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Terminal composition control of a binary distillation o b ‘
operated under computer control has heen f.tu:liud tor disturbances o
feod flow rate, (,Onvuntiun.\l.t‘wo point control, vhereby tht‘"nvwlunnl
compoﬂt‘i‘on is controlled by the reflux flow rate anf bot tonr Compon -
tion® by mLmns of reboiler iwal.‘lul._y, was demonstrated to be unmliiw
factory. The unsatisfactory h;?hdviour‘ of this control systen ‘is A
direct result of the interaction between the two control loops due to
the dynamic coupling inherent in"a distitlation process.  lwo altedat
control systems, namely a noninteracting control system and a ratio
control system, whereby the overhead %nnpmiti(m 40 ‘cnnt.r“ol led by mani-
“pulating the reflux to overhead vupour\mtc ratio were proposed in ordery
to eliminate the deleterious effects of the dynamic coupling,

The control systems were evaluated using a 9 inch d ary ter,
8 tra; pilot scale distillation column interfaced with an [BM 18Q0
digital computer. The results show that a very siqnificant improvement
in the “contro] of both prog’uct compositions 1s achieved by using the
noﬂnteructipg system or /t/he ratio control system as compared to the
behaviour that results u;1ng conventional two point feedback control.
However, the control performance obtained using the noninteracting was
-only marginally better than that obtained using the ratio control scheme. -
— The-noninteractiﬁé control system was qﬂnsiruqted.fram a '
simplified transfer function representation of the distillation column ’
dynamics, fetermined from a series of on-lihe pu1se tésts It was ;
found that the dynam1c behav1our.nf the distillation column, about an
operating point, cwgvg ‘be adequate1y repfesented by a set of first

order plus dead timé transfer functions
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\ “1." INTRODUCTION ' N

) .
- The distillation process is extensively used in the chemical

processing industry to séparate a feed stream into product streams of -
a specffied conoosition, In order thet a-distif]ation.column; subject
to, disturbances in a cha‘ifable environment, yield the specified
prdduet'hompositions. some form of control system is necessary.

" The control of a distillation column to produce a single

-

v strean at a specified composition has received wide spread. application,

- On/fhe other hand, tne control of more than one product composition

' ’

presents same special d1ff1cu1ties due to the dynamic nature of the

_ process1 Consider a two point contro] system whereby the overhead‘
and bottom composit1ons are malntained at their desired values by
manipulation of the reflux and steam flows respectively. It is readily
apparent that maaipuleeion of the reflux flow will affect not only the-
top producﬁ _comp”os1t10n, bul also the bottom compos1fiorf‘as well. Like-
wisg, the reboiéer heat duty will also gffect bath of the end composi-.
t1ons. Indeed4'the magnitude of the interaction between the two control
]oops that is the effect of thi/rejagffI}Ow on the bottom compo$1t10n
and ﬁﬁeam flow on the top comp031t1on are of the same magnitude as the

dir&ca pffects qf the d,gipulated inputs on the controlled variables.

! Thué attempt $a control the_two product compositions in this manher

- wilI nok meet with success, as contnol Qf the . top product composition

; wil}jp%use disturbances té enter the botnom compositign contr01 ]oop

’ L4
w *

. R I

. ; Thﬂ syntngsis Of a contro] system gnbod'les the appropmate

et n

¢ f!f dn af the con;ro]]qd and manipulated varﬁables based on’ the

T and yfbe versa. . ~' e SRR - fﬁ
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gbjectives of the control s*étem.as well as the a}]owép]e degrees of‘
freedom for the process. An analysis of the degreés of freedom for '
a dist1]iatioﬁﬁprocess is presented in Section 1.1-D. If thd pbjeq— \
tive of‘the.controi system is ppochtioh of oné or more p;;ductSQOf

a specified quality gpen,the main controlled variables would clearly

be the specifigd product éompositions;‘ However, in manyiinstances N
it is not,possjp]g to obtain a direct measure of the prodpct qué]iﬁyu

As a result, temépratures on 1nférmed%ate trays, or the column pres-

sure, or the ref]ux/feed ratio are often selected ps the contro]]ed -

variables.’ Reflux rate, reboiler heat duty, and product f]ow rates

are the most common manipulated var1ab]es.

.
. I

2 1.1 LITERATURE REVIEW: : .

The control of distillation columns has received much atten-

t1pn in the recent chemical engineering 1iterature. It is not possible

I . ' ! . ' I :

* to discuss all the literature pertaining to distillation column control.
Ra%her, only those Studies relevant to dual quality control, i.e. the

e contro} of both end compos1tions w1l1 be out11ned in deta11 \

™ descriptions of contrpl systems other than dual quality control, thg o~
reader is réferred to severa] excellent reviews in the 11terature\£} 2, ,A/‘/
A

\;4)~"-  . . /

1 1-A pual Qqa’litx cantrol ‘A B ,' e * | L
Ina récent seryes qf papers Rijnsdorp (5,6,7) discus the R
_1nteract1on 1n o variable cnntrol systems for distillation processes. - i
It is c@nciuded that the 1nteract10n 1nherent in’ the proceS‘s mn be
".deTeterious to contrﬂllﬂbillty qn mnny 1nstances. An alternate control

»'“‘*”ﬂ the reflux and | v

vapeun f]cws is

L

L schsme, usins mtig cpntml

P
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to the ]arge time constants within the process. An approach to

[ ’ . ' !
L] ) . RS

sugges ted fon reduc{ng the effects of the Anteractions. The' top pro-

) [

-~
duct quality cnntro]ler is used to adJust the ratio settmg Owing to
“the ratio c.ontrcfl top product compositlon wﬂ] be 1nsens1t1ve to

variations in vapour flow, i.e.’ reboiler heating. Th1s control System

hY

1s discussed in more detaﬂ in Chapter 4. F

..... ~

In a recent theoretlca] study of distﬂlatwn co\umn dyn@mics,

Davison (74) Hlustrates that severe . 1nteract10n may ex1st i a'bjnary ‘
distillation control system between temperature, or composi't on and

pressure contro] loops and between the top and bottom temp {rature or -
compos1t10n control Toops. ' - . |

. . N
Distﬂlatlon coTumn contro1 loeps are inherenﬂy sluggish due

lmproving the per‘formance of such systems has béen suggested by } >
Rosenbroclq"(B) and extended by Gordon C1ark (9)., Davison, (10) ar'1d )
“Goulds(11). In tne fOnnuﬂaMon pnesented by 'these, ‘authors, f1is - .
assqmed that the d1$t111at10n process can be adequately modeHed 'by

thmtate equation : ' | . " . D ‘
v . i Co

n ‘ila :f | ' ,\‘n

N - )>
>
Jo
=

)

\ ‘

The métrtx, A may be ‘_N‘ﬁ tf‘én ' S , :

. where V is. the mqtri&pf eigenvectors 0f A and 1‘ ’is, the matrm"‘\ﬁf

.

‘e : “. N A 'F”l'?lll o . ‘ . .

v : i ‘ ~l

, . A ) . f .

eigenvectors of Q - If the;x:ontrol vector u is chosen such thaf e

=Ry ES gnd B = v then the contmlled system becpmes

:._,” AL

@
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Thus the efgenvalues of the system may be made to take any

}
destred value by specification of the gain matrix K, If K is af
diagonai matrix, ft can be shown that the shift¥hqg of any one eigen-
value does not {nfluence the other eigenvalues of the system. Thus

the result will be a form of noninteracting control.

However, several restrictions will be Micountered when an -

attempt {is made to apply the above theo;;i The control matrix 8 will

not uSuai]y be identical to V. Gould (11) has shown that this {s not

a serious fe;;riction and may be overcome. A more serious restriction

will be enoountered in a system with inaccessible state variables, as

would be the case in most complex industrial processes.b In addition
\. z

in a requlatory control system, 1t would be necessary to add integral

‘control, the integral contributions to control would then interact.

\ .

N ) ' .
1.1-8 Mu]t1VAr1§Q]e Process Contral e

‘ The inherent interaction present in a distillation column
roN control sgsgem would suggest the applicntion of mult1v&?ﬁab]e control
theory to symthes1ze a two point control %%\fem for thaﬂprocess There
‘v .afn basically twp different types qf design methods ava1lable for

multivariable cqntral systems. The first méthed (noninteracting

control) conslsts 1n9 a compqnsator or feedforward controller 1n
the feedback pqth to compensate for the.effects of interaction between
control loops. The :tconq technique 1§:based on pptimal control theory
and consists of optimizing some objective function given a piant model .
The effects of 1nicrné;19n are notﬂelimina}ad in this c}se,rather they

are taken into nccouﬁfﬁor used to improve system performante by means
. ) A S '

-

7,. * of the optimiaation process. -

~
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Synthesis of a Noninteracting Control System

Dynamic inter-coupling between process varfables in a multi-
variable system prevents tpo direct application of single variable -
control theory. Howevern, .if the interacting effects could be can-
celled by some form of :;mpensator then single variable techniques

could be employed to construct a suitable control system,

Constder the system shown in Fiqure 1.1,

N

FIGURE 1.1
\ -

e

,

/

Tre closed loop transfer function for this system is given by

G~ (L+p S;)-l PC By definition the system is noninter-

acting 1f the matrix G is diagonal. If G 1s dfagonal, one input will
effect only one output; hence noninteraction is achieved. It can be
shown that 1f the open loop transfer matrix P C 1s diagona) then the
-cloqu Toop transfer matrix will also be diagonal. Thus it appears
that the noninteracting controller can be synthesized by open loop
methods. The method for open loop synthesis of a noninteracting cbntrol
system as given by several workers (12,13,14) will not be outlined,

Consider that the elements of the opeﬁ,loop transfer matrix G are given

P

» o el
+
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? .
G P,. C
. }J K1 IK "KJ
The design procedureginyolves selecting the elements CKJ so that the
of f diagonal elements of G are zero, .
i.e. N \ '
- ‘ : )
Y PG, =0 RN
Ka] .“\ '\\) . r

If the form of the diadonal elgments Gll are specified from frequency
response: considerations or other methods, the elements of tLe com-
pensator can be computed. The"compensator must be chosenAso as to
yleld a staple system. Morgan (13) and Chen (14) have outlined a set
of constraints that must be placed on the compensators to insure
stability. In addition to stability considerations fhe form of the
specified open loop transfer function 611 must be such that the
elements of the compensator C are physically realizable. This is a
trial and error task, indeed the desired form for\gii may not be
possible due to the physical realizabi]ify'constrain?ﬁ '

Zalkind (15) gives a method for obtaining noninteracting
control that s somewhat easier to realize than the above method.

Tils metiiod consists of Placing two compensators in series as 1llus-

trated in Figure 1,2; the coMpensgfg:_g_jsaiﬂfroduced to cancel the
interaction effects and the controller C can then pe Qonstructed by
single variable methods to control the ind1vidual loops. *,

“-

L
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FIGURE 1.2

In Figure 1.2 C is a diagonal matrix of controller transfer functions.

The compensator D can be determined from

, DP = diagona?\hatrix

and the diagonal elements -djf = ]

Once again the compensator D.may be difficult if not impossible to

realize depending on the form of P

- A considerable amount of work has been done on the synthesis " .’

of multivariable control systems to yield a specified closed loop

response. The various methods of synthesis when the ¢losed loop

response {s specified haye begn discussed by several workeps (16~28).“

Basically the method consists of specifying a suitable form of the
closad loop response Y.. However, it should be noted tnat the form of

Y must be such that the compensator C is- phySically realizable.

Y oe (ep0pe

L — rev— W



solving for C qives

RN

»
v

C o= P

This method has been out]ined by Kavandqnﬁilw}ﬁu).

Horowitz (16,22) also presents a synthesis procedure for
multivariable systems.  The objectives of this procedure are rejec -
tion of disturbances and compensation fdr Fhanqinq pldqt parameters .

Cther investigators (24,25,26) have discussed thelﬂynthuaia
of noninteracting controllers and stability of a multivariable .ystem
by the use of linear transformatkons. )

Foster (29) and Greenfield (30) describe metnods whicl May
be used to decouple a multiyar{able System by means of a canonical
transformation. feedforward and feedback controllers are then added
to each independent subsystem..' .

Kinnen (32) describes a method of multivariable control
system synthesis based on a root locus analysis. This method is
particularly applicable to systems wherc'design specifications such
as rise time, overshoot, etc. are importbﬁt rather tihan noninter-
action. Uesign parameters can be chosen to restrict the interaction.

As discusseg previpusdy, ihe application of noninteracting
contral theory (11-30) may give rise to an overly complex system. 'On
’éccount of this and. the fact that 1t‘may not always be possible to
achieve the d@s1red performance, qufnbrock (33) sugdested an alierx
nate syn} esis fechnique. A structural synthesis technique is out-

lined‘wh1cﬁ will handle the nonminimum phase effects caused by pro-

cess dead times and the existence of r1ght7ha1f~plane zeros.

I
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Anotiier disadvantane of the previous conventional analysis
for obtaining noninteracting control is the losy of structural infonna-
tion about the process in }hv.«nmplwx form of the controllar.  Thus a
design method that would rwtuih the structural characterictics of the
process may be desirable in numﬁx(auun.' Techniques developed by
v
Fathias (3%), Greenficld (36,37) and dorgan (/8) are? designed to retain
structural intormation about the process in the controller,
N
A multivariable controller synthesiy using time domain pro-
cedures will Oftvn be more desiranle than a frequency domain approag.

This 1s especially true for a systemwith a large pumber of states as

the frequency demain approach vould yield an overly complex controlier,

-

.

.

Morgan (38) and Falb (39).nave introduced a technfyue forf%ttainlnq"
noninteraction by means of state variahle feediack. The method is .
similgr in principle to the frequency domain techniques already des- | -

cribed.  For a process whigh can be described by

A(t) = A x(t) ¢ B u(t)

and if control action of the form

AN
’

\ [

/

is appligd. ihen the expression for the controlled plant is given by

- ' - )

»
.Thus for complete noninteraction among. the states and the reference

{nputs the matrices {A+BH] and B k must Le dtagonal.

Little work has been done on sampled daga yersions. of

e
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. ' \
noninteracting controllers.  todor (40) has §umm*riznd the synthesis

'
and Iimitatinnﬁ\ng a sampled compensator tor noni\tvrdctinq‘control.
The major conclusian of the workis that a system bdn 6nly.ho made
nominteracting at the sampling interyals,

The synthesis ot a decoupling oqmpensator%for a distilla-
tion column i discussed by Layben (41).  The serips type compensa-
‘
" tor recomended by Zalkind (15) i suggested for “two-point" control.
In anothgr article on the multivar{ahlu control of phase separation
procnsgus Kleinpeter (42) illu%trntoa the application of the struc-
tural foﬁnulatioﬁ of Greenfield and Ward to a vapor liquid separation

cell, " The results ’Z]n*vo to iNustrate. the advantaqes of a structural

. R
formulation over the termipal approach for noninteracting control.

Synthesis of an Interacting Control System

Since the interactién is an intrinﬁic praoperty ofaa multi-
variable system, some workers have. spgqgested that fmproved per}orm?
ance would result if the inteﬁéction is allowed to remain unimpeded
or used rather than e]iainatéd. . s

The maJorit}'of methqgs that appear in the ]iterature'
(43-52) for interacting system synthesis are based on optimal contro]
theory. Given swkzﬂgwac'MOdel of the p]ant the usual approach #s to

optim1ze some objective functioq yi? dynamic programming or cqjgylus

of variations. However, it has only been in a more rec\nt study by

Newell (76) that an optimal control technique'h;! béen plied to a
regulatory control system wtth unmeasured - 1oad disturbances.; .
‘ T o~ ‘
Mesarovic (53,54) has shown that an interacting system can
I T .
R -y

1y

pNS

-
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give improved performance over an uncoupled system. From Munﬂ};ﬂn?

of the disturbance inputs an interacting domain fs constructed in

which- the performance of an interacting system is superior to 1ha{ o%

a decoupled control‘system. ‘ ' . ‘ ﬁ’
Unlike their noninteracting counterparts, optimal control .

systems arelfore pasily fonnuﬂnﬂﬁ\:n discrete time. Optimal control
\ .

of discreti

d systems is the subject of much attention in the litera-
ture. The reader is referred to books by‘Toﬁ (55) and Lapidus (56). | \
In a paper of specific interest Ho1dermah (52) has illus-

trated the design of an optimal discrete controller for a system Q1th
load changes, The tekhnique is §ppﬁ?éd to a distillation column,
However, the design methéd s restricted in that the disturbanceS'
must. be measured, 4 |

// A paper by MacFarlane'(Z]), published after completion of
;his study, presents-a sugvey of multiVariable feedback control theory.

This paper reviews the avfilable design techniques and compares the

advéntages and disadvantages of the design methods.

].lgﬁ Process Control Via Gas Chromatograph

It has lang beﬁﬂ récognlzed that a g;s ctromatograph (GC) is
a‘rgliéple and accurate 'tool for chemical anqusiﬁ,in the laboratory
and the same should apply for its use in proces; control sxstems.
Although there s widespread use of the instrument for on streém.
analysi’s, thé;e is 1ittle evidence of process confrol ‘loops being

. : * '
closed with a GC. There ‘are several .reasons for this, the discontinuous
. T e
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signal and measurement lag may seriously affect the controllability of
" the systeh, however, probably the most serious obstacle is the com-
putation of the stream compositions from the voltage output of the gas
chromatograph‘ |

Villaboo (57,58) outlines the advantages and application of
gas chromatographs in industry; while Vankampen (21) discusses the
diffifulties of process control via a 9as chromatograph and out]fnes
the dynamic‘problems coﬁnected with the introduct109 6f a gas chromq~
tograph analyzer into a process éontro] loop. The effect of sampling
timg-on system stability is examined by means of a polar diagram.
Satisfactory control of a pentane-propylene splitter wai obtained with
a ratio of sampling time to process time cons(ant at .18." Froode
(52,60) outlines the use of a digital computer -~ gas chromatograph
system for process contro].l The design of the computeﬁ system is dis-
cussed and examples of industrial appl1;ations are given.‘\

The yse of a sma\] digital computer to monitor gas chroma-~

tographs surmounts the previously mentioned difficulties of computing

the compositions and.iﬁcorporat1ng the resqjks in a contral system.
Dedicated d1g1ta1 computer systems have become popular for monitoring
-1aboratory gas chromatographs ~Several authors (61,62,6?) have des-
'cribed the use of such systems, However, ]1ttle'ﬁas beeh‘repo;%éd on
'hn'integrated gas chromatograph proéess contro{ system us{ng a digita)
computer. ‘ | |

A computer monitor system for gas chromatographs must pro-'

vide for the ‘following functions. It must be possible to 1n1t1ate a

gas chromatograph analysis by means of an external or 1nterna] 1nter~">;ﬂ'

¥}
rupt within the computer, In the case of a process control system the

-~ & ”»
* . [ ' . ¢

~
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computer must have the capability of inttfating the GC run and control-
ling the 'sample injection on a rebetitive basfs. “The svstem must be
capab]e of reading the voltage output from the GC brldge and converting
the signal to a dlgital value at rates up to 5 t1mes a second. After
the‘data acquisition or portion thereof is complete the monitor system
must be capable of analyzlng the data. Lichtenstein (61) and Briggs
(62) have outlined the necessary features of the 45!% analysis orogram.
The analysis of the'gatq consists of‘peakq'Pcognition, integration of
the area under the‘beak and calculation of base line'corrected areas.

" The method‘most commonly osed'for peak recognition is examina-
tionjéi/the first and Secono derivati:?§< The derivatives may be,com-~
pg;ed based on tne‘]east squares estimates as ootlined by Savitzky (64).
The start of a paak f? recognized whenvthe first derivative becomes
greater than some specified deadbané The termination of a peak'is
reached after the sign of the Sirst derlvatéfe changes " from negative

Y '
to: pos1t1ve Enqm1nq$1on of} the second dl‘kvatiwh 4S the usual meand

" ) of determining if the base Hne is reache'qt B\i'!nd: of a peak .. #\a.S/

11ne’torrected areas are computed by S ving‘tné qoordinates of the
.
' start and end of the peak and then f1£t1ng a 1ea$€'squares 1iné through

/ sections of the base line 1mmed1ate3y before an&‘after\the peak vThe

superfluous areas are then' subtracted and .the compositions cbmputed

M -~
] . 5 'Y
\ -

from a cflibration of the instfument. 0 0L
. _ ) : g Co
. 1.1-D Degrees of Freedom for Dist11]at10n Columné ' | ﬂ o
| The avaiidble degreés of freedom for. control-of a dlst1l1ati0n
- process is subject to varied opinion in tﬂe llterature, The bas1s of
the differences 1s the manner in which xhe varwous holdups w1thin bhe ,

AN
T ‘e

co}umn are &reated e _~ ! L S
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Howard (65) states that the conventional steady state analysis

e 1l

technieue is incorrect when applied to dynamical systems’where the
holdups of material may vary. The degrees of freedom for the u;steady
state process may be derived in the usual manner‘By including the pr
holdup in the same fashion as a normal stream. The holdup is analogous
to a norhg] proceaeistream in that {t-has the same variables except
that a mass of material is involved instead of a flow rate.

. An alternate approach is given by Bertrand (66) and Murrill
(67) who tabulate the variables and relationships for a diet1]1at10n .
process. This approach considers on]y the steady state, the ho]dups
belng ignored. n + 6 depzees of freedom will result from this" approach,
whereas the approach of Howard (65) shows n + é degree; of freedom:

This difference, in the number of degrees of freedom, resulted because

Murrill in his analysis assumedtthat the liquid levels in the copdensor

and reboiler were maintained constant by leve] control loops whilé

Howard considered both levels as variab]es Since the reboiler and

v' condensor levels mUSt be controlled the most logical approach seems to

be to consider the .column to have n o+ 6 degrees of freedom’ over and
above spec f]cation of the reboiler and condensor ]eve]s It should
also be ndted that if the approach of Houird is follawed the top and

bottom proguct flow rates could be control]ed rather than the ]eve]s

If th1s is the case, the contro] of the. hp]dup vessels would 11kely be

~over specwﬂed{ - ' | S

.LZ.PROBLEM FORMU&IIbN S o N o N

Y
-y As out11ned prev1ous1y the control of the composition of both )

“.the top and bottom proddct comPositions from 4 dist}]]atjon colump

presents spegia],dlfficulties due to the interaction or dynamic

N N . . 1
‘- ,.' B . . A R . ¥
v f . . ;

g



As a result of

" these interaction effects. the direct application of single loop con-

L trol theory will not reéu]t in satisfactory control of the co]umn

‘ There are bas1ca]iy two solutions to this problem of constructﬁng a

by RiJnSdorp (5,6,7). In order to design the

\

"two point" contro] system for a d1st111at1on process. One alterna-
tive is the app]lcﬂt1on of control systems as suggested by Rosenbrock o
(8) and Rijnscorp (5,6,7), the second a]ternat1ve being the de31gn cﬁ{

mu1t1var1ab]e contro] system for the process

[t is the objective of this study to design ang-implement

a noninteracting contro] system on a distiiiation cojimn . The'per—

. formance of the noninteracting system will be compdred with a con-

' vent]dﬁa] two point beedback control system and the system suggested

ninteracting system,
it w1]] first be necessary to construct a s1mp11f1ed dynamlc mode] of

the process. -
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2. EXPERIMENTAL

4

‘ e
2.1 EXPERIMENTAL PROGRAM

As oupiined in Chapter 1 the objective‘g¥ the present study .

is the comparisén of systems for dual quality control of a distilla-
~ tion co}umn.w This comparison was carried out by implementation of

the control systems on a pilot scale d1stlllatiop co|umn The syn-

thesis of, a noninteracting controller outlined 1n thi prev1ous.chap§zr
requires a know]edge of the dynamic behav1our of the process. In
particular a linear transfer'functidh,ﬁode] thdt‘relates the manipulated
input to the process .outputs is requiredl The first step of the ‘
experimenta] program was to perform dynam1c tests on the process to
estab]ish the necessary dynamic re]at1onsh1ps After estab11sh1ng a
suitable model foq.’he process the control 'systems were 1mp1emented

and their performance in reject1ng d1sturbances compared,

2.2 EXPERIMENTAL EQUIPMENT

. , The experimental studles were performed on a p1]ot sca1e dis~.
t111at10n cojumn 1nterfaced w1th an 1BM 1800 data acqy sition and = -
90ntro1 computer. The d1$t111ation column employed 1q)this study wag

an eight tray nlne 1nch diameter cqlqmn with a tota] condensor and a
o basigt type reboner he co]umn trays con51sted of four 2 -1/4 x N
' -778 1nch bubble caps mounted in a square padtern. So]ution ho]dups \
“in the reboiler: and on eacﬁifray«were estimated by Svreck (68) at 25 i
| and .065 cubiq fgét resggct1$ely.‘ For further detaj]s on the coiumn

construction thg reaﬂer 15 nefé "d to stud1es by vaeck (68) and . A”lf

Lowi
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of Chemical and Petroleum Engineering (70). A binary mixture of methanol
and watér was the system used in the distillation column. The computer
system provided the means for the rapid data acquisition and implementa-

tion of the varied control systems necessary for the completion of this

\\project. . ' , f“

‘Since the dynamic models to be employed in the controller o
synthesis were assumed to bé linear, it was necessary to select an
operating point about which the dynamics of tne cq‘ﬂnn coqu,Pe ade-
quate]y represented by @ 'linear mode]. ,The standard operating condi-
tions about nhich the mode].was constructed are eiven in Table 2.7,
Since the column was somewha't ovefdesigned, it was necessary to strike
a\conpromise in.the se]ectNon of the base operating conditicn This '
comprom1se was necessary in order to maintain a reqsonab}e dbmpos1t1on
profile throughout the co]umn and at the same time obta]n a measureable
composition in.the bottom prodJct stream. The calumn also had a }

) tendency to "f]ood" due to foam formation on the trayst A 1ower feed -
rate than one would expect from design considerations was necessary to ,

el1m1nate the f100d1ng condition. -~ i

. .
"
.
N ‘ v
4 .
. [ i L)
vV R . . . wogpe
[ > v
. ~i'.
'
. '1 ‘,

2.3 COMPO§ITION MEASUREMENT - S

In an ear1ier study on the same dist11]at10n co]umn Svreck
n(68) obtained measurements of the cqmpositions by measuring tne .
’ capacitance of the solutien This method proved to Pe adequate for

so]utions of hlgh methano1 content but gave erratlc results at low

v

.@methanol concentratlons. An aﬂternate method, namely a gas chromato—

gnaph, v s se]ected 1nstead of the capacitance method for measuring

L . R

the bottom compasiﬂéon .o I O

lh B .
A [

[+, o e
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' TABLE 2.1
’ 1
’ TYPICAL STEADY STATE OPLRATING CONDITIONS
. ,
s {
_ X
: ~ - Flow Composition
. ‘ «(Ibs./min. ’ (wt. ¥ MEON)
Overhead product ik L/fﬁ/”l o 96 .0
Re f1ux | ) goes 9%.0 .
“Bottam prod;ct L “” C1.27 .5
R A N 465
Steam . - L g -
| [ A
. . | .
Ttmperature o
" (°F)
Reflux 151.7
feed ' 168.0
Steam 233,0
Condensate 227.5
Reboiler 209.6
* Plate | - .q?l’s h
' 2 1.4
©3 . 161.2
4 172.9
' 5 "5 164.1
6 ' Wp 156.8
"7 :,‘f":?‘ : 152.1
8 o 148. 5 -
Con?ensor ) -l§3g9 1 \
N
t ‘ P
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2.4 CONTROL LOOPS

In order to insure that no outside disturbances influenced ‘,’72
the dynamic tests add/control studies al] inputs to the column were
monitored and/or controlled. A schematic diagram of the distillation
column and control loops is shown in Fiqure 2.1,
o/ The flow rates and temperatures of the feed and‘reflux
* streams were controlled as well as the steam flow rate to the reboiler.
To insure a constant pressure operation the condensor pressure was
Epntro]led by means of the cooling water flow rate and the di%feren~
t;al pressure across.the tower was monitored. Liquid levels in the
condensor and rebofiler were controlled by Qanipulationhof the top and
bottom product flow rates respectively. Examination of the control
system will spow that’eight variables have been specified which is
consistent with the degrees of freedom analysis of Chapter 1. The two
levels, the column pressure as well as the feed and reflux temperatures
were conti®iled by analog controlTers. Control of the top and bottom

compositions was accomp11shed using the IBM 1800 computer. The reqyired

control actions (1.e. tng\\a:;fsland steam flow rates) were cascaded to
the setpomts of [B}q /Tlow ¢
’ .

2.5 COMPUTER INTERFACE

The values o.ft.qH variables described above as well as the
plate temperatures and temperatures of the f]ow [streams were avaijable
for logging by the IBM 1800 computer system. Pnepmatic signals were
connrud to analog signals suiuble for the computgr by air to current
trmaducers. Contro] signals originating from the computer were con-

verted to analog signals by a digital to anajog converter and transduced

]
L4
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to a current signal by current outpu5 statiogg (zero order hold devices)
then further converted to pneumatic s1§nals suitable for the control
valve. A feature of the IBM 1800 computer was the IBM suppliéd‘direct
digitq] control (PBC) ‘program. With the exception of acquiring data

for material and energy balance calculations, all communication with

the process was QOne through this system.‘ Each process control ‘loop

and data acquflition point {s assigned a "loop record". The DDC pro- o
gram then allows the user to automatically read the analog input sigqals,
calculate the contro) actions and output signals to the process at ;
specified intervals. The DDC program also had the capébflfty of col-

lecting and storing a large amount of data over a specified time.

This feature was used to advantage in acquiring data for construc;ion

of the process transfer functions,

Due to the lgrge amount of data required for the material and

energy balance ca]culation§ a separate program was written which would
"read the desired analog input signals and convert these signals to
engineering units for use in the méterda] and energy balance calculations,
' This procedure was necessary in order to aljow other users access to

the facilities of DDC at the same time.

2.6 GAS. CHROMATOGRAPH
' The gas chromatograph used in the analysis of the bottoms
composition was a modified version of the Beckman Series C Ana]yzer.‘
The analyzér was equipped with a'sampling valye of one microlitre
ceppsity. Sample 1n‘:ction’was initiated on command from the Computer
_ by means of an external contact output (ECO). Closure of the ECO
activated a 115 volt relay which 1.m activated a solenoid valve.

1 -
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The solenoid valve controlled the operation of the sample valve hy
directing thé application of air pressure to a diaphragm within the
s;mple valve. Closing the ECO would thus tosu]t fn movement of the
1 microlitre sample volume from the carrier gas stream to the liquid
sample stream. On opening the €0 a short time later the sample
volume would return to the carrier gas stream and the Tiquid sample -
would be flushed into the ;hromatoqraph column. Liquid sample flow
was majntained by a pump circulafing solution from the reboiler
tﬁpbuéh the chromatograph and back to the reboiler. A tabulation of
the operating gonditions for the gas chromatograph is qiven in Table
2.2, . |

The 6 to 20 millivolt output from the chromatograph was .
read by the computer at one second intervals and stored by tha” DOC
program for léter analysis. The data acquisition phase lasted approxi-
mately 150 seconds at which time /the data was analy;gd and a new éycle

initiated. Details of the programs for the data analysis are given in

Chapter 5.

2.7 EXPERIMENTAL PROCEDURE | o ﬁ//'
During the performance of the dyﬁam1c tests the column was
brought to the des1red‘steady state qs1ng the local analog controllers,
QGnce at the desirediste;dy state the Aata acquisition phasé was
initiated at the computer. After appr6x1mately fifteen minutes of
steady state data was acquired the dynamic test was Inftiated by manual
ndjustment of the desired munipulated variable. The data acquisftion
was &llawed‘to continue until the proces‘gbnce again reached a4 steady
sﬁute, at which t1me‘the data was punched onto cards for off line

*

analysis. ~

" v )
\’td +



1ABLE 2.2

CHROMATOGRAPH OPERATING CONDTPLONS

fenperature 10"
Heltum Pressyre 30 psiy
Column Length hoh ft
lype Porapak ()
Cycle Time ito séc
Retention Time Water H0 sec”

{
Methano] | 190 sec
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The procedure tollowed during the control studies was to
start up the distillation colum under analoq control. Once Ju*
desired steady ;tato was achieved the system was switched so that the
andlod reflux and steam flow controllers received their setpoints
trom the computer. [lhe control<iﬂ§nﬂthms could then be initiated
and the process disturbed by chanqing the feed flow rate.

| The operation of the distillation cnlﬁmn is illusérated on
;Qe McCabe-Thiele diagram in Appendix 3-A. The thermodynamic consis-

tency of the temperature composition measurements are-examined in

‘Appendix 3-8. o |

k . {
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3. DYNAMIC MODELS /7

The greatest single difficulty in the application of modern
control theory to a chemical process and in particular distillation
columns is the construction of a suitable dynamic model for the sySten.
It is well estab]?ghed that a distillation process can be described by

«a set of nonlinear material and energy balance equations. However, a

{
model of such complexity is ;f ]1tt1e use in a process control system,
The nature of the equations, especially the equilibrium relationship,
make it d;ffiCu]t to obtain an adequate model by linearizing the des-
cribing differential equations. In any case, if a'modeT’is constructed
by linearizing a component material balance associated with each stage,
it would then be nécessary to reduce the order of the resulting state
equation. There are well known techniques (71) for reduciﬁg the number
of state variables in such an equation based on elimination of the
states with the eigenvalues furthest from the origin. However, this
gpproach results in a further approximation espec1a1Ty 1f the order of
the state equatfon must be drastically reduced‘as would be ths case in
a large 1ndqstr1al éo]umn. In addition, éhe dominant eigenvaﬁues may

" not necessarily be associateg with the states‘of interest, 1.e. ther
terminal compositions. Thus dynamic testing would Bppear to be a ﬁore‘

. .
’

reasonable approach to obtaining a simplified dynamic model than the
\\sfnéoretical approach. |

) Thg.nonlinéarity of the equi]ipnium relationship would appeak

to make the strongest contribution to the nonlinear behaviour of a
distillation column. This is especially true if the column is operated'

such that.the end compos%t1ons are in thg “ninch" of the equi]ibriu@

[
N +
P
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curve. Composition excursions from the‘Steady state towards the énds
of the equi]ib?ium curye wou]dﬁbe saverely limited whereas chané?g in
the other direction would not be so limited. Thus in order to con-
struct a meaningful model from dynamic test data, it is necesshny to
restrict the jagnitude of the input disturbance such that the process
fs not unduly effected by the inherent nonlinearities. ThiS”is\Vf}jJ"
if the model is to be used in a control system where the terminal
compositions are under "tight" control.

The procedure adopted in this study was to perform a set of
dynamic tests on the distillation column in order td éstab]ish the
relatfonships between the two end compositions and the inputs (reflux
flow, steam flow, feed flow and feed composition). Since the object
of these tests was to establish a process model about the specified
operating point a pulse test was employed rather than a’step input
which would tend to yield information about the dynamics on excur-
sfons away from the operating poidt. A rectangular pulse was used
for determining the model parameters.

" Ther process w&s assumed to be adequately represented by a
combined fipst order time constant plus a time delay transfer functiop
model relating the process outputs to each 1ngut; The model paramélers
were then qeférmined by fitting the time domain response of the model
to the recorded transient data.

- The "fit" was actomplished by emp]oying’Rosenbroék's direct
search technjque -(72) using a least squares criterion. In order to
*. sim1ify the search. for the optfimum pqrameters the process time de]ax
was first calcu?ated Th1s waﬁ accomplished by locatlng the p91nt

with the largest slope on the initial side of the.raspOnse curve, The

. ' R

’

/ )
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time delay was then determiﬁed from the ihtercept of the line of maximum
slope and the initial steady state value.

The above procedure assymes a linear process behayiour about
the operating point. The validity of this assumption and the use of the
simplified model can be seen by compaf‘ivéthe model predictions with the
experimental data.

The resulting modé] parameters are given in Téb]es 3,1 ~ 3.4
with the area undér the associated input pulse~ The values of the process
gains are tabulated in (wt. %)/(1ps./min) except in tﬁe case of thelfeed
composition runs where the units are (wt. %)/(wt. %), The time constants
and tﬁme delays are tabu}ated in values of minutes., Further data con-
cerning the dynamic tests (magnitude of the forc{ng pulse, and steady
state operating conditions)are tabulated in Appendix ,2A.

The transient response of the process is compared with that
predicted by the mode] for several tests iff Figures 3.] to 3,6, In all
cases the process and mode] responses are in good agreement illustrat-
ing that.the simplified moqel adequately describes the behayiour. of the
system about the designated operating point.

In qyder to'arrive at a set of transfer funct1ons for the pro-

cess, the average model parameters were computed based on the tabulated

-
4

parameters The time delay associated with the bottom product ‘composi~

‘tion does not include the 2.5 minute analysis time of the.gas chromato-

graph, however, it does 1nCIude the time delay in the sampling 11nes.

Thus it is necessary to subtract an estimated .5 minute delay from the
tabulated bottom product time delay to arrive at the true process trans- -
fer function model. The transfer function mode of the process is given

by equations 3.1 and 3,2.

(BN
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PRODUCT GOMPOSITION RESPONSE TO A PULSE IN
STEAM FLOW [RUN 24]
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7.0t TOP PRODUCT

! .
94-0+— +

" 0.0 17.5 5.0 2.5 70-0
- , ‘ TIME (MINUTES) .
' ‘ FIGURE 3.5

TOP PROBUCT COMPOSITION RESPONSE TQ A PULSE IN REFLUX FLOW
(TOP - RUN 21) AND STEAM FLOW (BOTTOM - RUN 25)°
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TOP PRODUCT COMPOSITION RESPONSE, TO A PULSE m"FEE‘D COMP.,

(TOP ~.RU 21) AND FEED rLo¥ (BOTTOM . RUN 21)
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The percent deviation of the model parameters from the mean

value for each set of runs is redaﬁded in Jable 3.5, for the control

inputs (reflux and steam flows) the agréement is good, the % deviation

¥
|

being less than 15% in all cases except one.

) 12,8070 as.9e0 |
D 16.7 + 1 T.s t 1
. | (3.1)
) 6.6¢7 "> 29,4070 1| :
n_ L1000 v BTN L
) 3,807 1> 22e° 1 F
) 1495+ Y ' 2785 1 ‘ ‘
. L ' (3.2)
R I R KN T P I
.78 | 13.2s+ 1 TIFT ||

{ ‘ . N . P
|

The larger deyiations in ;hé case of thé top proauét compositioq gain
io changes 1in r?flux and steam flow rates can be attributed to the
nonlinear beqaviour of the coy;mn. F}om Tables 3.1 and 3.2 it ean be
observed that a somé“hat laféér gain resylts when the system is forced

o ’ . ;‘ . . ° i
out of the "pinch" than gccurs when the composition is forced into the
v J.;'I ! L o '
"pingn", }

In the case of the disturbanceginputs (feed flow and composi-

!

tion), mord‘hata is required to arrive ;f an adequate model. Since the
feed flow.and feed composition data is superfluous ﬁﬁth respect to the
study this data will not be given further consideration.

' r

, A compgrison of the results of the pulse tests in Tables 3.1
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IABLL 3.5

PERCENT DLVIATION OF MODLL PARAMETLRS

Reflux Flow
Steam Flow ™~
Feed Flaw

"IFeed Comp.

RO |

[~ e e o e

K

14.4
12.0
19.5

50.0

8.7
9.3
23.0

14.0

1O COMPOS T Ton

i

K

0.2
6.

29.0

BOTTOM COMPOSITION

l

8.7
5]

b

3.2
12.0
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and 3.2 show that similar model parameters resulted from pulses of
different magnitudes and in opposite directions. Thus it would appear
reasonable to assume a linear process behaviour with respect to the
effects of reflux and stegm‘flows on the end compositions over the

small operating range considered.

3.1 RELATIVE GAIN MATRIX

The correct. pairing of manipulated and controlled variables in
an interacting control system may be accomplished through the use of a:
relative gain matrix (76). The object is to control a given process
output with the manipulated jnput that will have the greatest influence
on it, The relative gain matrix is determined from a "normalized" matrijx
of the open loop process gains.

ﬁrom equation 3.1 K is the matrix of the open loop ga1ns;

12.8 - 18.9
w_6.6\\ - ]9.1

K =

o

An intermediate matrix L 1s then formed

L= (T
The relative gain matrix 5] is then formulated by multdplfing qprresponding
elements of K and L ‘ |
| i.e. Klij = K11 Li4.
For ‘the case at hand the resulting matrix of relative gains between the
manipulated variables (R and S) and the controlled proéossAoqtputs (XD

and Xgh 1s ;
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This illustrates that the overhead composition (Xp ) and bottoms
composition (Xg ) should be controlled by the reflux (R) and steam (S)

flow rates respectively. !

(
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4. DUAL PRODUCT QUALITY CONTROL SYSTEMS

The most readily apparent scheme for accemplishing dual product
gquality control pf a distillation process, shown schématically in Figure
4.1, is control of the overheadycomposition by manipulation of reflux
" flow and bottom composition control by altering reboiler heating-duty,
However, it is eyident ongexamination of the dynam1c nature of the
process (Equation 3.,1) that a strgag ;nteraction will exist between the
two control 1oop§. Indeed the effect of the bottom prodect control on
‘the overhead composition is larger than the direet effect of the mani~
.puléted variable, reflux rate, on the overhead comeosition. ’

Thus any control system for the direct contro] of the overhead
and bottom product composition'must be based on a method that will com~

pensate for, or reduce, the effects of the interaction between the

overhead and bottom composition control loops.

4.1 RATIO CONTROL

A novel approach for reducing the effects of the‘intefaction
between the control loops has been suggested by Rijnsdorp et .al |
(5,6,7). The control system that was suggested is illustratea in Figure
4.2, hv"ﬁs scheme the overhead composition controller is eaScaFed to
the setpo%nt of a ratio controller which controls the ratio of the over-
.'head vapour rate eo the reflux flow rate by‘manipu1ation of the reflux
rate. A disturbanée to the column which cauees'the overhead composition
to‘change will cause a change in the desired ratio of the two f]ows,
which for a constant overhead vapour rate w111 cause a corresponding

change n the reflux flow. On the other~hand the rat1o controller will

gautomatically comﬁﬁrsate for a change in overheadfvapour r@te by a

e

ot . . i N L]
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correspbnding change in the reflux: t]ow rate. Since the effect of the
overhead vapour rate on the top compoeizion refiects ‘the effect
of the reboiier heating rate on the overhead comp051tion, the top com-
| position loop has been rendered insensitive to control action fin the
~  bottom product loop. However, no account is taken.of the effect of”the
’ reflux flow on the bottom product control Joop. The effect of .this
onussion on the performance of the contro] system remains to be

evaiuated.

4.2 MULTIVARIABLE CONTROL

A distillation column is a somewhat unique muitivariabie system
“due to the. opposing actions of the two manipuiated variables Reflux
flow has a positive effect on both end compositions, that is an increase
in refiux flow will cause an 1ncrease in: the more yolatile components in .
both overhead and bottom compositions Steam flow has the opposite ;"
\ ‘effect as ;ﬁ 1nCrease in steam flow wili eeuse a resu]tant decrease Of t;
“the more volatile compoqent in both end compositions ConSider a- dis-

- turbance in’ feed flow’ g\ feed composn& entering a distiiiation coiumn R

where the top product composition is maint d constant by the reflux : L
flow (top‘Eontro] ]oop) and the bottom product iy contro]ied Bg'the_:a
- [} EIE

steam flow to’ the reboiier (bottom control ioop) ch a disturbance
will have sinniar effects on both end compositionsu If the disturbance

is a step 1ncrease in feed flow for example, the top and. bottom prodhct

compositions will increase. If tpe colymn: 1S controi iéd‘ as, iiiustrated o

B it atind

in Figure 4 1 the action of the controi]ers to maintain the end composi-’ .
N i

/ tions at their required Vaiues would be to décreaseuthg refiux rate and

o

iilcrease the ;team rate decgiase in refiux ﬂow wiii causq a dec’”’e

fin thd boi:tom composition which is the desi,fa.;"‘ vection of the bottom control

,'I
P (S IS
’ SN L R . . Co) ‘ %“55 BRI - . .
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loop. SiTilarly £n ﬂdffedﬂn tn the steam flow will cause a resultant
decrease in the overh‘&g composition which is also the objective of
the top control loop. ﬁvwnver,_tho nbbvo analysis assumes that no
oscillattons will occdr in the end compositions. If oscillations do
occur the interaction petween the control loops could oppose the effect
of the mnnipulpled variablé and thu§ sustain the oscillations. Thete-

fore, 1t would appear that it would be extremely difficult to tune the

control loops if the ihteracting effects are ignored. The logical

solution to the above proplem is to design a contrgl system that will

compensate for the intpractfon. This would serve to alleviate the

difficulties of loop tuning and prevent one control loop from being

disrupted by the actign of the other. Howevér. the above analysis has
f1lustrated that the pverall effect of the intéraction, 1f.control]ed,
i§ to enhance the acfion of the individual control loops. It may'then

be Sugg§sted that a fore “optimal" method is one fn which the interact-

ing effects are used to enhqnce the perfo}mgpc;“qt‘Lhe”gontra}'aystem?
For the moat part, the desién teéhniques for multivariable

control systems, reviewed Jn chapter 1, are concerned with servo control
problem ratﬁer than the regulqﬁpr} control problem, Only in'a more re-
cent. study has Newell (76) applied optimal control theory to a regula-
tory control System with unmeasured l_oad gisturbmces.‘ '

. The appréach for providing nonint%réctfnq contrdl outlfned
by Zacklind (15) and tuyben (41), discussed in Chapter 1, appear
" to ﬁt"tﬂqupncoble to the problem at hand. ‘[h? basis of the
method these - o

'3

L

ry S
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‘,
workers proposed is to compensate each control loop for the contral
actions taken in the other loops of the\system. In essence feedforward
control is applied to compensate for the effects of the interaction.
The block diagram representation of the control system 1;
shown in Figure 4.3, The process is assumed to be adequately repre-

. .sented by

S [/ Pi(s) Pi(s) R(s)
xp(s) Poyls) Pyyls) 5(s)

~
. . P
where the PIJ are a combination of a first order transfer function and

a dead time. The process model used in the synthesis of the control
equation is given in equation 3.1.

The design equations for the noninteracting compensator are
constructed by the following analysis. The objectives of the compen-
"sator are to el1m1na€e the effects of the top and bottom control
actions oQ the overhead and'?ottom compositions respectively.

Therafore

, | : DZ](S) Pzz(s) + PZI(S) = 0
E - and |

012(5) P”(s) + Pn(s) -~ 0 | .

" in general : T | (
-b"l'd(s) P (s) + Ppyls) = 0

Thus the compensators (JI g~ be constiucted from the equation
. N
J& g&r . P :
. Ed . ‘;\“. "f‘ . .
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It {s assumed in the above analysis that the dead time asso-
ciated with the interacting function (PIJ) is greater than or equal to
the dead time associated with the direct transfer function (Pl[).

This 1s necessary for the compensator DIJ to be physically realizable.
This assumption is usually valid as one would expect the dead time of

the interacting transfer function to be greater than that associated

with the direct transfer function. .

I T 1
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O(n this s?‘S)tem the bottom composiuon 1s controlled dirq‘ly by a pro- \

E)() )

5.  IMPLEMENTALLON

The performance of the control systems described in Chapter 4
were evaluated on the pilot scale distillation column. lmplemdﬁtn&lgi
of these control systems was accomplished utqlizing the [BM MBOO‘diqltSW
computqr~ The control computations were perfonted in programs executed
in variable core on the 1800 at a specified periodic interval, The DL
program was employed as a convenient interface between the control
algorithms and the process. The computed control actions to Eorrect
any error in the end compositions were inserted into the outputs of
the specified DDC loop ;écords. The outputs of these DDC loop reoords
were cascaded to the sétpoints of the analog\flow controllers. All

control computations were performed at 2.5 minute intervals as dictated

by the cycle time of the gas chromatograph.

-

5.1 RATIO CONTROL SYSTEM

The ratio control system studied was discussed in Chapter 4, \

portional. plus integral (Pl) controller manipulating the steam flow
rate. The overhead compos1t10n on the other hand is controlled by cas-
cading the output of the PI composition controller to the setpoint of a
ratio controller. Tne ratio controller maintained the required ratio:
of overhead vapour rate t& reflux flow.rate. Since a direct measure-
ment of the overhead vapour flow was not available, it w;s necessary 4o
estimate the flowﬂrpte from a material balance about the condenser If\

the level in the condenser is assumed to be constant, the vapour rate

may be‘computed‘as the sum of the reflux and top product flows.} The

assumption of a-constantllevel,in the condenser is not !ﬂreasonable”os

.A LR " } . '

N e . o\ : o ' \\
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the Tevel was under "tight" control during these studies. In addition, ™
the period between control actions allowed sufficient time for the level
Lo recover from any sudden changes in reflux flow made in the previous
control interval. An average value of the top product flow rate was.
computed over fhe 15 seconds prior ta thewﬁontro1 action, u.ing d&ta”
accumulated, once per second, in a DBC ring buffer, Once an estimate
of the overhead yapour rate was computed, the correct reflux flow could

|
be computed on the basis of the specified ratio, ‘ ]

5.2 NONINTERACTING CONIROL SYSTEM
The block dla@ram representation of the noninteraction conpro]
system employed was shown in Figure 4.3. In this scheme the outputs of
the proportipnd] integral controliers are fed to th noninteracting
compensators. The function of the compensators is to conpute the neces-
ary action to compensate for the effects of the single loop control
actions on the other loop. The output to the prncous is the sum of a
compensator output and the control action ofothe proportional plus inte-
gral controller. To facilitate progrmwping on the digital computer, it’
was'desirable to express the required compensator (Equation 4.1) in a
different equation format. Since a digital computer in a control System‘
can be treated as a sampled data controller with 4 2ero order holh
device'on fhé output, it is necessary to comgine the process transfer
funct1ons of Equation 3.1 with the transfer function of a zero orden

hold in computing the sampled &ata form of the non1nteracting compensa-

tor.
N . ) "
- It follows that -
' ’ N
ey 1' '
-~ "'-v’ L] ! .
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H( &) Pld(s) = S T 75
W
y .
taking the z transform and substituting ag ° }};
1J
. AL ~ap T
B T
‘H PIJ(Z) = ‘“”“’“‘”jE];T'““W”“”
z_e.\

. - \
In terms of the z transformed elements the compensator hecomes

Dld(z) = ~H PIJ(Z)/H Pll(z)

~al[1

. L
Bz [z-e ] ‘ .
D[J ( Z ) e —--:-a~I-3T—--- e 5.1
" Z -~ @ ‘
where L = LlJ - LIl . .
Y
~a T .
K. [1-~e M
B = - .IJ
"aIIT

_in difference equation format Equation 5.1 becdmes

, ' "aIIT .
wo(n) = B "1(“”L)o” B e wi(n-L—l)
. ~ag,T :
- e Ny (n-1) 5.2
: 0
where wo is the compensator output and wi the input to the

compensator.
Tge above equytion is restricted in that the deldy time must

be an integer number ot sample periods. This is not desirable if a

~
’
. .
. . ' [
' . 4
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long sample period is involved. To circumvent this restriction, the
outpufvwas computed in two time steps. The time delay may be sub-
divided 1n£o two intervals, the‘first interval representing the
fractional sample period delay, the second representing the whole number
of sample’periods remaining in the time delay. The compensator output
can then be computed in two time steps using the output after the first
time step as an initial conditjon for the second time step.

The numeric formu]ation of the noninteracting compensator
and the ratio controller are outlined in Appendix 4. In addition the
sensitivity of the.estimated‘overhead vapour rate (by a material

balance about the condenser)‘to changes in the copdenser level fis

examined in Appendix 4. o )
‘ } ’/{' ’ /,/ ’
~ . /
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e
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e
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T 6. prookans

The control studies and associated data acquisftion were
performed by a number of programs executed on the IBM 1800 comPuter.
For the purpose of dgscripfion these prograMﬁ\may be divided into
four categorjga (dnl1ne programs, initialization and data retrieval

\\\giygppms;fﬁater1a1 balance programs, and auxilliary programs). A

\J//7<3%Z;ript1on of the auxilliary program category is given in Appendix 1.

o

6.1 ONLINE PROGRAMS

MAINLINE CHRTM . ’

The online programs performed the gas chromatograph data

—
-

ana]ysis and the control computations. These functions were controlled
by the interrupt core load CHRTM, while the séparate functions were per-
formed by individual subroutines. |
On enfry to CHRTM the ring buffer acquiring datg from the gas

chromatograph 15 deactivated and an ECO is closed to initiate a new
sample injection ta the GC. The core address of the giqg buffer can-
tain{ng the GC data is located and the data 1oaded‘into a vgctyr for
analysis. Following compuéat1on of the composition as an aréa percent
by, subroutine GC the appropriate ca11prat1on is applied to convert the

" result to weight percent. The ECd is then opened to éohplete‘the Samplé
fnjection ﬁhase and the ring buffer is activated. Subroutine CNTRL is °

cabled to implement the control action.

A}

" SUBROUTINE 6C .

. Subroutine GC is called by CHRT%o analyze the accumulated '

data from the“gas cﬂ;omatograph. The stars énd end points of each

. . ' Il ! e
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chromatograph. peak are located by subroutine PEAK. The area under each
peak is'computed using Simpson's rule. If-it is determined that the
 base line is reached at a peak end, base 1ing corrected areas are com-
puted for all peaks occurring since the last time an "on the base line" \
conditfon was detected. The base line corrected areas were computed

by fitting a least squares }ine to adjacent sets of base line data.

.The superfluous area under the base line is then subtracted from the
Cdfresponding peak area, The corrected peak areas are assigned to ]
the degignated time bands and the area percent associaced with each

time band computed,

SUBROUTINE. PEAK

Subroutine PEAK is called froﬁ sebroutine GC to locate the
start and.end'of each peak in the chromatogram. A peak start 1is
recogﬁ1zed when the first derivative of the data becomes greater than
a sQec1f1ad deadband. This event must be confirmed for a given number
of}scccessive data points™(3) before a peak start is accepted. Similarn
logic 1s employed to locate the end ofa peak; thac is, the computed
first derivative must become more posi?ive than a specified deadband.
This event must elso be confirmed a ?é;ignated nymber of times (3)
before a firm decision is made. A test 1s made to determine 1f the
base 11ne is reqéhed a§ the end of/ each peak

The deriﬁatives used 1n/peak detection are computed from the
least squares formula given by Savitzky (64). The seven point formula

used in this routine is o -

Y= (3 Y(143) 4 2Y(1#2) + Y(I+1) |
~V(I-1] - 2(1-2) ~3v(1-3))e8

LY
u'



l1ne is reached at a peak end, base 11n§ corrected areas are Con-
for all peaks occurring since the last time an "on the base line" \
{on was detected. The base line corrected areas were computed

:ting a least squares line to adjacent sets of base line data.
perfluous area under the base line is then subtracted from the
iponding peak area, The corrected peak areas are assigned to ]
:kignated time bands and the area percent associaced with each

>and computed. ' *

»UBROUTINE PEAK

Subroutine PEAK is called froﬁ sebroutine GC to locate the
and.end'of each peak in the chromatogram. A peak start 1is
f1zed when the first derivative of the data becomes greater than
:1fied deadband. This event must be confirmed for a given number
:cess{ve data points™(3) before a peak start is accepted. Similan
is employed to locate the end of' a peak; thac is, the computed
derivative must become more posi?ive than a specified deadband.
rvent must elso be confirmed a ?é;ignated number of times (3)
» a firm decision is made. A test 1s made to determine 1f the
line s reqéhed a§ the end of/ each peak ‘

The deriﬁatives used 1n/peak detection are computed from the

squares formula given by Savitzky (64). The seven point formula

in this routine is - ’.

Y' = (3 Y(I+3) + 2Y(1+2) + Y(1+1) | | !/ .
~ Y(1-1) - 2Y(I-2) ~3Y(1-3))/284 o /

L)
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“in CNTRL. Ad average value of the top product flow rate is computed "
from data obtaingd in a ring buffer. The overhead vapour rate is then
computed as the'sum of the reflux and top product flow rates. This new
value of the overhead vapour rate is used to computeithe new reflux

flow rate necessary to yield the specified ratio.
[}

/ SUBROUTINE NICMF
Subroutine NICMP was employed during the noninterjpting confro]

studies to compute the noninteracting compensation from equat1on 5.2,

The output of the proportional 1ntegra1 controllers were fed to: subrout1ne

‘NICMP which calcytated the compensating action based on these inputs,

The control outpuf to the process 1s then computed as the sum of a com-

N
pensating term and a contro)] action term.
¢
To circumvent the restriction of an integer sample period delay
in equation 5.2 the compensation was computed in twa time steps as but-

1ined in section 5.2,

6.2 INITfATION AND DATA RETRIEVAL PROGﬁAMS /'43‘
© MAINLINE CSTRT - o

~CSTRT was used to perform the following func§§ons on request
from the 1816 keyboard, . K R ‘
1) Initiate repet1t1ve execution of the gas chromatograph/control pro~
’ gram CHRTM,
2) ‘Terminate repet1tive execution of CNTRL ‘
© 3) Initiate control act1on by settinq a flag that 1nfqnms CNTRL that 'f

'(the contgpl act1on is@&g pe imﬁﬁemented“ The disk f11esxare also '

1n1t1alized to start the contrql run.» )

.
L. .
: ,‘ ) RN . ) 4 " "
. : . . .
C D B s
| v R "SI
' ! " .. ot " [PERARE ’ ’
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“4) Terminate control action.

* 5) €hange controller constants ané/or mode parameters:

MAINL INE DUMP ,
~ The nonprotess program DUMP was employed to retrieve the data
“from the disk files Et the end of a control test. Measurements of the
| top-and bottomféo?posit1ons and controller outputs are dumped to the
line printer or both the line printer and cards according to a

specified option.

6.3 MATERIAL AND ENERGY BALANCE PROGRAMS - /
- . MAINLINE DASS | ‘
" DASS initiates the data acquisition forlthe material and energy
balance computations. The current feed composition and bottom product .’
. composit1on are entered via the 1@16 +keyboard. The'disk files are .
1n1t1alized and repet1t1ve queuing of the data acqulsition program DATAC

at a spec1f1ed 1nterva1 1s initiated..

MAINLINE DATAC
” Program performs the -data acqu151t1on for the material-and
~
energy balance ca]culations The program is'queued a specified .numbey

’.|bf times at a given 1nterva] A rqnning total and sum of squares of

the measurements are stored in the d1sk fl\e.
QgThe data acqutsition is accompTished by readwng the Mu¥t1ﬂ'\22r
point d1rect1y and applying the appropriate conversion rout1ne;'to the

4

ADC read1ng. Three different calcu]at1on opt1oqs are ava;lab1e flow
"\ caleulation, zero check, and thermocouple convers1on (with cold Junction il

_ compensation) hese calculation routines parallel those in the DDC '

s, * s

. vp.mgram, .. ,‘:‘ ‘:: i“' ’ ‘!:,.,- ’}. L \_
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The cold junction compensation and temperature conversion were
accomplished following the example outlined in the IBMQ1800*anctiona]

Characteristics Manual (73),]"Thermocoup1e.dalibration data is stored
’ '{
as a series of straight line segments in-the program. ' .

4

]

MAINLINE BALNC
BALNC uses the data acquired by DATAC to Tomplete the material

and éﬁergy balance calc&]atiOns.. The average a#& 95:?ance of the
accumg]ated.data is cﬁmpuged: The flow rates are dbrrectéd for temperq—

ture and compdsitidn. The material balance and a summary of the operat-

ing conditions are brinted on the line printer.
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( Lo RLSULTS

The object of the control phase of the present study was to
compare experimentally different methods for dual product quality
control of g disti]lati()n column.  The performances of the control
systems d1§cussed in Chapter 4, that is ordinary propqrtional’ integral
control, overhead composition QQntml by manipulation of the reflux to

el
/werhead vapour rat,g,‘éhtio P jMhe noninteracting control system were

-

studied on thq @%t W]e&tﬂ]ation column,  The control loops
were tuned f“ H: vinte;r‘al of the absolute error (I1Af). This"
enab]ed a comﬁa“ﬁson to be drawn between the ability of the different
systems to compensate for a disturbance to the column. The control
runs performed are summarized in Table 7.1. The steady state operating
conditions for all control runs are docume;lted in Appendix 2.1.
2.1 SINGLE LOOP CONTROL

The performances of the individual control loops that {1s
proportional jntegral control of only the top compositionq%nd pfoportional
1nte?rnl control of only the bottom composition were studied, iﬁ,TMs
allowed a comparison to be drawn between the performance of the single
Toop control with the behaviour of the system with both loops operative
Wiich results in interaction. The two control loops were tuned individ-
vally for a minimum 1AE respopse to a disturbance. Figures 7.) and 7.2,
fllustrate the performance af these two single loop zontrol systems |
following dtsturbcncus‘in the feed flow rate. The performance of the
-single 100p control systems even uith the associated long sampling a
periods and dead timo IS quite adequate. The larger IAL temm associated
with the bottom composition control 1s due largely to the relative

B

+
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instability of the bottom yomposition control loop. The rather “drastic’
effect of the bottom product control on the overnead product quality is
the most important observation to be drawn from these tests.. This

-

observation underlines the deleterious effect of theé interaction on

the controllability of the overhead product composition.

L COMPOS LT1ON5

. LN . .
From observations of the results in the previous section one

- would expect the interaction {f neglected, to cause a serious deteriora-
N

tion in the-performance of the control system when an attempt i+ made to
control boih of dne end compositions. In order’to establish «f indeed
this was the case an attenpt was madé to cbntrol both of the proﬁuct
qualities using the controller settings determined for- (nntrol of only
one composition. The effect of attenpting simultaneous control of both
product compositions on the perfoqnance of the control System is

. immediately evident from Figures 7.3 and 7.4. The sustained oscillations
that result are the predominant character{stic of the system:§ respdnse
to a disturbance. No IAE values are given for these "tests as: the system
did not reach a steady state in a reasonable time, Ah {AL comparison
would thus be meaningless. The disturbing effe;t«of thé‘interaction.
steam bate;lén the overhead composition is clearly evident from results
given in F19ures 7.3 and 7, it As the overhead prodyct composition,

under the contr01 of the reflux flow, begins to recover from the inftial
d1sturbance. a second disturbance effects the control loop causing a
large de?iat1on of the composit1on in the opposite direction to the ~
initial disturbance. This second disturbance is the effect of the
contro] of the bottom composit1on. f.e. steam rate on the top composit1ah

-

The end resu]t is.a sustained osc1}%q\ion.

- - e 2
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The performance of the system is'c]éar]y undesirable. -On
eyamination of the éontrol behaviour of the loops it can be reasoned
that a much "slower" control is necessary'eSpec1a]Iy in the bottom |
composition control loop if the oscillations are to be reduced. On'
the basis of this reasoning an attempt was made with both control loops

| dperating to tune the ind191dua] proportional integral controllers for:

~a minimum 1AE recovery from a disturbance. Fflgures.7.5, 7.6 and 7.7

;"i]lustrate the slow contro]l that is necessary to achieve a satisfactory

recovery from a disturé;nce. A complete tabulation of the control]er
rconstants employed in the control tests is given in Table 7.2. A
substant1al reduction in control action in the bottom loop'was neces-
sary. The proportional and‘integra{dmodes in the bottom control loop
were 3.0 and 2.2 times less respectively than the corresponding con-
stants empfoyed when only the bhottom composition cpntrol1eb was acttve,
This large reduction in bottom loop contro] action is necessary to
prevent the overhead compos1t1on control Toop from being overly dis-
rupted by the interaction. Recall that equation 3.1 shows that the
oVerhead composition 1s more sensitive to steam rate than reflux rate.
‘The reduction in éohtrol1ér constants is.especially important in the
casé of the proportional mode and less 1ﬁpohtant w1th're9afd tp the
integral ﬁerm'as sudden éhanges ip the steam rate are less accéptable
than é gradua] change, l
In addition to reduced controi action in the bottom cantro]
loop, 1t was al/p necessary to reduce &he controller constants in the
overhead compq§1tion contro]ler to prevent a sustained osc111at1on
The' associated proportional and integral constants were 1 7 and. 2. 2

g .
4

t1mes less respecgtively than when on]y the overhead compos1t1on

r

H .
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controlier was active.
A comparison of tlie IAE figures for the control runs made

with only one control Joep aoﬁiye against those obtained when both

- control loops were active clearly shows a deterioration in performance

in the 1atter case, Indeed “the IAE approx1mate]y doubles wh!n both

contro] loops are active,

7.3 RATIO g‘ ONTRO) L 3

In this sontro] system the overhead composition is controlled

’

by means of the reflux to overhead yapour rate ratio. As discussed in

]

section 4.1 this ratio con‘%o] of the overhead composition reduces the
sensitivi%y of 'this composifion to'the interaction, It is at once
evident from the results 1]1ustrated in Figures 7.8, 7. 9 7.10 -and 7. 11
that the performance of this control system is a vast improvement over
that attainable with convgﬂt1onal proportional integral control. It .
can be seen from these resu1tgaihat the overhead compos1t10n has been

I

rendered 1nsens1tive to control action, taken in the bottom loop. This

oﬁqzrvatlon ‘can be' drawn when Figures 7. 8 ~ 7.11 are compared w1th

. Figuras 7 3 - 7 7 where the overhead composition appeared to be affetted

by a second dlsturbance due to the 1nteraction as out]ined 1n section .
7.2, D .f\' |
‘//f A comparison of the IAE'S resu]ting from tests R 1 to R-4

,ag;inst those obtained with ordinary PI control in runs PI -3 to PIaS

¢ .

‘~?wshew that th1§ ratio control system has succeeded 1in, reducing the IAE

‘.\‘ ,‘:
\.emplqud ln the bottom control 1oop. ‘This 1ncrease in contpnl acffon ,

assomated%th the top omposition 1oop by a factor of about 2; In

,,add1t1on, an 1mproyement 1s a]so noted in contro] of the thtom cpmposi~

<.tion This 1mprovement is. due to the faster control that may . be

1 A ' PR 5
' [} [T » : " . - - o ,
) ! . o

. i + O '
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that may b:\$aken in the bottom loop can be attributed to ratio control

of the overhead composition. Care should be taken when comparing the

performances of the different cont‘ systems on Yhe basis of the IAt

values for the bottom control loop as the cdmposition analysis betomes
unrelfable below 0.3% weight percent methanol.

A potential drawback of the ratio control system is that thfs
system ignores the effects of control action in the top loop on th [1
bottom composition. This does nat appeaﬁ to seriously effect the‘
controllability of the column used in this study, but it should be
noted tnat the reflux has a relatively small effect on the bottom product
composition’ in this case. Also the stability of the bottom loop is such
that tight control is impossible. This makes is difficult to evaluate
the effect of the 1nteract12n on éontrollability in this {loop. Fhus
it 1s difficult to evaluate the effect changes 1n reflux flow could’

.

have on the bottom control loop in other distillation control systems.

) :

. % R ~

The nonjnterabting control systeﬁ was successful in ach1¢v1ng.'
a sfgnificant 1m$rjovement .1n control over the 'conventi'onal 'proportional
fntegra] contmi system. The ‘performance ;f“th.is control system follow-
1ng a d.arbance 1n feed flow {s fllustrated in Figums 7.12, 7.13,

7 14 and 7.15: The noninteracﬁng pstem reduced the IAE 1n the top

composiﬂon control Toop bx a factor of s over that obtained With con-

l

1gn1f1cant 1mpr0vement in

ventionr control, Ln add1t1on, there

control Jof the bottoa composi.ﬂorr as th IAE 1n this, lpop was reduced

S ~

from 29, 3 to 16.7 in a typical cnse."
. . R
" the ratig control scheme with °

* In compar{ng the per‘romnce

m nontntgncﬂng system, both sxstm esult in a similar’ "goodness”

OV‘ ’
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of control as illustrated by the JAL values for different tests. There
is a marginal improvement in control in the bottom composition loop

with noninteracting contro] over that obtained with the ratio control

scheme,

)
- A comparison of Figures 7.12 -~ 7.15 with 7.3 and 7.4 illustrates
_tﬁe effect of the noninteracting compensation. fﬁe,overhead composition
is no longer disruptéd by control qcfion }aﬁen in the bottom loop as‘
was ‘evident in Figures ? 3 and 7.4, The sustained osc1lla£ions evident
in Figures 7.3 and 7.4ﬁ)ave been e]1m1nated In fact contrq1 of both
end\cqppositidhs toggé er with noninteracting compensa}ion?yie]ds as good
a performance in the individual controi loops as was attainable Wheq.onl&

i

one end composition was controlled, “‘?
N g

The coptroller constants that y1ﬁ]ded a: WKn1mum 1AE response

Ly
/

with non1nteract1ng compensatlon were thq&same as,&hose employed to / ’
obtain a minimum 1AE response when two ] ps werd’ z%rfrol]ed separat&ly :
1\9 comﬁenyqﬁﬁon ’u }

allows 1ndependent(pperation of the twg control ]oops - » f

U W .
. + / .
» it »scf¢2§
would s_hoé% e'v‘ 14

tl
naﬁ”%hﬁo suggest that non1nteracL1ng compensation
column 1fﬁha bo‘t,top compggition gontrol loop was moret stable, The main

1n runs 5~1 and S~2. This suggests that nonintera

(
atépy improvement 1n the control behgv1our of the

: objective of noqinterapting compensation and the rati;g cqntrol scheme
- “15 a reducﬂon of t’ne effecq of contrf] ,action taken 1n the bottom loop

on the overhead compos\mon wiﬁu a re]vat;ively unstable bottom prqguct

contral Toop, ‘e amaunt that the contro] action in this, loop can b7 »
fncreased mth the use of an advanced contro1 algoﬁ thm s ymited
Thus the qu beneﬂt of the nonin&eracting and ratio contml systems

'L

;
2
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CONCLUSIONS . .

1. A gas chromatogranh has been demonstrated to ,be applicab]e‘to
a feedback control system where the ratio of the sampling
period te the process time constant nas 7. ) p

2. A&'a deeign basis for a noninteracting control sysfem, the

dynamic behaviour of a binary distillation column (for excur-
sfons in product composition of up, to ]: wt. percent about aR
operating point) may be adeQuate]y‘represented by a set of ¢
first order plus dead tjme transfer functions., Averaging the

* model paraneters obtained ffrom a serie; of on.11ne pulse tests
coupled wiéh a fit of the transient responses in the time
:domain provided a sat1sfactonj means of evaluating these “l

| transfer functidns | ‘

3. The direct control of both the overhead and bottoms iomposition
of a d1st111ation column s not recommended unless a means of
reducing the 1nteract10n 1s employed., It has been 11]ustrated

_that the interagtion, 1f. ignoredy can cayse a serfous deterior- N

~atfon in the performance of the comrol system. One must be AN

fﬁii .’ prepared to accept’ e1ther extremely slow control .or an o§c141~‘ |

atory performance in such a sys;em In add1tion, as a direct

| resylt of the interaction between the controln 00ps, it ise

;unduly diff1cult to tune the 1ndiv1dua] contrﬁ?]ers\
4n~ &ontrol of the Qverhead ceﬂposifﬁqn by man1pu1at10n of the

I3

v
sio.

reflux tg overhead vappqr ratio pro 'des en effect?ve means for
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n
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5.

6.

1.
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head composition. The use of this ratio control system resu]tsﬁ
in:?'significpnt-1mprovement in ﬁhe performance of the averhead
compoéition control loop as compared to a conventjéna] system,
The control Sysfem designed on the basjs of elimipating t“Fr~
actions yié1ded'a much improved contro]‘of £he~overhead composi-
tion and a somewhat 1mproved performance 1n the bottom composi-
~tian loop over a conventional system In addition, the problem
of tun1ng the individual contro] loops has been great]y reduced
as the noninteracting compensatlon allows: the loaps to be tuned
1ndependent1y.

In the case stydied in this work, there is litt]e_differéncé .
hetween the performénce<of tﬁe ratio contral system and the’
noninteracting system. The additional 1mprovementb1n control

A

with a noninteracting system may be offset by difficulties en-

tountered in model construcﬂion. On the otner Hand,-if'the
qualities of muitiple side streams are to be coptrolled by
their respectjve drawoff rates a formvof non1n;eract1ng compen~,

sation 1s.necessary In th1s _respect a non1nteracting contfo]

system wi]l receive wider application 1f dnfficultiﬁf in model

",

gonstruction are not proh1b1t1ve e . et
. \ ‘ e Coe K N | ’
' 2t . . "' ‘ ' \ . ‘
R,EcmeND’Anons FOR ﬂT_UREI WORK o
L S \ L s

‘..

The construction of an adequate dynamic model is the single |

. greatest dlfficulty 1n app]icatfbn of modern g@ntru] theory

to A dlst11]at1on pﬁbcess. Alth9n9h muph worh has been donq in

aE
. . \ . : 1
. H : PO ' .

. S
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this area a compiete]y satﬂefactory methed for decermining a ‘i
simp]ified dynamic model does not exist. As has been 111ustrated
in the present study a set of transfer functions determined by
on-line dynamic testing yields a satisfactory description of the
dynamic behaviour of the process, However, dynamic testing is

usually not desirable in an {ndustrial process and is at best

time consuming, Consequently, a®method of simplifying the higher
N ’

.order dynamic models prevalent 1n-the literature fs'requireg,v.,-f’

There are well known techniques for reduc1ng the order of a
state variable sy;tem based on e11m1nat1on of these states with
the least sign1f1cant eigenva]ues' However, there is little
evidence of an 1nvestigat1on of the accuracy of a mode] when the
order of the system has been drast1ca11y reduced Such an inves-
tigat1on wou]d be especially significant in the case of a dist1]1~
ation column where the eigenvalues are usual1y of the same order,

of magnitude. Thgs a meanjngful study wou'd be an lnveso1gaﬁlon »

of the representat1on of column dynamfcs by a reduced dynamic mode]
,../

,Of the process and subsequent study of {ts performance as a ba51s

" 4

for implementing advanced contro] SYSE?WS o : .

The problem of formu1at1ng a dynamic mode] for noninteract?ng
L

cempensation an he' 1arge1y overcome by using a simp]e gg1n com-

Q

xpensation in the -place of the dynamic compensatorc .The gains may

Al a

B

:“be determined from s1mp1e step testifon the process or'a proven

\
C o : | ”~

steady mocel of the process . , ;
& :

The ratio c.ntrol sy#{em emplpyed in th1s study was sudc953fu1 in

| : ¢ * 0

i
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ial balhnce control scheme proposed by Sh1nskey (75) .

| performance-attqined with that obn,

”quality control of q disti]]ation prpcess 15 one based on ept1ma1
gpontroi theohy A]though 1t 1s d?fficult to ormulate an; *v‘ﬂ - ‘.;
. "optimal“,cﬁh;ro1 poljty for 8 regulatorx system, 1nvestiga$1§n

87

‘ )
ref]ux to overhead vapour ratio. That is any chonge in the over-, l
head vapour rate (yhith reflects the_jnteraetine.etfect on the '
top product) is automatically’Edmpensated for by a‘;ornesponding
change in reflux flow. 'As was the case in this work, it is often. .
1mp0351b]e to measure the overhead vapouh rate This would suqqest

v , &

the use of an alternate system whereby the overhéad compos1t1on is:

coﬁtrolled by the top product drawoff rate, the condensor 1eve1

~being tontrol]ed by the ref]ux flow., Thus any change 1n the over-

head vapour rate would be automatica]]y compensated far byﬁf )

correspond1ng change ln reflux flow in onger to mantain the con- ',f

'denso&,leve] constant.” A similar system may be\emp1oyed 1n o Y
L controL of the bottom product. compos1t1§ . |

s contro1]ed by the product drawoff ana'the reboiler 1eve] 1s

~
n. where:r the composit1on

eontro]1ed by. maﬂ1pu1at10n of the steam rate fh1s is the mater~
. Ce

! l"
Rosenbrock (8) and Dayison (10) haye despr1bed a.method foq two .

Pqint contro] of a d1st111ation column based on a mode] anal sw@

techn1que as descr1bed 1n Chapter 1 ‘nLL wqu]d appear worthyhile ' o

to 1nvestigate the perfo?q?nce of : \em and compare ' ;\-,
mw£~u§1hg 9ther,mq1n1v5r$é-h
S BT A O

able contro] systems, L 'f o ;/

§ ‘ 4

perhaps the contro] system with the most potential or duaT

T, !‘ﬂ" ! ‘.

h).r‘x

K :. “ i
> o {\!\' Vi b V ‘ "

'ka“ide appear'to be ynrranted SRR ﬂ~;' s
[ A ‘ Y . P . ] W

. . et d
i 5 ‘m.a ~‘~ .1 o e
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A .
.
. . .
A coefficient matrix for the state equat{on .
a13- element of tne-matrix 5ﬂ ‘
A . alyzer | )
B oefficient matrix for/the state equation
c ' E([;/é}léontrol1er transfér functions
C1J indtvidual controller transfer function
cC composition controlier ° .
R noninteracting compensator matrix ‘
bij noninteracting compensator.element
£ - error signal . .
F : distillatipn column feediflbw rate .
FRC A floQ recorder controller . t
[} closed Toop transfer function matrix
Qij ;]ement of the closed loop transfer function matrix
H(s) 'zaro order hold transfer function :
| controller matrix
K * gain matpix
KU ) indivighal gain element

Kl gral gain i " "
. . p 2

Lc ‘lcvnl controller . :

n (mﬂnr of components in a stream

E. Pﬁﬁi;zi tFVESer function matrix g;"'“¢>3 -

Py i !m&t of t’k process trnnsfqr fuqctton mtrix

R stﬂhﬂm ‘cbhm reflux flow [

R nfnm 3nw§ ector . ,
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“matrix of eigenvalues

89

ratio flow controller

.

distillation col®n steam flow

sample perfod

process time constant
vector of control variables
matrix of eigenvectors o S
s@até vector | .
distillation column bottom product compoéition
d1st1]1at1on.column overhead product composition

disti]lation column feed cQT§6s1t1on

]
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TRANSFR_FUNCTION PROGRAM (TRSFCT) . ( , & B C

The function of the #rardsfer’ function program was to fit the ,
VoL e o
'transient response data from a‘ pulse test to a first order plus dead
L} ' .
- timeg transfen function mode. ) ’

The f\lk‘st function of the prOgram was to smooth the transient
3
data using an exponentig] fﬂter The trahs1ent dqta was then converted

P

'to perturbation values by subtracting a computed average steady stat,e .
value. Slnce the process did not always return precisely to the

initial steady state fo]]owmg the pulse test, it was necessary to force
the pu]se,-to c]ose by *infurtng that the Jast ;0 gata points were 1ndeed
at the 1n1t1a1 steady state. ‘This procedure was necessary toravo'id the

K ]arge time eonstants that wou]d result from any minor msturbamcé‘ that )
‘ . R
: wou]d cause a steady state offset, '

. . . / toe \
" \ To detumme the parameters of the model the t{me delay was
- fpst determined by Jocating the point\of maadmum s’lope on. the tnittal |
.-i S -
Side of the respbnse eurye. The time delay was then detenmned from

)

the intercept of the line of maximum slope’and th}‘;;»

itial steady state e

valug. The prqcess gain and.time constant were then determlned by ©
! [} b .
3 searcan for the values of these parameters that mnimind the s\‘of-

the squams of the errors between‘“the actual reSponse gnd that pre-

tedo

ﬁic;ed b,y model, The resnonse Qf a ﬁrst order trqnsfer function pro-» o

:ff'+ ). té a pu]se 1nput of width a and l;eigm; b 15 91,,,,, bx ; | /
vht."“ ' ~n, ""ﬁl . - aL \‘ ’ ‘_.k o

.k 7

L r - Kb U = e ‘- U(Q A)(l‘. e ]""

. ‘ . Y L ' \ kN A
i Ol; . " A}

» N 'u.
!4\;. 4

thg segreh fqr the optim pmgess pametqrs ms Accoﬁpﬁsm by WWF o -
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( 1. NCAgE. th‘e m@ber of cases ﬂ(fbe run. .
2, For each case require car@ 1 2 ICONf =1 1f Lhe pu]se 1nput function
is not part of the data input. ‘ , .
NPTS = number of poidts of transient data. |
iTYPE =1 for a posit1ve‘gajn process.
~l‘ for a negativa‘§ain process.
NUMBR = number of vectors of data a§ input,

P

Card 2 + NVCTR = 1 for each vector of data that is to be fit to a é

2

model..
| . Card-3 + title  f | _ o
“card 4 4 PNDTH = pulse width in minutes. @
. PHGHT = pulse height in process units. Lo “-.
‘ L o (IF ICONT = 1 the PlﬂSe width and height aré calcu]ated Krom

v

the input data) AN

. /- IVCTR = vector number of the pulse 1nput qata (used only if

L] .

ICONT = 1) | o
{ Ny NPSST = number of. \stead,y statg data pMnts, pp'{op to téﬁ
sturt of the pulse. ' I oo
| pulse. /) . e

_ NHIDE - pulse w1dth is a number pf data Mints. ~

Card 5 * FLTCST = fﬂter cqnstmt-v L ,“ SRRV

\
E

_ Cards 6 + * NPTS of transmm; éta for each vggtor of. dah (pre.ceded,
% by 4 Mg}g cqrds whighﬂeare 1gn9rad )
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necessarily acquired’at a much slower rate than ti'e other transient data. v

‘This necessitates several differences 1n the computer program to, flt the
A o
trans1ent data to the. process model. ' : e

1) A two point formu]a for the ﬁrst derivatwe versus the five paint
a for‘mu]a used in the TRSFCBprogram was employed 1n calqulating the
r deadee - n » S , /
,5 M

e, ' !

The 1as£ five points of transient data were forced to be at the

‘initi/a'l s teady state value in order to force the pulse-to close

4 .
-

3) The/ trdnsmntpata was not fidtered. - ‘ " , o
In a])/other respects GCCONS 1s, ideqtjcal ?O\TNF o B

Il »

PR

Z/SORI PROGRAM (GTDATl . )
B - The fhncti‘on af GPDAT was to sort the data acquired dur1ng the ,‘ ‘

clynaiﬂc teats. conyert the data to the appropr’fate units and punclﬁ the
data "to cards in a syitnb1a ﬁfmat Jor the. transfer “function programs. o
The rwmber of looﬁs, m;r of data poﬁlts. time §nterval

'\

,qd a flag (iﬁC) 1ndicatiqg that the gas chromato~

between data ppints

yot




+ by theftransformatién. Lo
- ‘ A -

- '. . .' AW

L &x=A/32767XIx+B

where Ix is the unsca]ed value and 'x 1s the sca]ed value in eng1neer1ng

un1ts For f]ow loops the flow is corrected for the steady state

'composition and temperature.. The data 1s then punched to cards.. The

gas chromatograph analysis.is also outputted for the dynamlc test 1f

the\IGC parameter is non zero. ﬁ&
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. PULSE IN REFLUX FLOWIRUN 20) -
PULSE DATA
¢t 80 g eas e tsory .
' ~
PULSE HEIGHT «29 LRSe/MIN
PULSE . W]DTH las7 MINUTES
.- .
L Y
) STRADY STATE OPERATING CONDITIONS
Top co::gsxrxow 9345 wT. PERCT.
BOTTOM comphi}nom ¢51  wTe PERCTH
~ ‘FEED'!:g.Ow ' _ 2045  LBSe/MIA )
- FEED COMPRSITION 4646 WTe PERCT. .
, [ ReFLux FLO 1491 LBS./VIN
steam reowl. 2402 LBSe/MIN
' TOR PRODUCT 1518 LBSa/MIN '
§ R v ' - ‘ !
BOTTOM PRODUCT FLOW 1028 LBSe/MIN .
N ‘. ' ' ‘
MATERIAL BALANCE ERROR UF CLOSURE !
I "QQQQQQQ’\!OOQQQQQQQQQQQQAOQQQQQ!QQQ.QQ’ ! \
 OVERALL . 08 WPERCTA
. ?;éﬂl METHANOL - - =03 PERCT. \
' ' .. * - '. . ’ t ‘ !



102

PULSE IN REFLUX FLOW(RUix 2{)

. A
~n
PULSE DATA - ¢
¢ at¢oetsosaass
- PULSE HEIGHT ~e18 LBSe/MIN
LY , - "« N
. PULSE wIDTH = | . 1847 ° MINUTES |
\ . . ‘ .’ o . '
r Lo SR .

~

. . [ .

STEADY STATE OPERATING CONDITIONS
eps0etpelegrcestssnnstbnccaspnsnsssee

»

TOP COMPOSITION 9%49. WTe PERC™
BOTTOM COMPOSITION +50 WTe PERCTa

' FEED FLOW 2043 LBSe/MIN
FEED COMPQSITION 4646  WTe PERCT.

‘ REFLUX FLOW 1094  LBSs/MIN

- ,siﬁAm FLow . - 2000 LBSe/MIN

. {op PRODUCT FL.QW 1018  LBSe/MIN

BOTTOM PRODUCT FLOW 167" LBSe/MIN

\
L]

. VA

MADERIAL ~ BALANCE ERROR OF CLOSURE

Q..Q.IQOQQQOQQQ.3‘!.0!!.'099!'..CQO.Q

. COVERALL . =0e3  PEKCTS
. : . . ‘ -
O 1 METHANOL . =0s7 PERCTa
. e -

' il al
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[
PULSE IN REFLUX FLOW(RUN 22)
e » |
\
PULSE DATA -
\ PULSE HEIGHT .29 LBSe/MIN
. PULSE WIDTH . " 1343 MINUTES
STEADY STATE OPERATING CONOITIONS
..‘..‘..l.‘;.‘..".......QC. ...‘....
TOP COMPOSITION 9640 wT. PERCT.
BOTTOM COMPOSITION ¢85  WTe PERCT.
Fssq/Fwa 2046 LBS./PIN
FEED COMPOSITION 4646 - WTe PERYT. -
REFLUX FLOW . 1092  LBSe/MIN
*STEAM FLOW 2601 . LBSe/MIN
TOP PRODUCT FLOW . 1eJ7  LBSe/MIN
BOTTOM PROQUCT FLOW 1630 LBSe/MIN
* ] \ ., ' ’x
MATERIAL BALANCE ERROK OF CLOSURE . °
Qagcoooqtegngpnoéi:pocgooosogcn.oogcq
'OVERALL o . 0e% ° _PERCT,
 METHANOL " " =le2  PERGT,

' , LA ¢

. ) . . ; -
LN L] .
-
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-PULSE IN REFLUX FLOW(RUN 23)

A

PULSE DATA

......l....
PULSE MEIGHT .28 LBSe/MIN

PULSE wIDTH 8«00 MINUTES

STEADY STATE OPERATlNG. CONDITIONS
“ooo-oooo-o.-oo.o-o-oooooo.-c..odoooo-
4

-«

fop COMPOSITION ”95;0\\ WTe PERCT.
BOTTOM COMPOSITIoON 50 WTe PERCTe
”*f\;
FEED FLQW. 2046 LBSe/MIN
FEED 'COMPOSITION 4545 - WTe PERCT.
REFLUX FLOW Y196 LBSe/MIN
STEAM FLOW 2499 LBSesmIN
TOP PRQDUCT FLOW 1412 LBSe/MIN

BOTTOM PRODUCT FLOW 1430 LB$_-/MIN_

L I

L] f
L] . .,

MATERIAL QALANGE ERROR OF CLOSURE

o_quqhuu‘ii;n‘g"ﬁg-.guuouuuuoués : ,
OVERALL  ~le4 PERCT,

_ METHANO}, *34%  PERCTy

' + - : ’ ’ ‘

0 . »
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PULSE IN REFLUX FLOW(RUN 24) .
' ' A
PULSE DATA
........C.. .

PULSE HEIGHT ~e19 LBS./MJN

. \LA\\\

{ i . n
PULSE wIDTH b Te70  MINUTES

Y’ﬁ)))’

" STEADY STATE OPERATING CONDITIONS

.ooooto--co--qoqo..ocolohntm.qooooooo

",k
TOP COMPQSITION T 9841 WTe PERCT.
BOTTOM COMPOSITION - .48 WT. PERCT.
FEED FLOWw - . 2445 LBSe/mMIN
FEED COMPOSITION | 4743 WTs PERCT,
REFLUX FLOW | 1093 LBSe/MIN
STEAM. FLOW ‘g o 2002 LBS./MIN
TOP PRODUCT FLOW . 1417 Las./mxm

BOTTOM PRODUCT FLOW' - 1422 ® LB&.!M!N

s ce / o | SR

mnrgsxng aALANCE znﬂokx OF 'CLQSURE

: QQ !QQQ!!'QQ!!QQl!‘!QQQOQQQQ!Ql!!!QIQ b

L eveman o g PeReT,.
S ey T G, CURERCT .
, . e ‘s R ‘ ‘z H .; o o ;_ o . ¥
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PULSE IN STEAM FLOW(RUN 20)
~ ) ‘ .
. ) ?
PULSE DATA
...ﬂ...‘...'
. \
. PULSE HEIGHT L s 26
. PUL SE WIDTH v 1067
[ '

© STEADY STATE OPERATING CONDITIONS

,..........l....QI.......‘....“...‘...

TOP COMPOSITION = 9546

BOTTOM COMPOSITION 53

-
.

. FEED FLOW 2,45

o FEED COMPOSITION 4606
_REFLUX FLOW e '. 1492

STEAM FLOW .. * (2,02

+ Yroe erovuer Faw o AeR0

~ ,l.¥« éQIIQM gRngCT FLOW 130

MATERKAL aa&anc@ csaca QF * cgosuag

i J"v a!naguggmqpa*coocqon.oopgpggngnocnooa"
.’ \-‘,bixz’x ;‘ ‘, . . ‘ » R .
S pveaagg, SRR T R pescr. Y
" " “ " ) ] " “' _;‘ (,J. . “ . ‘ . i ,_'* ' i
IS ﬁNETHAﬁOL f"; T Qe PERCTY
v {.Jp*j'% i C oL T T e
L T A i ] ’ : ¢ ’ A

LBSe/MIN

MINUTES
) -

WTe PERCT

WTe PERCTe

‘LBSe/MIN

‘w\\

WTe PERCT.
LBSa/MIN
LBSs/MIN
LBSe/MIN
LBSe/MIN

Y
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. 0 |
PULSE I\ STEAM FLOW(RUN 24) .
Y "
L} r.~ y
v ‘ ' ) ‘
PULSE  DATA | - .
PULSE HEIGHT , ~e21  LESI/MIN
PULSE WIDTH 1 9433 MINUTES
_ STEADY STATE ops::?\ CONDLFIONS
."........‘Q...Q..D...Q‘.C.......... ‘
~ TOP COMPOSITION © 9549  wTe PERCTS
. ' . .
BOTTOM COMPOSITION ¢80 WTe PERCT4
.- o o
FEED FLOW . 2047  LBSe/MIN
. L)
b FEED COMPQSITION 4T7¢0 . WTe PERCTe
- T REFLUK FLOW - T" §96 LBSe/MIN
' STEAM FLOW o ggOI KBS s/MIN
o L ToR Paaoucr FLOW U 1-&5 LBS?/MFN‘
0N, nom mowcw FLaw Uelesd  LBSe/MIN
- ‘, R TR ) REORIE NI o
. 4 "H»' . . R :‘}" f" v ' 'x ,.ﬂ . i l'! ‘;-
mmm. am.mgg ERROR OF choswREle -

neggslpgsg.o»anng;qaaaeaelgaa‘gg e
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»
. PULSE
o008 00 0
\
Q.
* STEADY

0500009000.00;0..-....O‘q.

[}
- e

’

-REFLUX Ekéx\' ;} 1495

STEAM'FLOW | 'f e 12401
;'top PRODUCT FLow.,*Q; M7

aerrom paoouc7 rqu 1e26,

- ToP composinrom

FEED Flow - ” 
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.\,
LSE IN STEAM FLOW(RUN 25)

DATA

S0y
PUL'SE rom . 7 A Y
PULSE W1DTH  -° 9.07
' f )
STATE OPERATING. CONDITIONS

npooo-o.oo

R
)

’

e 9640

‘49bTTOM COMPOSITION , . 'E;e

*
L]

4

12446

FEED composxrxon Ao ato

; p'_ [y

,
. .
B L“i' ) ,m B 4
,. .
.

‘f; .
i A

LBSe/MIN

MINUTES

Wie PEKET.
WTe RERCT.

LBST/MIN

WTe PERCTs

LBﬁq/MIN

LBS. /M!N

LBSQ/MI‘
LBS./MIN
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» \
. . ~ -
PULSE N STEAM -FLOW(RUN 27) - o
. ~ ;
PULSE DATA O
®006000p0eayp
‘ PULSE HEIGHT ~e27  LBSu/MIN
~Aus® wiotn 587 MINPTES
\ “ ) 4
€ STEADY STATE OPERATING CONDITIONS .
ooooo'ao.'oooooo_o-o...‘qaoo-000009030000. , D
o “
i TOP COMPOSITION 9548  wTa PERCT
BOTTOM COMPOSITION 48  WTy PERCTe -
* . ,‘ l/ . I
*  FEED FLOW ‘ 2445  LBSe/MIN
‘ FEED COMPOSITIGN 4746  WT< PERCTa
CREFLUX FLOW . "+ 71493 \BSe/mIn
.. STEAM FUOW '+ 2,02  LeSe/MIN .
v ‘ . . ek
ToP PRODUCT FLON . 1éde . LBSe/MIN u Ty
BOTTOM Paooucr Fqu T 123 Laa./nxm !
: . . , ; l‘;
‘_ MATERIAL - BALANGE ZRROR of CLOSURE . /o | .
q.cgoqoggg,uuo-goach.,ocnﬁqtcpo:‘nu..;_',"""‘ SN
COVERALL . P age4 PsRcT. .
o } C wl ‘ .

et METHANQL ER RS *ag,g. PERCT. n,‘f‘jwl

R . <a , ~'."“' . .. R,
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' o . .
PULSE IN FEED FLOW(RUN 20)
PULSE " BATA
- $%gss00000a, .
. PULSE HEIGHT Y gas.ﬂm‘
. , PULSE wIDTH = ' -LS.Z.‘MINUTES‘
‘S,TEADYKTATE OPERATING coubnx’c:}/
‘.OOQ:;..0.....l.o!od..ll....‘q‘. (XX P
. A ~‘\ 5“: . :1 !
0P €omPod1TION 507 Wle PERcTs\
., BOTTOM COMPOSITION 8104 W P&Rcr.
v | L g,
) @*EED FLQW ‘ . ?\‘ l2'9 ' - Y Q?Mrt\l
G e <
FEED composxnagv Lo 4646 < ‘m"‘v Te
” Co Rssgux RLow ot ;.94 gpsq MXN
Cor T, 'sTEAM FLow e ”z;oz hpﬁﬁ{MlN
w O TOP pRooucr FLO‘W nl 20 l.es../r«awa)L
e aonom PRQDUC,‘T Fz.ow f,- -1'32,,7  LBSp/MIN
ANt a"' SIS \ o ." ool e rtqr.

”::' : ~,
7 . ’ s n ‘
e PERCT..
q 9 Pﬁaﬂ-
e 1 A -,;{‘_’. ';_. o
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PULSE IN FEED FLOW(RUN 21) - "
R ) ri -
o ' v | .
o o N
' PULSE DATA ‘ ' { ' :
edoececovaae . a . "
. PULSE HEIGHT : =e24  LBSe/MIN -
. PULSE WIDTH © 1545 MINUTES
-j;gggx STATE QOPERATING ' CONDITIONS
..0..l....‘l....l......‘..‘ LI K Y L . .“
. 2 . * &
L3
S | - \
TOP COMPOSITION 9509 - WTe PERCTe
. BOTTOM COMPOSITION «75 WTe PERCTe
. ] 'Y . ) [
.~ FEED FLow . '2046  LBSe/MIN
B FEED CauPosITION | 46i6  WT PERCTs
. ' »
REFLUK FLOW 2 O x¢95 | LBS€/MIN~
" ~ STEAM FLOW . 2.00 ‘.as./mm
. : t—,_"l ' ! o w P’
TOP PRODUCT FLOW -~ ;.13 KHLBSo/MIN .
ey ' Lg.g‘g CLBSOTMIN ¢
'lvi P . ¢+ ‘* ’ ‘ "' . . ‘.

WATERTAL BALANCE ﬁahua QF cgosuae
unuumg»mgnupuunqguquuu

. .
: L I
" RN
Tt v
ot 3
* 3
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PULSE IN FEED FLOW(RUN 24

- l ) ‘
N
- b
A PuLse,_bAtA ' h
"'1‘ t 3 o
/I .......’,-‘.li' - A , .
‘I : , . f, N . o A :
o PULSE HEIGHT - k4 LBS./MIN
m}.\, . ) . \
S PULSE WIDTH ' - 9487  MINUTES
” , ‘ . . ‘ -
)).. | '.
0
A C o
Jﬁ "$TEADY OSTATE OPERATING <CONDITIONS )
,’!v ‘ qoo-c}cooco.‘.otoc'ogoo.oonoaoo.lo..oonqc‘
'H Y
o

(I | . ~ |
\

TOP COMPOSITION . ' 9547  WTe PERCT. -

BQTTOM COMPOSIT]ION e40  WTe PERCT.
‘ . o "'¢‘\ \‘ BN

EED FLow. M 2445 LBS/MIN, |

EED COMPOSITION - 4796 Wl PERCTS

Wl
i o : / .
# t: “J EFLUX FLOW 193 Las./MIN
= ; TEAM FLOW 'ﬁ - ' f .I«'2.Q3 L%%Q/MINJ‘

. 1{17‘ LBSSYMIN
lizau prgofmlmff

. ) S .
,' N L T e

'Q-

=
-

‘/'r !

-'? am Pﬁam




' 113

PULSE IN FEED cOMPOSITION(RAN 20) -

\
PULSE .DATA \ .
se8 s . ‘
PULSE HEIGHT | . 8e7  WTe PERCT. F
' R - ¢
 PULSE WIDTH 1507 © MINUTES'®
} " | ' | A
\ STEADY. STATE  OPERATING CONDITIONS
oo,.ol.ooooooi;oo‘o‘ooon'oooqogoloOoono ‘
- ToP compos il . 9545  WT. PERCTa
* BOTTOM COMPOSITION e52  WTe PERCT.
o FEED FLOW - 2.46  LBSe/MIN
FEED cqmposmom © O hges PERCTs
. " . ' et ' . oy,
N C REFLUK FLow ,‘,;., 1094 | LBSe/MIN
AR swm FLON o, &m'. '«‘.LBS./MIN-
A A TOP‘ RODUCT PLQW ot 1.13 \Les./u;-
RESIR L gomm }?ROPUCT ng;y xq(za | LBSSAMING:
ﬂ "‘,"'Fv.. ’.I' '.,L"l 1 »'r'(‘ . w ol \‘1" Ao : “{ g ;v‘ﬂ .v\\»“;" :’} " “ [:.
:'.';"”,




M [ , I
| FéEO FLOW . 2e4e
FEED COMPQSITION . 4BeB
CREFLUX FLOW s
. STEAM.FLOW 1;,ﬁ0ffii ”'ii,ggi
'ﬂ‘“Ov ToR. PRODUCT‘FLOQ 1‘4'Ol 1413

PULSE IN FEED COMPOSITION(FUN 21)'

\ ‘

PULSE' DATA
PULSE HEIGHT - 1 ~be9
PULSE WIDTH 8 lbed

STEADY STATE. OPERATING_ CONDITIGNS

c‘o..noo.,.oo5000100q9000iqo.dopoiqoo
A By N l
. '
[ 13

W
TOP COMPOSITION ‘9543

BOTTOM COMPOSITION .' 248

. LBSQ/NIN

WTe PERCT@

MINUTES

'A‘l‘
)

. “\.:\l’;*\ , Lo
WTe PERCT 4

WTe PERCT.

A}

y

‘wT. PERCT.

LBS./MXN'

. ’:\
LB&O Nt C

. Las /MBN

?‘@Lssplmxn*"

L3
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PULSE IN  FEED COMPOSITION(RUN 22)
- .
. it “ 2 " .’"
+ PULSE DATA e
;«.ll‘-ll.l.o w " D
. : N
PULSE MEIGHT 1 5¢9  'wTe PERCT.
. PULSE WIDTH | 1449  MINUTES
‘ N . . . :
. ‘ te 'r‘:vﬁ" ‘. 'l o f':". |
. Y .:'!'1. k‘. T “2 H‘
» R o “
STEADY STATE pFRAfféé CONDITIONS
.O.‘Q..QQ..;‘Ao....ot...ll:?..ql‘..!‘ 4 “!
TOP ' COMPOSITION 9548 - WTe PERCTe
BOTTOM COMROSITION 60 . WTy PERCT.
FEED FLOW 2.455 LBSe/MIN
FEED COMPQSIHON fx', «e.a WwTe PERCT.
. REFLUX FLOW #‘ 1096 LASe/MIN
STEAM FLOW - 2400 LBSe/MIN
Top paoougyﬁﬁﬁ_*?. 1615 LBSe/™IN
BOTTOM PR 'kf 1617  LBSe/MIN
Y
. . ]
MATERIAL BALANCE - ERRUR OF .’ 4gg§uae |
oqotncltoononnqaoacgaqn0’*{"‘!‘¢%§QQQQ
l/l?“\‘;‘ Y 1
OVERALL , \3 ;;*R‘ 3-'-5.1 _PERCT.
‘meTHANOL  wil ERTar Lo o PERCT,
. . "ﬂ?‘y d f’j n
3 t' .’V .
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~ PULSE  IN  FEED COMPOSITION(RUN 23)

\

PULSE DATA

"‘.CIDII.‘.

PULSE HEIGHT ~Ta7 wWTe PERCT.

PULSE WwIDTH 14«9 MINUTES'

j\

STEADY STATE OPERATING CONDITIONS 1Y

...‘....Oll.‘..QQ‘...........O..‘....

TOP COMPOSITIO& 95.9 WTe PERCT!
BOTTO™ COMPOSITION a6 wT. PERCT.
- .

FEED FLOW v 2046  LBSe/MIi

. FEED CQMPOSITION;J 4843  wWTe PERCT.

REFLUX FLON : ~Lsf6  LBSa/MIN

STEAM FLOw 2400 LBSa/vIN
' 1om PRODUCT FLQN 1e1% Las./wym

aorrowfpaooucr FLOw 1627  LBSe/MIN

MATFRIAL BALANCE ERROR OF CLOSURE

O!OQQQQQ!QAQ!QQOQ‘QVA!Q.QQQQQ!&Q!QO.QQ‘QQ .
2 W ‘ ; ' e
- OVERALL . . m1e7 PERCTe
) o . * /’T f'
“METHANOL - S =6eT PERCT.

]
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) 4 |
| I\

5 \ N Ve
pdor Lodp ALonE (RuN s10

DISTURBANCE ° ‘ ‘t

STEP IN FEFD FLOwW +e34 LBSe/MINa

1

\/’ ‘ -t
STEADY STATE OPERATING CONDITIONS
. ‘ :

0 0 888 0048 804008084089 08ab0 s sena00000e090000e
-

INITIAG FINAL

TOP COMPQOSITION 96,1 9641  WTe PERCT.
BOTTOM COMPOSITION ' «60 1452 wTe PERCTS
r” ' - :

FEED FLOW 2047 28] FBS-/Mle
FEED COMPOSITION CYEY: 47.8 WTs PERCT.
REM.UX FLOW 1687 1e74  LBS+/MINs
STEAM Fﬁbw ’ 2002 . 2402 LBSe/MINe
TOP. PRODUCT FLOW 1418 x.agiﬁ LBSe/MINe

BOTTOM PRODUCT FLOW : 1e21 1e41  LBSe/MINe

5
)

MATERIAL _BALANCE ERROK ~OF CLOSURE |

292000 ¢0esrthasAhcscsgsnnssncdesennsecnnee

OVERALL =3l _0e0 . PERCTS

METHANOL. - e BEEES 19 1.8 . PERCTe
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{ 4

o
v

. Co
CONTROL OF ROTTOM LOOP ALCNE (RUN S$2)

A

DISTURRANCE

$os00casee,
Y

STEP IN FEED®FLOW +e34  LBSe/MINe

STEADY STATE OPERATING CONDITIONS o

...0....‘.......Il...ll...‘.‘.......

INITIAL FINAL
TOP COMPOSITION 9640 9545  WTe PERCT
BOTTOM cdmposxr:ow 60 " 60 WTe PERCT..
FEED FLOW 24t 2081 LAS./MINs
FFED COMPOSITION 4748 4748  wTe PERCT.
REFLUX FLON 1088 187 LBsy/mine
" STEAM FLow ."- , 2402 2e13  LBS/MING
'TOP PRODUCT FLOW -, 1022 1340 ° LBS./MING
' _BOTTOM PRODUCT FLOW 1022 1439 Las./MIn.
MATERIAL BALANCE ERROR  oF cLosbRe ¢ -

QQQQ!QQ!QQ’OQ'!..QQQ'Q!QQQOQ.QQOQQQQ

ngaggga adtn? PERG T ;j

METHAROL - L N O
o' 5 . N . e 5';&1 il
' . : , ; RN AERE S ’
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\
1

P = I CONTROL(RUN PI1)-

!
oxsruneANcqu .
....‘....... )
"\ . STEP IN FEED FLOW. 4434 LBSe/MINe T
STEADY STATE OPERATING CONDITIONS g
» - .

...‘......‘.C/;.0.‘..........‘.........

o  INITIAL F INAL
TOP COMPOSITION 9601 - ' WT. PERCTe
BOTTOM COMPOSITION .60 - WTe PERCTe
FEED FLOW 2467 - LBSe/MINe
FEEQ COMPOSITION . ATe8 -~ WTe PERCT.
“ REFLUX FLOW | 1¢87 = . LBSa/MINs
. STEAM FLOW o 2,02 - LBS./MING
, TOP PRODUCT FLoW . de22 - LBSe/MIN
T adr;bn PRODUCT PLOW | | le2t -~ . LBS./MING

'MATERIAL BALANGE ERROR OF CLOSURE

' spgpgbggoggqiggpeggpogg»gygpsogggenlsf

- e e e

o S eed . e PERCT, |
- * Sy T ©e ' VR s
T B, o S o . N . '
Beon o v A o NI L
. s W E ) - E L - e p I € E o B
! # — 3 L Lot i W ST L S Y
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A
N

P =~ I CONTROL(RUN P12)

DISTURBANCE

STEP IN FEED FLOW ~-N6 LBSe/MINe

(&

STEADY STATE OPERATING CONDITIONS

9 0 060 8 00 0600008000830 0609q0000020s00800 00000

INITIAL FINAL
TOP COMPOSITION 9640 - WTe PERETS
BOTTOM COMPOSITION : 60 - wTe PERCTs  °
FEED FLOW S 2e46 - LBSe/MINe
FEED COMPOSITION - 4TeR = wT3 PERCT.

REFLUX FLOW 1486 - LBS4/MING

L 0

STEAN FLOW - | 2402 LAS's/MINs

TOP PRODUCT FLOW  le22
" : . ’

AOTTOM PRODUCT FLOW ' - 1e21

LBSe/MINe

ILBs;Ame;*f

. . N ' v * '
' . 3 : ‘ o~
. R ) . -

| MATERIAL " BALANGE. ‘ERROR OF Ci.0S

SRR S T
epsasesn’eranegeee [/' ) Vo
' AR . .. i RY

A
,

M ecaageennnsasenyy
STk OMBRALL
4 ' N Y 5 , " i1 ‘:" P &
t ANQL + :
{A:' ,“; e

RV
. |
LA e
. g

L
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P = 1 CONTROL(RUN P13) -

DI3TURBANCE | ‘ Ly ‘ s

STEP IN FEED FLOW. 4434 LBSe/MING | |
STEADY STATE ORERATING CONDITIONS
. .
-~ o | T INITIAL FINAL ., -
. . . . ,v‘f",
TOP COMPOSITION 96,1 v . 1 96el " nTe PERCT.
~bnTIom COMPOSITION | 60 460 . aTs PERCT-

- FEED bew‘ I 2046 - 2heq LES s /MINe
'\ peeD, COMPOSITION o 4748 4748 W, PERCT:

stLyi ngw" | . 1687 - 1496 "LBSA/MINe

| . ;}aé~ ;es.zMLN;
‘;.;1 Las./uxp;‘a

STEAM quw

.. *TOP PRQQuCT FLow -

o 30779” PRQDUCT FLQW L 1038 LBSQ/MIN-'

N ‘

N i I

. s g

. ."" PR ‘:-"‘ .

L a . . \ S ) o
PTNE E ‘ ¢‘Plgﬁ Pﬁﬁﬁﬂb” *
| AU R , Tal
T by R FRRRE
‘?t;'\»{,xj" e ”? S R ' -'!ﬂo ‘Pﬁ‘ﬁg!”* i e
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P = 1 CONTROL(RUN Pl4)

. DISTURRBANCE
.....‘.....
‘STEP IN FEED FLOW , T -ise LBSe/MINe
. \ [
STEADY STATE OPERATING - CONDITIONS
‘ INITIAL FINAL
' \
TOP COMPOSITION ’ ‘ : 9642 9642 WTle PERCT,
™ BOTTOM COMPOSITION <60 «60  WTe PERCT.
FEED FLOW , Y TS 2408 LBSe/MIN.
FEED' COMPOSITION 478 4748 . WTe PERGT.
" REFLUX -FLOW -, C less 1085 LBSs/MIp..
|sTEAM FLOW - 2e02 1088, LBS4/MIN
- : ¢ ' w " ) ,
TOP PRODUCT FLOW - 1e21 1400 LBSe/MINe
. BOTTOM" PRODUCT FLOW . 1e26 1406 LBSe/MINe
' . o . ‘ ' o :

3

- IS . t ; s .
d . . . . . N -
o’ : ’ : . i
» / , . : . ‘ '
; . N R

f}}_{MArﬁstAg aALAncs ERRQR ‘oF c;o&ues -
;}/ y}‘Qltnaﬁsnﬂooacrqpnootno;QAQQQQQOQQQQQL\ = A:w‘:(i’ki | 'ZM

Té;yﬂ PﬁRCTog{gﬁ;
2k, fézﬁgrq?i};
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P = I CONTROL(RUN PI15) . ?
" DISTURBANCE
o!u-..u-oou'o‘: " ' - . -
© . STEP IN FEED FLOW C=e37 URSL/pIne s
STEADY STATE OPERATING CONDITIONS - T
INITIAL F1NAL
 TOP COMPOSITION 9549 9549 * WTe PERCTS
BOTTOM COMPOSITION 60 «60  aFe PERCTe
L4 . : N ) f ) " ‘ . “
' ‘ Y . ) )
FEED FLOW . 2448 T 2408 | LBSeuNINs
FEED COMPOSITION 4Te8 ° 4748 WTe PERETs
REFLUX FLOW _ . le86 1484  LBSe/MINe
STEAM FLOW | | 2403 - " 1,88  LESe/MINs
TQP- PRODUCT FLOW " 148, 1.00  LBS.AMINe
BQTTOM PRODUCT FLOW . - 1523 1006 LBSe/MINs
MATERIAL- RALANCE “ 'ERROR OF CLOSURE
’;‘i‘!Q‘QR;Q;;AO.QQ&QO-‘Q!Q!.\Q!!VQ‘Q"Q\?QQQQ’;'Q..”Q‘;_ " .o K . : Lo \" .
Tt mRALt R . %Ze_é-v - =1eQ  PERCTS ‘
oS METHANOL Tt eaeg s egas) PERQTe
o ' ‘.‘5 "i ',-i ,=,“" o “','f_ : " . ,'VU, L ,'. L ll .' 5 ’ g L -"": " ; B ;}‘1”‘ ' " 4
"":‘1 e e o R L Lt - . . .' , 'v, {',,' i

ok A . : LI - 5
i 3 - " - . ‘ y LR RN 5, . 3

R L T T R



STURBANCE

b " '
® a6 068 0600 a0s LI ' -

ol -

STEP IN FEED FLOW . =e37  LBSL/MINe®

- b - e
EADY STATE OPERATING CONDITIONS - T
s “ Y
......O......l..“........‘...‘l..... N - ]
) « * r

INETIAL FINAL
fOP COMPOSITION 9529 9549 * WTe PERCT

50TTOM COMPOSITION 60 «60  aFe PERCTe
- . i ‘IA . r ‘ . ‘u

' 4 ) } -
EED FLOW | 2448 T 2408 | LBSeuNINs
‘EED COMPOSITION 4748 © 4748 " WTe PERET
EFLUX FLow _ . 1486 1le84 LBS-/MIN-Q
\TEAM FLOW | | 24030 1,88 LES</MINS
"0P- PRODUCT FLOW .18, 1;@0 LBS o LN
QT Tom PR@chT FLow © - 1923 1406 LBSe/MINS

. . . . L . i
v | . . ' e

ERTAL: RALANCE ~'ERROK OF CLOSURE ' . ’
&;Q}bgdgoégtghi;oiop49%099@33quq;_l S “_' - S l"’“!

i

WERALL . ¢ ., . m2e6 7 ~1.0  PERCTY

*" Yo L o A fwer ™ ',’ e . s L e o R . ‘
ETHANOL 7 L Teaag s epas PERCT. 0T
R 1
S ’ ' ' . R N "y, [']
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RATIO GONTROL(RUN R2) - o L
) ' . »~
~
D
w B )
D1STURBANCE | -L\., | |
ooof.l..... r \ ) ‘. \.I
STEP PN FEED FLOW .~ ' . ° =e39 LESe/NINe -
=N } ) A '
L) ~ \
™\
STEADY . STATE OPERATINGR CONDITIONS
...oﬁaoco..o-qo-‘ooooo.o’uo!_..;onuc\‘oro R
” N . n" ‘d \“ .
. . ; INITIAL.  FINAL
" ToP COMPOSITION 9642 ° 9642  wWT. PERCTS
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RATIO CONTROL(RUN R3) . ‘ \
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NONINTERAGTING CONTROL(RUN C1)
|--\ Al : .
I/ ‘\ ' ‘v ,
DISTURBANCE .
e escesenscene ' |
STEP IN FEED FLOW +a34  LBSe/MINe
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NONINTERACTING CONTROL (RUN C2)
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NONIMNTERACTING CONTROL (RUN C3)

DISTURBANCE

[N N NN NN
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NOMINTERACTING CONTROL (RUMN C4)
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DATA ACQUISITION LOOP RECORDS

ID = 0170
205C+v4lu2 3340
2110 7FFF Q00O
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2U5F+041ul 3340
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ID = 017
205F+04103 3260

2110 TFFF 0000

"
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"DATA ACQUISITION LOOP RECOKDS
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DATA ACQUISITION LQOP RECORLS
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GAS CHROMATOGRAPH LOOP RECURDS
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RING BUFFERS

ID = 0210
0611 4208 0170

+I0 = 0211
0611 4208 0171

— 1D = 0212
0611 4208 0172

IDL- 0213
061B 4208 0173

[

10 = 0214

_061B 4208 0174

1D = 0215
0618 4208 0178

136

FOR DQTA ACQUISITION
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FOR DATA ACQUISITION ' '
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RING BUFFERS ROR DATA ACWQUISITION
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" ./ CONTROL LOOP RECURDS
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321) McCABE-THIELE DIAGRAM  *
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'3-2) THERMODYNAMIC CONSISTENCY OF
TEMPERATURE AND COMPOSITION DATA . .
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McCABE-THIELE DIAGRAM .

. The McCabe-Thiele diagram, Figure 3-1, is constructed
employing vapour-liquid equilibrium data given by Pekry (78).
The operating lines for the two sections of the column can, be ®
Written as: rf”"m ' )

~-Sect10n above the feed plate: .

: , DXp .
X
n+ 1t m
substﬂé;t1ng for R, D and XD’ from Tab]e 2.1 yle]ds

5xn + 7 + 36.2 ~ ~

N M\ o |
Section below feed plate-

:{'ﬁ' R\! s ;
' Ym $1 \ xm 17y o
i substituting ior\R F, h& B, XB from Tab]e 2.1 yie]ds

Ym+]’=]4]xm +\]\'963\ \I - N
0

(The temperaturgS‘, g:f féed .and reflux streams wére

_R
Y" R+0D

. Yn = ;

urated 11quids, )

. . '\; . |

The MCCqbe—Th1ele diagra 1liu§tnetes tne operation Of*
the coligin in terms of theoretical Ntages. The extremities of ﬂ
the co]umn clgﬂr]y operate in the “pinched“\rggion of tbe vnpour-

liquid equ111br1qm
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2. THERMODYNAMIC CONSISTENCY OF THE TEMPERATURE COMPOSITION

MEASUREMENTS
When simultaneous composition and temperature measure-
-ments of a saturated liqu‘id.ar‘e available the mens’uremepts may
be validated by comparisor\\.with published data. _ Temperature -
cc;mposition data for a saturated solutfion of methanol and water
(at 1 atmosphere total pressure) was obtained from Perry (78).
In the case of this study the condensor effluent was
subcooled leaving the reboiler as the only location where temp-
erature and compos1t1ﬁ measurements of the saturated 1iquid
were available. A compaﬁson of the published data with the ’
operating data shows a composition of 1',3 wt. X MEOH at the
‘ opet‘&t\ing temperature of the reboiler (209.6°F) versus 0.5 wt.
X MEOH*measured in the reboiler effluentwr=—ting operaﬂting
pressure of the distillatiop colum was -.1 inches of H,0.)
Considering the purpose for which the composition measurements
were used, a di:cﬁpmq of 0.8 wt. % 15 not unreasonable.
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* RATIO CONTROL SYSTEM

NONINTERACTING COMPENSATOR: :
The numeric forms of the noninteracting compensator diff-
erence equations are derived by substituting the model parameters
from équ;t1on 3.1 inta equatfon 5.2. |
i Compensator 012"
o) - 1.20 K (-1.9) - 1.08 ¥t (n-2.9)
~'.887 No(n~l)
i1 Compensator D21:
© Wo(n) = .437 Wi (n-4.1) - .368 Wi (n-5.1)

l;‘

- .796‘N0(n~])

)

This control system controlled the overhead product compos-
ftion by manipulating the reflux to overhead vapour rate (V) ratio.
The output of the proportional plus integral composition cdqtro]ler
(90) was used to set the desired R/V ratio

R . '
1.e. v 9, ~

! . .

. from which the desired reflux rate was computed.

f.e.” R=@9yV, |
The ove?héad vapour rate wag ca1cu]ated from a material

balnnce .about the condenser (a constant copdenser level is asst?ed) {
! . -

1.0\’ V = R+D ‘
The sensittgity“of this -calculation to a changé in tiquid
level 1n the condensar can be ayaluated frqn the chango 1n condonser

»
»

hnldup per.ynlt change in tpndenaer level._(
'Cross sectienal ares of condenser

- ,;.
" 'Y . X N
., ' . '
- F)
'y |
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Yo | o
Span of ]evei 1n{trument
= 05 feet..
Density 6f‘so]ution
» 50 1bs./cubic feet (S.G. of 96% methanol water
“solution at i44°F = .80, ref. Perry (78))
\\\\\ Thus a change of 1% .in the condenser level is equivalent
to a change in 11quid holdup of .034 1bs. ' This is equivalent to 1.1%
of the normal overhead vapour rate, i

{



