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ABSTRACT

The transient behaviocur of a bimery distillation columm was
represented by msans of tramsfer functions based on the exper-
imental data reported by Gerster et al (20) for a ten-plate
pilet column., An analog computer was used to simulate feedback
and instantaneous feedforward plus feedback composivtion coemtrol
schemes, using manipulaticn of reflux rate or redoil vapour
rate to effest comtrel. An abrupt 5 mole ¥ step change in the
feed compesition was comsidered to be the only disturbance enter-
ing the celumm.

Minimisatien of the maximum deviation and offset of product
composition from its initial steady state was used as the ori-
terion to evaluate all the scomtrel schemss. Top product compo-
sition was best comtrolled by manipulation of the reflux rate.
Bottom product compositien was best comtrolled by manipulation
of ths rebeil vapour rate when the sensor was placed below the
feed plate.

Best tep product compositiem comtrol by both feedback and
instantaneous feedferward plus feedback control schemes was
achieved by manipulation of the reflux rate with the sensor
on plate 7. Best bottom product composition comtrol by both
feedback and instantaneous feedfcrward plus feedback comtrol
schemes was achieved by manipulation of the rebeil vapour
rate with the senmscr om plate 3.
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INTRODUCT ION

Continuous process plants, operated on a very large scale,
are very common in the chemical and petroleum industries.
E_conmic considerations demand products of highly specified
quality. The maintenance of specified cimlitiee in ocutput
streams in spite of disturbances in the input streams is the
most common problem in process coqbrol within these industries.

Continucus distillation is frsquently encountered in chemical
and petroleum processing. The objective is to separate feed
streams of known composition into two or more product streams
whose compositions are specified within close tolerances. If
disturbances in input streams occur, control action is neces-
sary to maintain the product stream compositions within the
specifications.

Gerster ¢t al {20) have reported transient data for a ten-
plate column separating acetone from bensene and have shown
that the dynamics of the column can be represented by the
linear model suggested by lamb, Pigford and Rippen (19). Second
order transfer functions were established from the data of
Gerster ot al (20). Transfer functions representing columm
dynamics, along with those representing ideal controllers,
control valves, and the reboiler were used to simlate various
control schemes on an analog computer.

This work considers three control schemes when the only



disturbance entering the column is an abrupt 5 mole % change
in the feed composition. Two of the schemss were feedback con-
trol and instantaneous feedforward plus feedback control with
variable sensor locations using either changes in reflux or
reboil vapour rate as the manipulative variable to effect con-
trol. The third scheme investigated was an instantaneous feed-
forward plus feedback scheme which ensured that no offset would
occur in the composition of either the top or bottom product
streams at the new steady state.
The objectives of this work weres
1) To investigate whether product stream composi-
tions could be more closely controlled by mani-
pulating the reflux rate or the reboil vapour
rate.
2) To find the optimum sensor locations for the

control schemes considered.
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LITERATURE SURVEY

In order to summrise the extensive literature on the subject
of binary distillation column dynamics and control, several
excellent review articles have been published. Archer and Roth-
fus (2) traced the development of column dynamics and control
from its beginnings in the mid-1940%s to 1961 by listing the
references for the most important work done in this period.

In 1963 Slctboom et al (28) presented a survey on the appli-
cation of automatic control in the chemical industry with spe-
cific references to distillation column dynamics and control.
Also in 1963, Gould (12) published a review article in which
he pointed out the shortcomings of results then availlable and
alsc made suggestions as to where future research might be
most profitable. An extensive bibliography on current research
is available by consulting the recent annual review articles
by Willdams (36, 37, 38, 39).

Imterest in the dynamics of distillation colusns dates back
to the mid-1940's when the main motivation was to estimte

start-up times. It was soon realised, however, that the art

of automatic control, as it was known then, could be greatly
improved if accurate dynmamic characterisation of the column
between steady states were possible. The major work done in
this field up to 1961 is summarised by Archer and Rothfus (2).
Though some experimental evidence supported many of the pro-
posed models, few were extensively tested. The most thoroughly



tested model, proposed by Rosenbrock (25, 27), and tested by
Armstroag and Wilkinson (3), showed better agreenent at long
times than at short times after the disturbance had been intro-
duced.

Two more recent models have been extensively tested on ex-
perimental columms. One model, proposed by Huckaba et al {16,
i7), uses a digital computer to solve the eitntiom represent-
ing the model. The other model, proposed by lamb, Pigford, and
Rippen (19) and tested by Gerster et al (4, 5, 20, 21, 22, 29),
uses linear perturbation techniques to simplify the equations
that dse.ribe the dymamic behaviour of the column. The pertur-
bation equations were then solved on an analog computer. Both
models have been found to be in good agreement with experimental
results.

A large number of papers have been published dealing with
the theoretical and practical aspects of binary distillation
column control. The review papers by Archer and Rothfus (2),
Gould (12), and Williams (36, 37, 38, 39) summarise the most
important work. Despite the existing voluminous literature,
little attention has been devoted to the problem of selecting
the optimum senscr location for top and/or bottom product com-
position control. Tivy (30), Pyle (23), Boyd Jr. (7), and Ani-
simov (1) suggest that the sensing element should be installed
on the plate where the concentration gradient is a maximum.
Buckley (8), Isawa and Morinaga (18), and Williams et al (33,
34, 35) suggest that for minimum variation in top product com-



position, the sensing sloment should be installed as near the
top as possidble, provided that the sensor dead time is smll.
Rosenbrock (26), based upon the criterion of & minimm in a
disturbense functiom "D%, suggested another possible location
for the sensing olement. Due to the difficulty of solving the
equatioens deseribing a distillation column under gontrol, time-
domain evidense as to what effect variatiem of the comtrol
point has em the cemtrollability of the columm has not been
forthcoming. It alse has net besn established whether there
unnym.mtoum:onuntowrﬂwﬂnpm
rate manipulasion te effect comtrol.



THEORY

lamb, Pigford and Rippen (19} heve presented & linear model
for the characterisation of She dymamics of & bimary distil-
lation solusn betweon stendy states. Gerster et al (4, 5, 20,
21, 22, 29) Mave tested this model using & ten-plate experi-
menhal celumn to separate & mixture of acetons and bensens.
They intreduced changes in the feed composition of between
6.5 and 16,7 meles %, changes in feed flaw rate between 17.6%
and 54.0(, changss in reflux rete between 12.1% and 5A.0%,
and changes im vapeur boilup rate between 5.0% and 6.72%, cne
at a time, imto the celuum And recorded the resulting changss
in gompesitien throughout the celumm as a function of time.
It was feund that experimemtal resulss for small disturianses
were uwwnththmdndd.

If it is knowm & prieri that & colum's dymanic responsse
mucmmwammamuwn
dats of dymamic tests are awailable, then & mch simpler,
if empirical, method of characterising the dymumics of the
columa is pessidle. Tramsfer functions can be established to
relate changes im feed cempositien to changes in ecomposition
of the n@u cn the plates and of the preducts. Similarly,
ths effest of changes im reflux rate and reboil vapour rate
oan be related to cempesition changes throughout the column,
It is thus possidle to represent the dynamics of the distil-
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iaticn colmmm ir 2 form suitable fer the study of centrol
schemes. This is the appreach fellewsd in this work using the
data ef Gerster ot al (20).

Two clasgisal cemsrel schemen were studied in shis wark. 4
generel foodluick comtrel scheme, shown in Figurs 1, was investi-
gated becauss this is the mest commen appreach teo column eont~
rol. Inssantanecus feedforward plus feedback comtrol, shown
in Figure 2, wes iavestigated bectuss it permits closer gomtrol
than feedbaok coamrel alome, and yes is easy to implement with
standard cammercial cemtrellers.
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mmmwumuucmmm
mummnumu-n changs in eempesisien vs.

o Sooond erder m fumctions wawre curvs fisted by
mmhm R & good £1t so the dxta at short times
rether Shan at lengur tines in the cases where a senpremise
was nosessary. Fu (11) shews mest of thess plets in his shesis.
The addisiemal plets mesded for Shis werk appear in Appendix A.
A separate caleulstion established the eerress gin for each
mmm-uhm She fiml steady ssase valwss of
She variables were mmu. Gaing wvers defined as ¢
oain = mhupnﬂnno/chmamm
wish all sime CURSIEmtS expwessed um All eompesision
mn.munmm-mu-quum mm
state valunes otthnumhﬂnmumhm&
The fellewing transfor functions were used So represent the
dymanies of the diltll’htt. od- s

Opp = Oo”/(‘l'-!!ﬁl)(ﬂ-lhdl
Ggy = 3.17/(7.88:1)(0.658+1)
Gy =1.67/(6.68+1)(0,68+1)
Oyy =1.98/(7.98+2)(0.18+1)
Gypy =1.185/(9.28+1)(2.58+1)
Oy = 0.808/(8.061) (2.50+1)
Gpy=0.273/(5.58+1)(A.S8+1)
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Ggy = 0.582/(7.28+1)(2.28+1)
Gy =0.80/(7.950+1)(0.608+1)
Gyy =1.22/(7.568+1)(1.248+1)
Gyy =1.30/(7.08+1){4.58+1)
Gyy =0.627/(11.08+1) (6. 08+1)
Opg =0.311/(8.25+1)(0.1841)
Ggp =0.598/(6.650+1)(0.278+1)
Gyp = 0.909/(8.08+1)(0.468+1)
Gyp =1.015/(8.258+1)(0.658+1)
&p= =0,833/(7.9%8+1) "-3"“’1)
Gy = 0.258/(75% + 108 +1)
Other M¢ funetions used weres .
Rebeiler: G, = aV/astesn sute = K, /0.58+1
Semsing slememts H = sveltage/seompesision = K /s+1
Cowtrel valvest The valves wers sensidered to lave linear
caracteristiss and to lave & negligitle
respense ting t¢ & ynowmtis impus sigml.
Hemse the walves, aleng wish the swrend
te air presoure STANSdNcErS ROCIBIRYY $O
spesate Sham, were Yepresented Wy & simple
gin K which lad the wnits of aflew vase/
sowrremt and Astenn Yate/sewrrent fer the
reflux and stesm valves respestively.
Centrellers Prepertiomal and ideal prepertismal-imsegral
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centrellers used fn the simlatien wvere desigmted dy
6 =K, o .x.uﬂ./ T48) where K, Mas the units of scurreas/
Amw‘r‘utm imegral time gmstant in mimutes.
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COMPOSITION CONTROL SCHENES

HFamard (15) has sham siat a distiliation gelum under
transient eenditiens has 3N+3M:C+16 degrees of freedom wheret

N 45 the mumber of plates abeve the feed plate

K is the mumber of plates below the feed plata

C 43 the nunber of campenents in the feed
A good comtrol schems removes all these degrees of freedom
te m colmm cempesition drift, yet does not overdeter-
nine the systen. Omne such cemtrel schame, discussed by Hewmard
(15), 1s shewn in Pigare 3. This scheme and an ammlegous scheme
using redeil vapeour rate for cemsrel are sensidered in this
study. Instantaneeus feedferward semtrel can be added directly
te sithar of these schemes.

The sempesition somtrel schames considered im this werk are
descrided belew. msnn-mummrm
some of the eenSrel schemes 2t were investigated. The eanly
disturbance for all the eomtrol schemes is an abdrupt 5 mele %
change in the feed campesitiom.

1, Feeddack semsrel

1-a) Objestive: Tep preduct compesitiem cemtrols
manipulation of reflux rate with senscr
placed in the tep produst stream,

See PFigure A.

1-b) Objestive: Bettom preduct cempesitien cemtrel:

manipulatien of reflux rate with sensocr



steam ——

Figure 3.

—— — —— — —— — — a—

-
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FRC

rﬁ*i S '_—® Circled numbers indicate

other sensor locations
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=

Control scheme using reflux rate manipulation to

effect control
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Figure 5. Feedback product composition control by reflux rate:
sensor located on the j-th plate
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placed in the bettem produst stream.

This cemtrel schems is ammlegous so tlat sham in

Figure b and ean do realised by replasing Gppe Gpp

and Gyp W7 Gy Gyps and G, Pespectively in the

1-g) ObJostives: Product compesitien _cdrd. by main-
taining sonstamt liguid eempesition
on the J-th plates
muipulation of the reflux rase with
the senser placed in the liguid em
the j-4h plate {3=1, 3, 7, 9).

See Figure 5.

1-d) Ohjective: Tep predust cempesition eemirels
wmmipulation of redeil wapeur rate
with the senser placed in the tep
prefust stream.

See Figore 6.

1-e) Objective: Bettem produst compesitien cemtrel:
mutpulntien of rebeil vapeur rate
with the semser iz the dettem preduct
Nream.

This comtrel sehemis i3 Emalegous %o that shewa in

Figare 6 und ¢kn be realited ¥y replasing dgys Gpys

and Oy M Gy, Gyys Snd Gy Yespestively in the Bleck

diagren. ’
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Figure 6. Feedback product composition control by reboil vapour

rate
P |
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~ e o D
—aSY — ' P T pem o X
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roint ) -

Figure 7. Feedback product composition control by reboil wvapour
rate: sensor located on the j-th plate
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1-f) Objestive: Produst compesition contrel by main-
taining cemstant liquid eompesition
on the j-sh platet
matpulation of She redeil vapeur rase
with the senser placed ia the liguid
on the J-4sh plate (J=1, 3, 7, 9).

Soe Figure 7.
2. Imstanbanocus feodfensard plus feedbnok semsrel

2-a) Objestive: Tep preduct cempesitieon ecomsrels
muipulation of reflmx rate with the
senser placed in the tep predust strean,
See Figure 8.

2-b) Obhjectivet Bestem predust compesitien centrels
mnipulatien of reflux rate with the
semser placed in the betteam predust

This comtral scheme is amalegous te shat shewm in

Figare & and ean be realised by replasing dpy, Gpy»

and Ggp by Gyps Gyps and Gpp respectively in the dleck

4iagren.

2-¢) Ohjestive: Preduss cemposisiem semtrel by main-
tatning emmstant liquid cempesision
on the j-¢th plates
manipulatien of the reflux Fase with
the semser placed in the liguid em
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set '“JL Re(1 1/ 748) Gpr "—@*‘ﬁ> Xp
point ! — " '—;—_.L_-__l
-~ i 1

(o

Figure 8. Feedforward plus feedback control of top product
composition by reflux rate
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XF -,:l GVF 1}--—— .//‘\\ — ._._.___..-..,':
o 7 . A ‘/f\ w
—{ o R

Figure 9. Feedforward plus feedback product composition control
by reflux rate: sensor located on the j-th plate
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the j-th plate (J=1, 3, 7, 9).
See Figure 9.

2-4) Objestives Tep preducs sempesition comtrols
mnipulation of redoil vapour rate
wish the senser placed in the sop
produst strean.

See Figwre 10.

2-¢) Objective: Bettom predust cempositien gentrels
manipulasioen of rebeil vapewr rase
with the sensex placed in She dottom
produst strean.

This comtrel sgcheme is amalegeus to that shewm in

Figare 10 and san be realised by replacsing Gpp, Gpy?

and Gyy by G ps Gyy» and Gpy respestively in the

bleek diagranm.

2-f) Objestive: Product compesition control by main-
taining eemstant liquid cemposision
en the J-%h plates |
muipulatien of redeil vapour rate
wish the senser placed in she liguid
on She J-th plate (J=1, 3, 7, 9).
See Figwre 11.

2-g) Objecsivet Tep predust cempositiom control, with
ne effsess
manipulation of reflux rate with the
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Figure 10. Feedforward plus feedback control of top product
composition by reboil vapour rate
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Figure 1ll. Feedforward plus feedback product composition_control
by reboil vapour rate: sensor located on the j-th
plate
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senssr placed en the j-ih Plate (=1,
3,7, 9).
The bleek disgram is she same as shewn in Figure 9,
exsept that 1/ T,=0.
2-h) Objestive: Tep produsts cempesition ecomirel, with
ne offses?
muipulatien of redeil wvapour rate
with the semser placed om the j-th
plate (J =1, 3, 7, 9).
The bleck diagram is the same &3 showm ia PFigure 11,
except that 1/ T,=0.
2-1) Objective: Bettem product cempesition comtrel,
with ne effsett
muipulatien of reflux rate with the
senser placed om the j-4h plate (j=1,
3, 7. 9).
The bleek diagram is the same as shewn in Figure 9,
exgept thas 1/ 1, =0,
2-j) Objestives Battem preduct compesition comtrol,
with ne effsets
manipulatien of rebeil vapowr rate
with the senser placed en the j<h
~ plate (3=25 3,7, 9).
The bleck diagran is the same as shem in Figure 11,
exeept thas 1/ 7,=0,
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SINUVLATION PROCEDURE

In erder to determing She optimm contrel paramsters, K
and 'r,.. seme perfermanse oriterien is necessary. Fer this
werk, cextrel paramsters wers adjusted se that the integral
t=f¢’ﬁmamu—.vh¢oohtbtmmdwm1q
of the cemtrolled variable frem the desired wvalus at all
time ¢, This eriterien was selecsted because it was desired
to pemalise large errers migh mere heavily than smll errors
s® that vhen E is a minimm, the ¢censrelled variable sheuld
net be far frem its desired value at any time. Sugh a respense
is acceptadble im mest regulatery cemtrel problems and is par-
ticularly suisable fer distillistiom celumm comtrol. All the
centrel sgchemes Werse simulated on an E.A.I. TR-48 amalog
compuser.

For gomtrel schemes l-a to l-f inslusive, the following
'mhth empleyed t0 find the optimm control
parameterss

1) Cheese any K. |

2) Cheese axy 1/ T; and ebserve the wlus of E for
the osmtrelled variakle.

3) Clangs 1/ T, stepwise in such a direction as
to make E ssaller umtil the value of E gees
threugh & minimm,

4) Regexd the walues ef K, 1/‘1'1.._:!!.

’)Ml”ﬂmdl.ﬂ“ﬂ.ﬂﬂ.’.
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and A il an absalme minimm i3 cheerved,
The values of K and 1/ T; shat yield She adeo-
lmo minimm of E are the optimm comivel para-
ngbere.
rcoﬁrqmuuHWmth
searel tSoelmiqgue was enpleyed so find the eptimmm cemsrel
saremgters?
1) Chesse amy K.
2) et 1/ 7,= 0 and Wy srial and erver find Ky,
20 Siat the offeet in she ecemsrelled wariadle
is seve.
S)var‘n‘mn‘mdltn
the esmtrelled wriable.
A) Changs 1/ 7, ssepwise in such & direstienm &S to
make E smaller until the walus of E goes Shweugh
a nintmm, o
s)ln-lth-vn—lc:.:".Ur‘.n‘l.
6) Selest & new valus of X and yepent S0eps 3y &
ond 5 Wkl on sheelmte ninimm of X is cdeerved.
The values of K, K0 and 1/ T, thas yield she
ahwelmte minimmm of E are the sptimm eomtvel
PRVENGL S,
Is was found S)ns for She abeve sentrel sehames 1/ T was
almys sere for miximm erver, and Shevefere the abeve

yresedure ¢anm bo simplified S8
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1) Chwess any K.

2) Seb 1/ 7,= 0 and by trial and errer find K,
80 that the offset in the cemtrelled wariadle
is sere.

3) Ovserve the walue of k fer the eamirelled variabdle
and ehangs Kk steprise in sush a diveetiem as %o
mbke E smller. ¥hen E reaches a minimm, the
Mxmmhl"mtho opt {mm
etmtrel paransters.

Integral comtrel euoures S$hat the cemtrelled variabdle has
sere offeet &t the coot of dosrensed stabiligy. Simge in the
Present ¢ise Seve offset is already assured Wy our sslectiom
e Kppo She imtegral cemtrel mede adis nething dut s8ill causes
& dectreites in stabkilisy. Hemse, our pemalty fumetion will be
2 mixtsms enly whem 1/ 7, =0, NHewever in sctwmal implementation
nnnmwurtn-uumumum =

Yer eomtvel sehames 2-g to 2-] incluwsive, the fellowing
seaveh Seclwigue wis enplayed ¢o £ind the eptimm comtirel
paransterss

1’“”"_‘:‘.

3) Chasse axy Kyy. _ |

3) iy svial and eever find & K such shas effsed
in Xy o X, is Seve aud Feewrd $he value of X
fer she comirelled variabls.
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A) Select a nav valus of K, and repeat ssep 3.
rumm«xmxnmmta
mintmm constituies the optitmm comtrel pavame-
ters.

The results «f the eptimm cemtrol parameter seavsh are
tabulated in Appemdix B in sovms of K, 1/ T4, and Ky, wheros
K =K K Ky Whem reflux yate is used so effect comtrel and
K=KKy Kekp when redoil vapour rate is used te effest

semtrel.
The gain ef the redeiler, K., ms
Kp=35.0 (1b.-meles/min. rebeil vapewr)/(1h./uin. steam)
Is was considered shat K, and Ky ceuld de ardisvarily c¢hesea
by the designer previded the fellaring cemstraings are shser-
veds
1) Feodback ease using reflux rate fer cemtrel
Kek, = 1/X,
2) Fesdiisk eSe using rebeil wapeur rate for cemtrel
Oy = K/5%,
K= By /Xy

R L .

A) Instamtanssus Teedferward plus feedduck sise using re-
bedl vapeur rete for cemsrel

Ky = Kp/5%prp
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Ky = K/5K K,
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RESULTS

Figures 12 to 51 inclusive show the performance of all the
control schemes when they were operated at the optimm control
parameter settings. In these figures, compositions have the
units of mole % acetone and the time is in minutes. The range
of stable operation for the feedback control schemes is
shown in Figures 58 to 69 inclusive in Appendix B. The opti-
mum control parameter values are also shown in Appendix B.
Appendix C shows the analog computer circuits and potentiometer
settings used to simulate the control schemes.

q
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I FEEDBACK CONTROL

A) Control criterion: minimize\fé dt for the control plat
Manipulative control: reflux rate prate
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Figure 12. Response of product compositions when the sensor
is in the top product
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Figure 13. Response of control plate and product compositions
when the sensor is on plate 9
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B) Control criterion: minimize {ezdt for the control plate
Manipulative control: reboil vapour rate
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when the sensor is on plate 7.



-41 -

=== ==t i ==
= ==

= :%—:3 == —*.—-—*:X—‘-‘;— z-j:\,_
. 55‘"4f**—‘-*-1——?—1*“¥—%r‘?mﬁ*ﬁr-?—4~‘ ¢
i =0,5 == ERESESRee e

3= fiiéiziéﬂ‘” e e e

=)=t I-—-'i- -——l-——-} }~ P .l_ .f——;k:—f_:*;l_;—:_; L7 .iz,:. _-’_'_

o ._I__.

== r—1= ”‘ ___:__'__'__{_4 3

—{—

IEEEC

= e ~-1—}—&1——'1-—‘=§——1§———\——§———-‘-—~—1—-—\L— == —-!

b4

W

”H [HTE (t

i
|
|
i
|

> a

N1

I—— 1 —r—— X —i—t—
b ¥ A § b € l X I X X X : I b ¥ l A § h o h § X I l l l
— X 1 X | — S S ST Pe S—— S | S w—— t— %
1 X X X X —X X — —X —X X X X
-
10 IINI&D IN U.S.A.

0 | 50 100
Time
(b)

““I:ir{—4¥4:#—#—éL e e e
R & —1&«45:_w~4——4——4—-4——4-—1——1—71~ SR EEEEEEE
Y e e —v~;——_——-}-—1——4-—4—(———!—1«—#—4-—+~— S e e } =2

i
%ﬂ@.

1
!
]

!

=
1\

, RECORDER MARK II __
0 50
Time

(c)

Figure 21. Response of control plate and product compositiona
when the sensor is on plate 3.




3 EEEEELFEFFEFEFEFFE ]

== ~«~1 = =] ==

ESSEEEeEssSeEcEc e CEeE
% iif%iiE*?? “““ =
0 fjf;— :

- - ' P — - . - - - - e .. . - —r"—"'""""“'-"*

(o) 50 100
Time
(a)

:I:Z S e

=1 :—gl——--{::i'}—f—_:f:if-—"‘ 1—=F ".,"__,"x._:‘-!'—_ ;_:{__E{#—" == %— =

ﬂl
i
My
11
"T\

i
|
gl
-L
»e -l

w¥~
iy

N == — =
—IN A AN N R —— = e i = —
s o s S =1 == —f__ ey s ey frpey ety st Gty Sery S

DlVlSION OF CLEVITE COIPOIA"ON CLEVELAND, OHIO PRINTED IN US.A.

cpm T m s m————— . — - e mwmie e m . = o emme— e

50 100 150
Time <
(v)

2.5=F

:;31:?_—__-1- = l—-}——l— F=—=f—F—= f—aF' II—:—"I_H I—f:}"‘f

ey ey o

EEEEEEEET S===
S=ES==E5k 1 EEE ,u--f IE===

X, :;w;;i;;_€f§%€§§§; - e
: oﬁQj;:;iifzzz;;;;:::Z_Mﬁ;;;;g ===t
i ok Suvomniy e —_ — fuond fovmwel) st Sasouy fivudy Roph fluees) Sinniut gl Gupn el [ gy gu— gl

- ' A= i
-+ T i =r Sttt =t R e R RS R e R R R TR R e
R W B £ B B —-‘ = 1--1——4 —&-—\ —-n—-i—q —=\= x J s i S e o W e e ”‘i“‘\i"i‘\“‘ = :‘:E%
——xe—«——+——+——q ==t = EEEEEa e e
= e e e ‘—E\:‘\: D S o o e e —

"‘l 5 M ENTS DIVISION OF CLEVITE CORPORATION CLEVELAND, OHIO ’ PRINTED IN US.A.

. o o e
v

o » 50 100
Time
(c)

Figure 22. Response of control plate and product compositions
when the sensor is on plate 1.




B s o = o R T e G B 1
— P wa— p—

-~ - - L -

P e

"RECORDER
:ZE?EI:I:z_—"‘i—I:l‘k?f“/ ESER
%EE&T—&FL SE= H—:;L

. ursdl Sotait ihgll) Sugl fuemips — —f e = =

=t = mﬁ_ﬁ,nxwi::5:{5‘51-4~ A= b=
1t I— 3 X S —i——+—+——i—~¥~‘—*¥ﬂ:i=\‘:—!‘_"=t‘—‘-t—:¥—-3:i—“’¥=
=t —t e e e e e ==ttt
A
e e e e e e «—1——\—\-—{*\ \___\w —\=
L T T e e e s e e T X =

-1 Py 5

.

50 100 150
Time

- (v)

Figure 23.

Response of product compositions when the sensor
is in the bottom product.



- Ll -

II INSTANTANEOUS FEEDFORWARD PLUS FEEDBACK CONTROL

A) Control criterion: minimize~fezdt for the control plate
Manipulative control: reflux rate
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Figure 24. Response of product compositions when the sensor
is in the top product.
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when the sensor is on plate 7.
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when the sensor is on plate 3.
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C) Control ecriterion: minimize.fe dt for the top product
Manipulative control: reflux rate
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Figure 39. Response of control plate and product compositions
when the sensor is on plate 1. ,
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D) Control criterion: minimize f; dt for the top product
Manipulative control: reboil’ vapour rate
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Figure LO0. Response of control plate and product compositions
when the sensor is on plate 9. -
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Figure 41l. Response of control plate and product compositions
when the sensor is on plate 7. ]
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E) Control criterion: minimize fezdt for the bottom product
Manipulative control: reflux ‘rate
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when the sensor is on plate 9.
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when the sensor is on plate 7.
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F) Control criterion: m1nimize~fe2dt for the bottom product
“anipul.otive control: reboil’ vapour rate

S A /,’[/////—/ YRR NSNS
1_;, “,lv",’llt;
=

:';A ' " ',’ //"' ' [
A |
/ i »I IR 1
: - R I i i.; .
=4

Vs / . _[__./_.7

/ A

-
bt

S SV Soun

]
I
|
—
!
{
!

1
l 1 ‘ {[
| | i { |
] R A | IR EEEE
oot LU e e S L M R R
T »-»:-\-f\f\--\-.--\f:\ ST ST TR
\\\\\\—\—~\\—\ \~\—\~\\\\\\\\u\{}v\"\\\\\\\\

SIS PRSGE S
,...4._... —t} |
. i

U POV PR

JEPUS SUSPS BN
»—r"'

BRUSII INST
100

-0.5; ARK I _ CHART NO. RA2921 32
o) 50
Time

(a)

//f/r’/“////T‘TL

. ! -: -

=
§~ﬂ——h«ﬂ—jy—ﬂ—- :ﬂu_

5 f{:’f . ,;;- _:“;- _-: R E | { 7
S e =Ee: Hi X—’—‘\ B EE e e b
\ ¢ \—*’f& EEEEEEE = \-'\z\.—\;—.—\»\ EEEEUE D \——\T

100 .

-105
0 50
Time
(v)

R I B
T‘H “'H:‘!"‘;‘
,,;---?"" 1 ““-" M\
i [ IO
LK I o

.25 f/f/ == /H / EEEEEEEEEEEEE /—”“/7"%“’ /”/"/—/‘/”/
___/H/Vf H/_/l'*‘/“l/!:’!l/f_/vl | i/l
3R SEEES CI S \ L’ - U SURE LR } RIS et SR
= At e e

X'.‘I T / R

t
R e
== \"‘\"5’\E‘K?‘?s.\;\?\‘*\‘;X“Y \= \ \ \*‘\' \ \ \ A e -
-0.75 SupmeescaEEeeE O REEE TR e \ \”\' \ \~\ \
o 50 100
Time

(c)
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when the sensor is on plate 9.
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when the sensor is on plate 7.
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Figure 50. Response of control plate and product compositions
when the sensor is on plate 3.
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Figure 51. Response of control plate and product composmtlons
when the sensor is on plate 1.
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SUMMARY OF RESULTS

The results shewm in Figures 12 to 51 inmclusive are sum-
mrizsed in Table 1. Fer the purpose of tabulating the results,
the perfermance of the comtrel schemes was characterised bys

1) The maximum devistion of the compesition of the
liquid om She comtrel plate and ef the produst
streams in mele £ acetcme from the initial steady
state and was demsted by X.D. _

2) The effset of the cempesitien of the liquid en
the cemtrel plate and of the predust stresms
frem the inisizl steady state and was demcted
by Off.

3) The settling time in mimutes and was deneted W
by 5.7. The settling time was arbitrarily de-
fined ast |

a) If O£ =0, settling time is the time
required for the amplitude of eseil-
iztien to remin less than +10% of
the maximm deviatiem.

») If Ofr+ 0, sestling tims is the time
W fer oscillatiemns to remain
wishin 10 € of the fimal offset.
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ANALYSIS OF RESULTS

Ia she amlysis of results enly the maximm deviation and
the effset in the produst ecmpositiens were comsidered in
mking recommendations. Lew offset was comsidered more impor-
tant than lew maximem deviation in cases of conflist.

1) Table 2 indieates She more desiradle manipulative variable
for each of the cemtrol schemes When the edjective was to
mininise the deviatien in the tep predust cemposition from
its imitial steady state walus.

Table 3 indieates the mere desirable maipulative variable

fer each of the cemrel schemes whem the objective vas to

ninimise the deviation im the bottem produst ccmpositiom
frem its imitial steady ssate walue.

Fren tables 2 and 3 She fellewing recemmendasticas eceuld
be madet

a) If the main ebjective is to gomsrol the top
preduct cemposition, reflux rate mnipulatien
sheuld be used te effest comtrel.

») If the min objective is to comtrel the bottom
predust compositien, reflux rate mnipulation
sheuld be used if the senser is loeated above
the feed plate and redboil vapour rate manipu-
lation sheuld be used if the semsor is located
belew the feed plate.
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Table 2
Recommended mamipulative variadles

foxr top produst cempesition gentrel

Semseor Feedback Inst. FP-FB Inst., FP-FB
lecation sentrel control ro%
ixn 0
Tep produet Reflux Reflux -
Plate 9 Reflux Reflux Reflux
Plate 7 Reflux Reflux Reflux
Plate 3 Reflux Reflux Reflux
Plate 1 Reflux Reflux Ronux
Battem Reboil Reboil -
predust
Table 3

Recoumended manipulative variables for
bottem product cempesition contrel

Senser Feedbagk

Inst. FFr-FB Inst. FF-FB

lecatiom cemtrel centrol :xc:t 3
Top predust Reflux Reflux -

Plage 9 Reflux Reflux Reflux

Plase 7 Reflux Reflux Reflux

Plate 3 Rebeil Rebeil Reflux

Plase 1 Rebeil Rebeil Reboil
Bottem Reflux Reboil -



- 80 -

2) Table A shows the optimm senscr locations for the variocus

3)

contrel schemes whem close comtrol of either top or bettem
produst compesition is the main objective. Here it was con-
sidered that the sensor was not to be placed in the product
sStreans bestuss of the relatively more difficult task of

determining compesitions accurately and quickly at high

puristies.
Table 5 shews the dest cambimatien ef manipuilative variabdle

and senser lecatien 46 achieve closest cemsrol of preduct
campesitions fer the cemtrol schemes that were investigated.



Control
scheme

Feedback
Feedback
FF-FB
FF-FB
FF-FB (XD=O)
FF-FB (X;=0)
FF-FB (xw=o)
FF-FB (X, =0)

Control

scheme

Feedback
Feedback
- FF-FB
FF-FB
FF-FB (X,=0)

FF=-FB (xW=°).

Table 4

Optimum sensor locations for

product composition control

Manipulative
variable

Reflux
Reboil
Reflux
Reboil
Reflux
Reboil
Reflux
Reboil

Table S

Top
product

W =2 N3 NN N

Optimum control configurations
for product composition control

Manipulative
variable

Reflux
Reboil
Reflux
Reboil

Reflux

Reflux

Product

controlled

Top
Bottom

Top
Bottom

Top
Bottom

Bottom
product

W O W VY

O

Sensor
location

O =2 W W
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DISCUSSION OF RESULTS

Bauer and Orr (6), using the MeCabe-Thiele diagram approach,
pointed out that an offset in the top and bettoem produst
compesition is inevitable fer comtrel schemes which mein-
tain a gomstamt compesition on an iatermediate plate. The
results of this study substantiate this eomslusion. It is
interesting to note that with centrel schemes 2-g to 2-J
this disadvantage of placing the senser on an intermediate
plate ean be overceme.

Anisimov (1) recemmends that the sensing elememt should be
placed en the plate where the comcentration gradient is a
maximm, He suggests that distillatien solumn comtreol
threugh the detection of cemposition of top or bottom pro~
duct streams is impessible because the static and dymamie
characteristics of the process weuld deterierate substan-
tially. In the discussiem ef this article, P.S. Buckley
and T.J. Williams disagree with this pesition. They peint
out that em the btasis ef their experiensce product streams
are ameng the best lecatiems for the sensing element. This
work supperts the stand taken by Busckley and Williams.
Porman (9, 10), writing & refresher arsicle on autematic
cemtrol, recemmends without reservation the c¢emtrel pelicy
advanced by Anisimev (1) and makes no mentien of the serieus
oriticisns advanced by P.S8. Buskley, T.J. Williams, and
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D.E. Iamb in their diseussien of Anisimev's paper.
L) Iszwa and Nerizagn (18) and Williams o8 al (SA, 33, 34, 35)
recammend Shat fer fooddack comtirel of tep predust csupo-
sitiem Wy reflux rete manipulation, the semnser sheuld be
Plased en the tep plate. Thelr argumemts are dased en
froquensy respanss thewry, argaing sthat the lenger hydraulis
lag to a lewer plate roduses She runge of cemtrel pavameters
suitable fer ssakle esperation. Theugh 1t was found that
the rangs of she gaim K, suitable fer stable sentrel, does
indesd doerense for lewer plates, clese semirel of tep
produst compesition was still possible when the sensor was
placed en a lerwr plase.
5) Buskley (8) recemmends tias for feeddaek comtrel of the
top produst cempesision the senser should de lecated as
clese as pessible So the top of the celumm. Fer bettem
mmmm’umcmsum
should bde leeated in the liguid 1line te the redbeiler. He
has twe main chjestions to plasing the semser en an imter-
mediate plases
a) The relatienship betwoen the sempesition of
liguid en any imtermediate plate and the com-
pesisien of the top and bottom predusts is
anbignous.
) The result reperted by Uistsi (31) shas if she
senser is placed om an intermediate plate, an
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inerease in the feed compositien gould lead to
desrease in compesision in the tep preduat, is
odd and therefore undesirable for comsrol pur-
peses.
It is felt that with the surremt understanding of bimary
distillatien ¢olumm dymamics, Pugkley's first ebjestien
is less walid thar when erigimally stated. As fer his so-
cond objection, 1t was found that the effect repersed Wy
Uisti (31) was oebserved in this work, as can be sesn in
FPigare 13, but it is felt that the directiem of the off-
set to a given inmpwt disturbange is of listle w‘.
The dymamic perfermance of this contrel scheme was quite
goed and sheuld met be arbitrarily rejected.

6) Wherry and Berger (32) and Heffman (1i) peint out seme
facters affecsting the cheice of senser lesatiem fer foed-
bagk top predust cempesition comtrol. Fasters favewring
placement of the senser near the predust stream ares

a) Less ambiguity im She cerrelatiom of sample
compesisioen to predust cemposisiomn.

b) Improeved cemtrel leep balavier dus to a redus-
tiem of transpert lags (dead tims).

¢) Changes in compositiomn at thes semsor loecation
and in the produst stream eccur almest at the
same time and in the same direction, so stability

is improved.
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Facters faveuring sthe plasement of the sensor near the
feed plate ares

a) Inpreved ternimal conpesitien behavior due to
sariier resognistion of conpesition transiemts
as Shey precesd frem She feed plate somrds
She cslum sermimals.

b) Amalytieal requirements are less stringes due
te the fast thas ammlysis of gompesisiom is
mde &% lover ceonsentrutions and ever a wider
Fangs. |

The asthers suggest that a e¢empremise plate sheuld be
cshesem ut 4o no3 specify hew o make Sthe compromise
fer dest resulss. ‘ _

The better perfurmance cltimed for sensing near the
top of the colmm is Mised en the same AFpWRGMAS &8 SIAt
of ¥illiams ot &l (Bhs 334 34, 35) s discussed previcusly
in peimt 4o The olxim Wy Wherry and Barger (33) and Heff-
ma (14) shat eariier seusing which is pessible near the
feed plate fugwoves comTol of produet compesition sems
questionable; and is flasly rejested Wy Earriess (13). The
She feed Sray earmet be demied, but Harriess (13) peimes
oul imstrumenss are available fer high semsisivisy werk
Lif shat is nesessury. Hewever Harrisss (13) deoovs ned peims
out that high semsisivisy cempesision amalysers usumally
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have slew dyramic respenses and aoften do net eperate on
a cemtinueus basis.
Resendreek (26) preposed a completely different appreach
t0 locating the optimm gentrol plate. He proposed that
a disturbance funstion *D* should be minimiged. In the case
of ome point feedback comtrol the o@tim

xc= xrt“xn"xw’
determine on which platse the sensor ought to be placed.
Hers X, is the cemposisien of the liquid en the comsrel
plate t0 be used. This criterion weuld suggest that the
senser sheuld de placed em sthe 9-th plate for cemtrel of
sop preduct cempeosition by reflux rate manipulatiomn, q
and ea the 3-rd plate for cemtrol ef bottem product
cemposition by reboil wapour rate manipulatien. Resulss
from the present werk suggest that the sensor should de
placed en the 7-th plate when comtrelling top produst
cempesition by reflux rate manipulation and oa the 3-rd
plate vhen cemtrelling bottom predust cempesitiom by reboil
vapour rate manipulation. The fairly good agresment between
these results suggests that even thoeugh Rosenbrock's eri-
terion is for the minimisation ef disturbances throughout
the celumm while this work simply wanted to minimise comp-
esition disturbances in the product streams, Rosembrock's
criterion may be a good guide fer optimm senscr loesation
wvhen the objective is contrel of predust stream gcompositions.
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8) The significant improvement in performance of the instantaneous feede
forward plus feedback control schemes over the corresponding schemes
using feedback control alone, indicates that this combination may be
of practical importance. The very simple type of controller involved
in the feedforward path makes instantaneous feedforward plus feedback
control easy to realize physically.

9) Control schemes 2~g to 2~j, which ensure no composition offset in one
of the product streams, are desirable but they suffer from drift caused
by secondary disturbances. This disadvantage makes these schemes less

practical than the ones using integral control in the feedback loop
to prevent drift in the controlled variable.

10) The oscillations in the bottom product composition when reflux rate was
used to effect control were caused by the underdamped transfer function
used to relate reflux rate to bottom product composition. In a real
column the bottom product composition response would be overdamped,
going to the final offset without any oscillations. '
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CONCLUSIONS

If the main edjective i3 to emmtrel the top produst compo-
sitien, reflux rate manipulation sheuld be used to effest
comtrel.

If she main objective is te cemtrel the bottom product som-
positien, reflux rate manipulation sheuld bs used te effect
somtrol if the semser is lecated adove the feed plate and
redoil rete manipulation sheuld be used if the semser is
lecated below She feed plate.

IS has been shown that eptimm senser loeation is a fumetiom
both of the ehjectives of the comtrel and of the particular
seheme smpleyed te achieve these objectives. It 1s felt that
no single all-purpose recamendation is justified.
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NOMEXCLATURE
- nuaber of components
= top preduct withdrawal rate, lb.-olu_/un.
-~ instamaneous errer
- defined by Jo2as
~ feoed rate, lb.-meles/min.
« transfer fumction of eemtroller
pp ~ Toviferwvard funetiomal
G’J - transfer fumstion between imput § and output i
Gy =~ tramsfer fumetion detween the load variable and the
comtrelled variable
G’ - transfer fungtien of the process
G, = sransfer funetion ef the rebeiler
Gy <= transfer functiem of the valve
H = transfer functiem ef the sensing element
Hpp ~ transfer funstiom of sensing element in feedforward path
K - gin
K; = sain of gentreoller
Kyp = Sain of fesdferward comireller
K - e ef G
kg - sain of sensing element
Kp =~ gain of precess
Xz
K,
N

on'-uuoua

[~

- gain of redoiler
- gain of valve
- number of plates above the feed plate
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-~ mmaber of plates below the feed plate

- reflux rate, lb.-moles/min.

- Laplace sransform operater

- integral time comstant

~ rebeil vapeour rate, lb.-meles/nin.

~ bottom produst withdrawal rate, lb.-moles/min.
- Resenbrogk’s scomtrol plate compesition, mele ¥ acetone
= top produst eomposition, mele £ acetone

~ foed somposition, mole £ asstone

- J-¢th plase liquid composision

- botten predust composition

- "ghange in®

- feodback

FRC - flew resorder and cemtroller

Inst. "—!’B - Instantansous feedferward plus feedback
LLC - liquid level eemtreller

N.D. - maximm deviation

off. - offses

PRC -~ pressure recovder and contreoller

8.T. - settling time

TRC - Semperature reserder and comtreoller

- NS A1 o A A B e
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1) Steady state cpereting cenditions
2) Cemparisen of Gerster's data with
tho medel used in this werk
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Steady state operating comditions in the column
Systemt acetone-bensense
Celuam pressure: 25 peig
Feed rate, F3 1.087 lb.-moles/min.
Overhead product rate, Dt 0.59% 1b.-moles/min.
Bettem predust rate, ¥s 0.493 1b.-moles/min.

" Reflux ratet 0.968 1b.-moles/min.

Redoil vapour rates 2.07 1b.-meles/min.
Reflux ratio: 1.63
Feed ssmpesision, Xpt 49.0 mels £ acetome
Tep product sompesition, X3 83.4 mele % acetons
Cempesition ou plate 9, Xgt 70.5 mole £ acetene
Cempesitien em plate 7, Xyt 57.0 meole £ acetone
Cempesitien ou plate 3, % A5.8 mole £ acetome
Cempesition en plate 3, Xyt 30.8 mole £ acetene
Compesitien on plate 1, X33 12.3 mole % acetone
Bottom predust cempositien, X, t 3.8 mole % acetene
Feod enters the column on the 5-th platse.
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APPXEDIX -~ B

1) Opsimm ecomtrol parameters
2) Ssabvility runge of feedback
comtrel schemes
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Optimm gomtrol paraneters

Comtrel schewe X
l-a 200
1-b 27.5
l-¢ =9 AO

3=7 22.5
J=3 15
i=1 30
1-4 19
1-e 13
1-£ §=9 10
=7 11
I=3 S
=1 S
2-a 190
2-% 25
2-¢ J=9 35
3=7 25
J=3 15
J=1 30
2-d 16
2-e 1,
2-f §=9 6.5
=7 1n
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Centrol scheme 4 1/ T, Kpp
2-f J=3 3 - 1.61
- 3=1 6 - 0,87
2-g J=9 O.45 - 1.91
=7 1.0 - 1.88

J=3 2.0 - 1.80

3=1 0.2 - 1.98

2-h J=9 1, - 3.36
3=7 16 - 2.68

J=3 5.0 - Sobk

J=1 0.5 - 2.9%

2-1 3=9 15 - 13.62
3=7 6.0 - 10.25

3=3 6.0 - 10,7

J=1 0.2 - 3.46

2-h =9 o.00 - 1.30
3=7 0.0 - 1.29

4=3 0.002 - 1.31

J=1 2.5 - 2.70



- 106 -

L0000
300
’
200 ®
Control
point
Stable region Unstable region
100 —
|
ol | | l | 1
0] o2 A .6 .8 1.0

1/ Ty
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Fig. 64 Stability range of the controller when X is controlled
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APPENDIX -~ C

1) Amalog computer oircuits
2) Potentiometer settings
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POTENTIOMETER SHEET

Amplifier Pot
icuse Pot No. Coeff. Value No. Gain| setting Ref,
12| 00 58/.15x10 | 387 02|1 | a8 | 10
and| 01 1/.15 6467 o2 | 10| .667
2-a 02 1/7.55 132 03 |1 o132
o5 1/ 7y 06 _
10 1/8,2 0122 10 | 1 122
L 1n 1/8 o125 331 125
15 1/7.55 o132 03 |1 132
- 20 K _ 20 various 3
21 «311/1 3.1 19 | 10| 311 -
) 22 VX 20,00 29 | 10 | 1,00
' 3 1/6.2 122 0 |1 122
§f<___ 25 /s «013 N |1 | .o
N 26 10/75 o133 n |1 | g |
27 1/75% +013 31 |1 »013
. 28 o258 °258 12 |1 o258
36 «308/2,5x10 «032 32 |1 032 | 10
37 1/2.5 <400 32 |1 +A00
B 38 1/8 0125 33 |1 <125
' 32 Kpp o8 various| |
I
.
- 1
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POTENTIOME TER SHEET

Amplifier Pot
Case Pot No. Coeff. Value No. Gain| setting Ref.
'
Bt _.808/2.5x10 | 032 1| .2 30
ard] o 1/2.5 <400 02 | 3 | .00
2-b 02 1/8 125 o3 | 1 125
05 1/ Ts 06
10 1/8.2 «222 110 b § 2122
11 1/7+55 2132 33 1 0132
_ 15 1/8 2125 0 | 2 2125
20 E .l 20 various |
_ 2A «311/.1 3.11 19 10 «311
22 [ 1/.1 30,00 119 | 10| 1,00
| _ 1/8.2 L122 1 | .
e 25 1/75 ] 003 131 |} | LOM3
26 1075 | Q133 13} [} | 033 | |
27 1/28 012 3 1 013
28 <258 2258 134 |1 | 258 | @@
36 «58/,15x10 | L3487 132 |1 a387 | 10
37 41.15_____1_&.67 32 | 10 2667
| 38 1/7.55 0132 33 1 | <132 ]
| 32 Kep o —’_.‘6&“ o i _various i
- - 1
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POTENTIOMETER SHZET

, Plate 9
! Amplifier Pot
!Ca se Pot No. Coeff, Value No. Gain{ setting Ref.
' 1-c ! 00 «58/,15x10 387 o211 387 10
2-c 01 1/.15 6.67 02| 10| 667
2-g 02 1/7.55 132 03| 1 132
: and 05 1/ Ty 06 various
' 2-1i 10 1/6.65 «150 10/ 1 «150
I 1/¢ d25 | 33| 1 | .25
j 12 e311/.1 3.11 22| 10{ .311
i ) 13 1/.1 10,00 22| 10| 1,00
| 15 1/7.55 132 3|1 | .132
B 16 [ 1.17/.65x10 .180 |1 | .80 | 10
| 17 1/.65 1454 h | 10| 154
- 18 1/7.8 a28 | 15| 1 | .28
T 20 K 20 various
21 «598/.27 2.21 19 | 10| .221
22 1/.27 3.70 19 | 10| .370
23 1/6465 «150 10| 1 +150
25 1/75 013 31 |1 013
! 26 10/75 o133 31 | 1 0133
27 1/75 ,013 31 |1 «013
i 28 258 258 12 | 1) 258
, 30 1/7.8 128 15 | 1 .128
31 1/8.2 0122 23 |1 0122
33 1/8.2 122 23 |1 | .122
'P 36 L808/2.500 ) .032 13231 | .032 {10
i 1/2.5 «400 32 11 +400
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POTENTIOMETER SHEET
| Plate 9
Amplifier Pot
Case Pot No. Coeff, Value No. Gain| setting Ref.
i 38 1/8 »125 33 |1 | .25
2"C1
2-g, 32 Kpp 08 various
and
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POTENTIOMETER SHEET

Plate 7
Amplifier Pot
Case Pot No. Coeff. Value No. Gain| setting Ref.
1=c 00 58/.15x10 387 02 |1 +387 | 10
2-c4 01 1/.15 6467 02 | 10 667
2-g, 02 1/7455 .132 03 |1 o132
and os 1/ T4 06 various
21 10 1/8 0125 10 |1 0125
1 1/8 o125 33 |1 .125
[ 12 311/.1 3.1 22 |10 | .1
B 13 1/.1 10,00 22 |10 | 1,00
15 1/7.55 o132 03 |1 132
— 16 1.67/.6x10 278 w |1 278 | 10
17 1/.6 1.67 s |20 167
18 1/6.6 0152 15 |1 0152
20 K _ 20 various
21 «909/.46 1.98 19 |10 198
22 1/.h6 2.17 19 |10 217
23 1/8 o125 10 |1 0125
25 1/75 .013 31 |1 .013
26 10/75 «133 31 |1 2133
27 1/75 .013 31 |1 <013
! 28 «258 «258 12 |1 «258
§ 30 1/6.6 0152 15 |1 «152
’ 3 1/8.2 122 23 |1 .122
33 1/8.2 0122 23 |1 0122
!_ 36 »808/2.5x10 «032 2 |1 .032 10
37 1/2.5 +400 32 i1 <400
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POTENTIOMETER SHEET

Plate 7
| Amplifier Pot
Case Pot No. Coeff. Value No. Gain| setting Ref.
1'3 38 1/8 125 33 X 125
2:0 1
2-g 4 32 Kpp og various
2=-i

T
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POTENTIOMETER SHEET

Plate 3
Amplifier Pot
Case Pot No. Coeff. Value No. Gain| setting Ref,
l-c, 00 «58/,15x10 387 o2 |1 387 10
2-c| o1 1/.15 6,67 02 |10 | .667
2=8s 02 1/7.55 0132 03 |1 132
and 0s 1/ Ty 06 various
2-1 10 1/8.25 121 10 |1 121
11 1/8 0125 33 |1 125
12 311/.1 3.11 22 |10 311
) ’13 1/.1 10,00 22 |10 |1,00 B
15 1/7.55 132 03 |1 0132 B
16 [ 1e9%/7.9x10 025 h 11 «025 10
17 1/7.9 127 N |1 127
18 1/.1 10,00 15 {10 | 1.00
20 K 20 various|
21 1,015/.65 1.56 19 |10 156
22 1/.65 1.54 19 (10 o154
23 1/8.25 121 10 |1 121
25 1/75 «013 31 |1 «013
26 10/75 133 31 |1 «133
27 1/75 «013 31 |1 «013
;3_ 258 2258 12 |1 o258
30 1/ 110,00 15 110 |1.00
31 _1/8.2 _a122 23 (1 | .22
33 1/8.2 0122 23 |1 122
u 16 Ao8/z.5x10) .032 |32 {1 | .032 | 10
_a7 1/2.5 1 k00 32 1 k0O
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POTENTIOMETER SHEET

Plate 3
Amplifier Pot
Case Pot No. Coeff. Value No. Gain| setting Ref.

l-c4 38 1/8 0125 33 11 | .25
2-c ,L
2-g J 32 KFE 08 various
and
2-1i
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POTENTIOMETER SHEET

Plate 1
Amplifier Pot
Case Pot No. Coeff. Value No. Gain| setting Ref.
1-31 00 ¢58/.15x10 387 02 |1 387 | 10
2-c{ 01 1/.15 6.67 02 | 10 | .667
2-gf 02 1/7.55 132 3|1 | .32
and 05 1/ T4 06 var
2-1 10 1/7.95 126 101 »126
JP 11 1/8 125 33 |1 125
12 e311/.1 3.11 22 | 10| .311 B
- 13 1/.1 10,00 22 | 10 | 1.00
15 1/7.55 132 03 | 1 °132 B
16 1e125/2.5x10f  .0h5 L |1 045 | 10
17 1/2.5 <400 |2 400
18 1/9.2 «109 15 | 1 «109 --
20 K 20 vari |
21 .833/3.25 .256 19| 1 | .256 W
22 1/3.25 «308 19 |1 «308
23 1/7.95 0126 10 { 1 <126
25 1/75 -013 311 +013
: 26 10/75 133 31 |1 «133
27 1/75 .013 311 -013
28 o258 .258 12 1 «258 |
30 1/9.2 <109 15| 1 «109
31 1/8.2 0122 23| 1 «122 |
33 1/8.2 0122 231 0122
L 36 .808/2.5x10 .032 32| 1 032 | 10
- 37 _1/2.5 «1,00 321 1 « 400
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POTENTIOMETER SHEET

Plate 1
Amplifier Pot
Case Pot No. Coeff. Value No. Gain| setting Ref.
l-cy4 38 1/8 0125 33| 1 125
2-C 2
2-gJ‘ 32 Kpp 08 various
and
2-1
|




R
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POTENTIOMETER SHEET

Amplifier Pot
(nse Pot No. Coeff. Value No. Gain} setting Ref,
r 1-d 00 «58/.15x10 «387 02 1 <387 10
2-4 01 1/.15 6667 02 10 «667
02 1/7.55 132 03 1 «132
. 05 1/ Ty 06 various
- 06 1/e5 2.00 o7 10 «20C
07 1/.5 2,00 o7 10 «200
10 1/5.5 «182 10 1 182
B El.l 1/8 125 33 1l 0125
. 15 1/7.55 132 03 1 332 ~
' 20 K 20 various
21 0273 /o5 +060 19 | 1 060
‘;_ ___ 22 1/h65 o222 19 1 222 .
B 23 1/5e5_ 182 10 |1 182 |
% 25 _+622/6 <105 31 |1 +105
— 26 1/6 «167 31 h § 0167
; 27 1) o091 1 |1 «091
28 14 2091 b I | «091
, 36 +808/2.5x10 032 32 1 «032 10
_ 37 _1/2.5 _ k00 32_| 1 «400
| as 1/8 2125 33 |1 2125
32 Kpp 08 variougd
|
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POTENTIOMETER SHEET

Amplifier “Pot
Case Pot No. Coeff. Value No. Gain| setting Ref.
l-e, 00 «808/2.5x10| .032 o2 |1 032 | 10
roe o1 1/2.5 400 02 |1 | <400
02 1/8 0125 03 |1 0125
o5 1/ Ty 06 various
06 1/.5% 2.00 07 | 10 | 200
L o7 1/.5 2.00 07 |10 | .200
T 10 i/ <091 10 |1 <091
- n 1/7.55 132 33 |1 | 32 )
1s 1/8 125 03 |1 125
i 20 K 20 various B
21 «627/6 <108 19 |1 <105
22 1/6 <167 19 |1 0167
23 m 091 10 (1 | .o |
25 o273/k o5 <060 31 |1 «060
26 1/he5 222 31 |1 | .222
7 1/5.5 <182 1 |1 0182
28 1/5.5 0182 11 |1 <182
32 0133 0133 o8 |1 133
36 «58/,15x10 387 32 |1 .387 | 10
37 1/.15 6.67 32 |10 | .667 ﬂ
38 1/7.55 0132 33 |1 0132
32 Kpp 08 various
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POTENTIOMETER SHEET

Plate 9
Amplifier Pot
1Case Pot No. Coeff, Value No. Gain| setting Ref,
 1-f, 00 «58/.15x10 +387 02 |1 «387 | 10
-t} o 1/.15 6067 02 | 10 | .667
2-h| 02 1/7.55 132 03 {1 v132
and 0s 1/ 7T 'y 06 various
2=J 06 1/.5 2,00 o7 | 10 «200
PF 07 1/e5 2,00 o7 | 10 «200
~ 10 1/7.2 «139 10 |1 | .39
11 1/8 125 33 |11 0125
. 12 e273/k5 «060 22 |1 +060
13 | 1/heS o222 2 11 o222
15 1/7.55 132 03 |1 o132
- 16 1.17/.65x10 | .180 u |1 | .80 | 10
17 1/.65 1.5 s |10 d56 | |
18 1/7.8 128 15 |1 0128
20 K 20 various
21 0582/2.2 0265 19 |1 265
22 1/2.2 ob35 19 {1 ok 55
23 1/7.2 139 10 |1 139
-~ 25 «627/6 2105 31 (1 105
26 1/6 2167 31 {1 0167
27 1 «091 11 11 2091
— 28 1/l _a091. 11 (1 | .091 {
30 1/7.8 A28 115 11 | .128 | |
31 1/5-5 JA82 1 +182
- 33 1/8.5 —— 1 182 233 «182
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POTENTIOMETER SHEET

Plate 9
Ambplifier Pot

Case Pot No. Coeff. Value No. Gain| setting Ref,
4

1-£.l 36 OM/zomo 0032 32 1 032 10

2-f) 37 1/2.5 <400 32 |1 | 00

2-h{ 38 1/8 o125 33 (1 | a2

and

2= 32 Kep 08 various

—
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POTENTIOMETER SHEET

Plate 7
Amplifier Pot
\Case Pot No. Coeff. Value No. Gain| setting Ref.
1-f 00 «58/.15x10 387 0211 «387 10
-l o 1/.15 6.67 o2 | 10 | .667
2-h 02 1/7.55 132 03 |1 132
and 05 1/ Ty 06 various
2=J 06 1/.5 2.00 07 | 10 | .200
—L-‘ 07 1/.5 2,00 o7 | 10 «2C0
10 1/7.95 0126 10 | 1 0126
j 1 1/8 el25 |33 {1 o125 N
12 «273/he5 «060 22 |1 «060
13 [ 1/ke5 0222 22 |1 0222
15 1/7.55 0132 03 |1 0132
16 1.67/+6a10 o278 W |1 .278 | 10
17 1/.6 1,67 W |10 | .67 | |
18 1/6.,6 o152 115 11 152
20 K 20 various
21 800/, 600 1,33 119 110 | L133
22 1/e6 1,67 19 1210 | L167
23 1/7.9% 0126 10 |1 0126 ]
25 2627/6 +105 31 |1 2105
26 1/6 2167 31 |1 2167 | .
27 141 2091 1111 091 |
28 11 091 11 |1 | .00
30 1/6.6 0152 15 |1 2152
— 31 1/5.5 JA82 123 11 <182
_ 33 1/5.5 a2 123 11 | .82
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POTENTIOMETER SHEET

Plate 7

Amplifier Pot
Case Pot No. Coeff. Value No. Gain| setting Ref.
-1, 36 .808/2.5x10 032 32 |1 | .032 | 10
2=f, 37 1/2.5 +«400 32 (1 «400
2-h; 38 1/8 125 33 l 125
and
2-3 32 Kep 08 various

|
.

pe - o= .~ e ﬂ
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POTENTIOMETER SHEET

Plate 3
Amplifier Pot
Case Pot No. Coeff. Value No. Gain| setting Ref.
lor 00 ¢58/415x10 387 02| 1 387 | 10
oop 01 1/.15 6067 02| 10| .667
2-h 02 1/7.55 132 03| 1 132
and 05 1/ T4 06 various
2-3 06 1/.5 2,00 07| 10| .200
o7 1/.5 2,00 07| 10| .200
WL* 10 17456 132 10 1 | .132
o 11 1/8 125 33| 1 125 )
12 273 /ks5 060 22| 1 | .060
i 13 L 1/A.5 222 22 | 1 222
15 1/7.55 o132 03 |1 | .132
16 1.94/7.9x10 025 W |1 025 | 10
17 1/79 127 W |1 27 |
18 1/ 10.00 15 | 10 | 1.00
20 K 20 various _
21 1.22/1.14 1,07 19 |10 ] .107
22 1/1.1% «877 19 |1 «877
23 1/7.56 132 10 |1 0132
25 +627/6 .105 31 |1 .105
26 1/6 167 31 |1 167 B
27 1/11 091 1 |1 <091
28 1/11 091 11 |1 091
30 1/.1 10,00 15 |10 | 1.00
31 1/5.5 .182 1 | .182 _
L 33 1/55 o182 23 11 =182
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POTENTIOMETER SHEET

Plate 3
Amplifier Pot
Case Pot No. Coeff. Value No. Gain| setting Ref,

1-fy 36 +808/2,5x10 | .032 32 |1 032 | 10
2-t] 31 | 1/2.5 <400 32 {1 | .a00
2-h| 38 1/8 125 33 |1 125
and
2-3 32 Kep 08 various
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POTENTIOMETER SHEET

Plate 1
Ambplifier Pot
Case Pot No. Coeff, Value No. Gain| setting Ref.
1-f 00 e58/.15x10 «387 02 |1 387 10
2-f] 01 1/.15 6467 02 |10 | .667
2-h, 02 1/7.55 0132 03 |1 0132
and 05 1/ T4 06 various
2-3 06 1/.5 2,00 07 | 10 +200
07 1/e5 2.00 o7 | 10 200
10 1/7 o143 10 |1 o143 N
B 11 1/8 W25 {33 |1 .125 .
12 o273 /h o5 «060 22 |1 «060 .
i 13 1/he5 0222 22 |1 0222
15 1/7.55 .132 3 | 1| .32
16 1,125/2.5x10 | 045 m | 1 045 10
17 1/2.5 o400 w |1 h00 |
18 1/92 «109 15 1 <109
20 K 20 various
21 1.30/ke5 «289 19 [ 1 «289
22 1/be5 222 19 1 0222
23 1/7 o1h3 10 |1 o143
25 «627/6 +105 31 |1 «105
26 1/6 0167 31 |1 4167 ]
27 1/11 Y, SN S 2091
28 111 2091 1 091 *
30 1/9.2 0109 1 | 1 | 0109 1
31 1/5.5 Jd82 (23 131 J82
33 1/5.5 182 23 11 182



- 14,9 -

POTENTIOMETER SHEET

Plate 1
Ambplifier Pot
Case Pot No. Coeff. Value No. Gain| setting Ref,
1‘?: 36 .808/2.5x10 032 32 1 .032| 10
2-f, 37 1/2.5 400 32| 1 400 *
2=h, 38 1/8 125 331 1 125
and
2-3 32 Ko _08 various
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