| e
_ o |--800838 . .98140 B i
B = -}=-.000698 " L0020 !
- --.00113 . .003uL -
B -.00082 . 00270 | ¢
.00045 ., 00158 > -
1 .000239% . 000851 ||
.gogr2n’. ..o0oou39] .
0 : 0 . .
L . U
. L 1 -
_When the control variables are the disﬁiilate'and vapor - ] .
_rate, the B matrix is 7
- ' -.000303 -.0000%¢
o -.G00555 -.000018
“-.0009¢80 -.G00284
-.001130. ” ~.00035%
-.00263 -.000768
.000698. -.00275
3 = .00113 -.00457.
S - 000827 -.00353
- - - . ] .000%58 -.00205 1 -
e R ' .000239 -.001C¢ "} - -
B T .060121 -.000558 .
- - - 0 o -
— .i‘: "s‘i __——.—- =
S Y |
. ". -
. /\
< \ o
* "" - ',‘. - ,".c;"
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