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Y ‘ Abstract S

. A simulator, known as'DYCONDIST; has been developed at
the University of Alberta to model dynamic behaviour of

. : Ky
multicomponent distillation columqs. In this workﬁzs ,
enhancements made to 'the simulator to facilitate
\;nvestxgatxon of column dynamxcs and control are described
as are results obtained by apply:ng the pgbkage to open and

closed loop studles of a 31 stage depropanxzer.

Open loop study of the tower consisted of sxmulatxon of

A-'"

d;namxc responses: to feed rate dxsturbances as well as to
step changes in reflux rate and reboiler duty. The base
case column fegg consisted‘of five'compohents, but-tge
sensxtxvlty to the number and dxstr1but10n of feed specxes
was also consxdered for a feed rate decrease. ;n some of
'these cases inverse composxtxon responses are exhibfted and,
although this behavxour was maxnly restrzcted to the key ‘
components in the column sections they domxnate xnverséﬁ
'responses»of,non~key'components and even of stage \ -
temperatures were‘observed for-some five component\feed

disturbance cases. The inverse behaviour was predicted

v
! »

"regardless of whether constant or var1able stage lxquxd
holdup was assumed. Some generallzations aré made about the
effects of disturbance type and size and feed

LN

character1zatlon on the predlct1on of nonm1n1mum phase
'-behav1our. 3 ‘ : I
,Control schemes 1mplemented as part of the closed loop

»

study of the depropanlzer ranged from conventlonal to

iv
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N !

advanced strategies‘incloding local level control, single
and dual quality control and feedforward compensation as
well as a self~tuningigontrol algorithm, - Althougn optimal
controller tuning was not performed, some improvenent was
seen when using direct‘composition‘measurements as opposed /
'to‘temperature feedback control. Relative gains and
relative disturbance Qains weyevcalculated for the dual
quality-control cases, but‘little correlation was found
between these measures andg sxmulatlon results. Feedforward
Control provxded considerable 1mprove;ent in performance

- over ‘feedback control alone. Performance of the'self-tuning
controller was comparable to that of the conventional
schemes,‘but‘}t is felt that this could be imoeoved by'
optimal design of the weighting parameters used in the

'algorithm.

-
[ ;

The simulator has been demonstrated to be very useful
1n‘dlst111atxon column control system design as well as, in
the development and testing of advanced control technxques.

Some suggestions.are given for future work. . .



Acknowledgements

e financial support of the Department of Chemical
-

Engineeri dur'ing the course of this 'work is gratefully

t

acknowledge Many thanks are also due to Dr. R. K. Wood ,
effort'and guidance as my supervisor. The'

A

for his time,

. support and en ouragement of’ famxly ‘and friends has, been

greatly apprecxated and the. opportunzty to learn from*and

L)

exchange 1deas thh various professors and fellow students

has made the past two years a tremendous experxence.
: : EN :
° Spec1al thanks to the. eighth floor crew and to Dave,

‘Dave and Bill who helped keep everything in, perspective.
‘ s\ '

-

o o

s

vi’



.Téple of Contents

Chapter o . \ Page
1. INTRODUCTION AND ngERATURE”Révxsw e nanrasanaaaaaeaal
1..1 Dynamics of Mulﬁ{éompongnt Distillation ..........3

-1-1Ovepview glq.‘qlq-Aq..q’-.-qq.qqqq.q.gp.lq\A.qB

\

T21.2 ASSUMPLAONS  t 'y e i el iinnnnananasnnnnannasi?

) ]p] BReduced MOdels Q‘AAQ‘!'I‘P\.lA!“l“.AD"ﬂAA!“11‘

.1 l 4 Numerxcal MethodsA..,..A..:....,..........r14
1 5 Nonmlnlmum Phase Behaviour ..........,.....17

1.2 Control of Multmcomponent Dx§t111atjon .-

1.2.,1 History of Distillqtioh Control cacemeaaaaa?l

\

1. 2 2 Conventional Control CAtaadasaasiaaeaaaaaas2B
: \ !

‘1.2 3 Advanced Control- ......,,...;.. ..... I v

1.2.4 Implementing Distildation Column Control ..54

2.  DEVELOPMENT OF DYNAMIC SIMULATOR ,................. . .62
2.1[Introduction e easeaaan DO P S -0

,2 Model Development ........ e e eeiee.. 62

‘ 2. 2.1‘Material Balance Equakioh Ceeeeeieiiaaeaa .63

, 2.2.2 Tray! Energy Balance .;...}..... ....... ii..65
'2,2.5 Representatxon of Thermodynamzc Prcpertles 67:
"§2.2.4 Overall Column Model .fe.; ....... ;..f:;....70

2.3 Solution Procg@ure .;........;l,;.,J.....;rfiu...72

2.3.1 Methods, of Solution R SUUORURC AP

2.3.2 Integratxon Procedure - ...;Q.....J;..;u;....73

oty

2.4 Program Structure ....;........;..f.a,.q;fgé.....78

2.5 Modlfxcatlons to Dynam1c Sxmulator ..;..L;Q:.....78

3
A

25 1 Inpm GEﬂeratOf ..ooloonooo'll‘olooo‘.’n;ﬂbvo?B“

3
f

2 5 2 P?t Pl‘OCeSSOf 00'.o.oo.'00000‘000‘005020000079 '

i 4l
R

.,ovid



"

2.5.3 Spline Interpolatxon ZE....;.Q; ..... 'Q..,,,;BO

2.5.4 Partial. Condenser Model ......L..U...l...;:80

3.2 Open Loop RESUILS &vuprruns ....,.,ﬁJ.D;fLQ;Z....BS
‘ l' ‘1“):*\‘\
3.2.1 Base Case Steady State Condxb;ons ifaae....85

3 2. 2 Feed Rate stturbances ....,..LQ.14;
'3 2.3 Reflux Rate stturbances .H,..i;}ﬂﬂé.....gio4

3.2.4 Heat Input stturbances ......ﬁj}frw.uaﬁ,.114

3.3 Variable Tray quuxd Holdup ..........4% - ,.121
3.4 Feed Composxt:on Variation ...........,.....}...126

SIMULATION OF CONTROL LOOPS .,...,...g...Aﬁ;;.......145\
4.1 Problem Description .;.,;q,,.......;.,...j......145
4.2 Local Cohtrol-Loops ....,...,....;........;..:.1147
4.2.1 Local Level Control .......... ceiiaii....148
4.2.2 Local Flow Control ...g..;......,:.;.u...:148
4.2.3 Local Control E;ample ....,u.i..;.....u...l49

4.3 Remote Control LOOPS vwewn.... RO SN 154'
. 4.3.1 PID Control ....... ...;......7;...;...7;..154
4.3.2 Self-Tuning Control ...... ;...,(.L,,..L;..lSS

CLOSED LOOP SIMULATION EXAMPLE .............c\......157

‘S 1 Introductlon ..............:,..L;.;...........;.157

5 2 Mater1al Balance Control ceesssesssesecasaseccss 158

5. 3 angle Quality Control .........................167

5. 3 1 Temperature Sensor Locat1on teederiieeness 167

5.3. 2 Indirect. Single Qualzty Control ..........171

viii .



;
5.3, 3 Dxrect angle/Qualxty ContrOl

. 5.4 Dual Quality Contr01 R

. |
-Aq-qAAAA-

"5.4.1 Dual} Qualxty Controller Design and
pefformancﬁ L I T T T S Y

5.4.2 Xnteractyon Analysis .........

L L N

5.5 Feedforward Contnol

LR L N R N R R R T R N P
. . '

5.6 Self- Tunxng ContrDl O
6.1 Conclusiohs N e mnameaeaaaan
6.2 Recommendat;ons for Future~Work
6.2. 1/DYCONDIST Modifications .......,.
6.2.2 Dlstzllat;on Dynamics ....... R

/ —

- 6. 2 3 Dlstxllatxon ‘Control ... ... nienia.l..

REFERENCES St amaa s aans e aana

r

CONCLUSIONS AND RECOMMENDATI‘ONS FOR FUTURE WORK ‘
VA : ;

I

-

! .
LR N R RN N WY

)

fAA AR e e ae

-

-

-

-

~a

.185"‘
.193

.'193
L202

A214 !

.220



Table

1.2
.37

o .
List of Tables

t

- |
o Page .

~ .

DYNAMIC MULTICOMPONENT DISTILLATION

‘MODELLING ASSUMPTIONS . nnnennnnnannanasnnnsnnnnnssaB

[R

CONTROL{VARIABLE SYMBOLS cenaannaaanaananansannaaas2]
MASS BALANCE. CONTROL SCHEMES ...........pesssiensass29
PRESSURE CONTROL SCHEMES ... ........%enseeesssnss.34

SINGLE QUALITY CONTROL SCHEMES ... ov.vvsrensennnn. .58

DUAL QUALITY CONTROL'SCHEMES e maaaeenascnnananl. A3
| APPLICATIONS OF FEEDFORWARD CONTROL ++ssvannnnnnnd7

LITERATURE RECOMMENDATIONS FOR

FEEDFORWARD CONTROL « . in v aas e as s e semenmenmennnnnnnn 48
X
SELECTED APPLICATIONS OF MULTIVARIABLE ‘
CONTROL . + .+ 4 sz s asaannasnemaneeaeeensnnnasennnnaesnss50
APPLICATIONS' OF SELF-TUNING CONTROL . ......... cafe.n51
_ SIMULATION STUPIES OF INFERRENTIAL |
CONTROL .....%..... e nriraiaanaans Ceaenn.52
* OTHER APPLICATIONS OF ADAPTIVE CONTROL Ceeieii.....53
ENERGY BALANCE COEFFICIENTS .................. we....88
ASTRK INTEGRATION PROCEDURE . ....ive.oeeveeennnn....76
BASE CASE OPERATING CONDITIONS, ..... et ee e 86
SUMMARY ‘OF INVERSE RESPONSE BEHAVIOUR FOR ' . ——
FEED RATE DISTURBANCE CASES ...... - -
SUMMARY OF INVERSE RESPONSE BEHAVIOUR FOR -
REFLUK RATE DISTURBANCE CASES ......oooooeeeenn.... 112
SUMMARY OF INVERSE RESPONSE BEHAVIOUR FOR .
HEAT INPUT DISTURBANCE CASES «.......o....c.oe....o119
DEPROPANI ZER TRAY DETAILS «.ueunuinnncernnennnnn.nn, 122
'BASE CASE TRAY LIQUID HOLDUP ............... eeanes 123

FEED COMPOSITIONS FOR FEED VARIATION -
STUDY ‘...O......"".........................‘I.....l‘129

SUMMARY OF INVERSE RESPONSE BEHAVIOUR FOR.

3COMPONENT FEED CASES .....'.'.....P..0.....‘...'.134

v
~



Th§l°
3.9
3.10

3.11

5.7

5.8

t%_ Page '
SUMMARY OF INVERSE RESPONSE BEHAVIOUR FOR

4COMPONBNT FEED CASES AA'HHFHAA\!"lqﬁﬁﬁ-!ﬁﬂ!yﬂﬂ‘ﬂﬁ"135
SUMMARY OF INVERSE RESPONSE BEHAVIOUR FOR o  \

SCOMPONENTFEED CASBS q;---AAnqu-qqqA-quqp«AAﬂAAA]BG

’
[

SUMMARY OF STAGES DISPLAYING INVERSE
COMPONENT RESPONSES FOR FEEDS WITH ' .
VARIOUS ETHANE FRACTIONS AﬁAa-AAA-nAAqAAqqAAAAAAAAw‘IB?

SINGLE QUALITY CONTROLLERS AND CONTROL ’
PERFORMANCE FOR A 10% FEED RATE DECREASE ....,.....175

DUAL QUALITY CONTROLLER DESIGN ..........00ennen...199

SUMMARY OF DUAL QUALITY CONTROL | |
PERFORMANCE FOR FEED RATE DISTURBANCES ............203

STEADY STATE AND RELATIVE GAINS FOR DUAL N 4
QUALITY CONTROL .A:............AA..q......7,.,,....209

RELATIVE DISTURBANCE GAINS FOR DUAE -
QUALITY CONTROL ., ........ A S 3 K

DUﬁL QUALITY CONTROL ACTION ‘ANP CONTROL
PERFORMANCE RELATIVE TO SINGLE QUALITY !

CONTROL ACTION AND CONTROL PERFORMANCB carenaaees.a215
3 ' N .
CONTROL PERFORMANCE FOR CASES WITH AND . .
WITHOUT FEEDFORWARD COMPENSATION ......... e eanaes217
-~ .

' SELF TUNING CONTROLLER PERFORMANCE FOR
~1ox FEED RATE DISTURBANCE§ ....................... 223

|

&t . .
" .
“
! . ,
< .
Ve
N



-

. Figure

3f7
3.8
3.9
3.10

3.1

3.12

List of Figures

Page
VARIABLES FOR COMPLEX DUAL QUALITY
CONTROL HAAAAAAHAHAAAAA!'RGA!AF\HAHH\‘!AA'\AAHAHHNA‘\HAﬂAA]\
DIAGRAM OF GENERALIZED TRAY . ... .uuneannannnnnnnnnnn64

TOWER SCHEMATIC annnaaAAﬂnAAAAAAAA’Aanaan‘aaanananananee

SOLUTION PROCEDURE WITH VARIABLE HOLDUP ., ....naa20n..74
DEPROPANI ZER SCHEMATIC DIAGRAM S AnsannanananannansaB4

BASE CASE STEADY STATE TEMPERATURE :
PROFILE A A A A A A A A A A A & A A AAAHHA!!HHHRAAHAP\AHAAHA’\AF\AAAA87

BASE CASE STEADY STATE COMPOSITION
PROFILES AAAAAAAA-\QIHA.AAQAAAAAAARAHH\AAAHH'\F\AHHAHAA88

LIQUID DISTILLATE AND BOTTOMS COMPOS]TION
RESPONSE TO A 10% FEED RATE DECREASE , ... .unnnconnaa9l

LIQUID DISTILLATE AND BOTTOMS COMPOSITION
RESPONSE TO A 10% FEED\RATE INCREASE .. ... usrsnnnnsna92
A

LIQUID DISTILLATE AND BOTTOMS COMPOSITION

RESPONSE TO A 30% FEED RATE DECREASE ...............93

LIQUID DISTILLATE AND BOTTOMS COMPOSITION
RESPONSE TO A 30% FEED RATE INCREASE Ceamaannasannand

TRANSIENT RESPONSE OF COLUMN TEMPERATURES
TO A 30% FEED RATE DECREASE ........... bammaa Aaneaa .99

TRANSIENT RESPONSE OF COLUMN TEMPERATURES
TO A 30% FEED RATE INCREASE ......... et 99

TRANSIENT /JRESPONSE OF PROPANE PROFILE ‘TO
A 30% FEBD RATE DECREASE .......................... 100

TRANSIENT RESPONSE OF ISOBUTANE PROFILE

- TO A 30% FEED RATE DECREASE.; ..... S et e e saea s 100

_ TRANSIENT RESPONSE OF COLUMN PROPANE FLOW
"RATES TO A 30% FEED RATE DECREASE "........c0oi0uennn 102

'TRANSIENT RESPONSE OF COLUMN ISOBUTANE
'FLOW RATES TO A  30% FEED RATE DECREASE ........ v...102

TRANSIENT RESPONSE OF COLUMN LIQUID FLOW ,
RATES TO A 30% FEED RATE DECREASE ......... e 103

TRANSTENT . RESPONSE OF PROPANE PROFILE TO -

A30x FEED RATE INCREASE ‘............o---..--......105

xif



Figure

3.24
3.25

3.26

3.31

TRANSIENT RESPONSE OF ISOBUTANE PROFILE

TO A 30% FEED RATE INCREASE

LY

- A

STEADY STATE TEMPERATURE PROFILES FOR

FEED DISTURBANCE CASES

LIQUID DISTILLATE
RESPONSE TO A 10%

LIQUID DISTILLATE
RESPONSE TO A 10%

LIQUID DISTILLATE
RESPONSE TO A 30%

LIQUID DISTILLATE
RESPONSE TO A 30%

AND BOTTOMS
REFLUX RATE

AND BOTTOMS
REFLUX RATE

ANDB BOTTOMS
REFLUX RATE

AND BOTTOMS
REFLUX RATE

COMPOSITION
DECREASE

L Y

AA R AR s A s A A AR A Ao

. om oA

AAAAAAAA&‘OG

AA A A a A s oA

COMPOSITION

INCREASE

COMPOSI TION
DECREASE

COMPOSITION

LY

Ao

INCREASE "a o

STEADY STATE TEMPERATURE PROFILES FOR

REFLUX DISTURBANCE CASES ..

LIQUID DiISTILLATE
RESPONSE TO A 10%

LIQUID DISTILLATE
RESPONSE TO A 10%

LIQUID DISTILLATE
RESPONSE TO A 30%

LIQUID DISTILLATE
RESPONSE TO A 3ox

AND BOTTOMS

HEAT INPUT DECREASE

AND BOTTOMS

HEAT INPUT INCREASE

AND BOTTOMS

HEAT INPUT DECREASE

AND BOTTOMS
HEAT INPUT INCREASE

LR

LI R O

COMPOSITION
COMPOSITION

COMPOSITION

COMPOSITION

STEADY STATE TEMPERATURE PROFILES FOR
HEAT INPUT DISTURBANCE CASES

STEADY STATE HOLDUP PROFILES 'FOR 10% FEED

DI STURBANCES MQDELLED WITH VARIABLE TRAY

HOLDUP

STEADY STATE TEMPERATURE PROFILES FOR 10%
FEED DISTURBANCES MODELLED WITH VARIABLE

TRAY HOLDUP

......

KEY COMPONENT RESPONSES IN LIQUID
DISTILLATE AND BOTTOMS MODELLED WITH
CONSTANT AND VARIABLE TRAY HOLDUP OPTIONS

STEADY STATE TEMPERATURE PROFILES FOR 3
COMPONENT FEEDS SUBJECTED TO 10% FEED

RATE DECREASES ..

ooooooo

xii1

-

-

A a A n

L R N N P S P

L A N TP

----------------------

............................................

------------------------------

AA A A AA A

ooooooooo

.l......‘..:‘..O‘.....Q]30



Figure

3.32

3,35

3.37

5.6

Page

STEADY STATE TEMPERATURE PROFILES FOR 4
COMPONENT FEEDS SUBJECTED TO 10X FEED
RA\TE DECREASES LI T . T T T T S »\13]

STEADY STATE TEMPERATURE PROFILES FOR 5
COMPONENT FEEDS SUBJECTED TO 10% FEED
RATE DECREASES qunnaAq-AA«AAA-AA-AAAAAqAAAAAAAAAAﬂ132

PROPYLENE DISTRIBUTION PROFILE AFTER 10%
FEED RATE DECREASE FOR FEEDS WITH VARIOUS .
ETHANE FRACTIONS ... i nunnnnnnncncaannnannnnnnnanald0

PROPANE DISTRIBUTION PROFILE AFTER 10%
FEED RATE DECREASE FOR FEEDS WITH VARIOUS
ETHANE FRACTIONS amasaa s qAAn-«AnAAAA-«-qAAaAqaaanqu14]

1SOBUTANE DISTRIBUTION PROFILE AFTER 10%
FEED RATE DECREASE FOR FEEDS WITH VARIOUS
ETHANE FRACTIONS T mam A aAanaaan . s aaa 142

CISBUTENE DISTRIBUTION PROFILE AFTER 10%
FEED RATE DECREASE FOR FEEDS WITH VARIOUS

ETHANE FRACTIONS . ovvunnnn.. S V5.
MATERIAL BALANCE CONTROL FOR LOCAL K

CONTROL EXAMPLE ......... e . eer.150
MATERIAL BALANCE CONTROL SCHEME ....... G eeaiinaanaa.159

CLOSED LOOP RESPONSES TO A 10% FEED RATE
DECREASE FOR MATERIAL BALANCE CONTROL
WITH K, =50 ..ttt ieeeeeaannannannnn. 161

CLOSED LOOP RESPONSES TO A 10% FEED RATE
DECREASE FOR MATERIAL BALANCE CONTROL B
WITH K, =200 ...... et e ...162

CLOSED LOOP RESPONSES TO A 10% FEED RATE '
DECREASE FOR MATERIAL BALANCE CONTROL
WITH K, =400 ......... Nt er ettt earaaaa, 163

CLOSED LOOP RESPONSES TO INCREASES IN
LEVEL SETPOINTS FOR MATERIAL BALANCE .
CONTROL WITH K =200 ...oweee... e, 165

CLOSED LOOP RESPONSES TO A 10% FEED RATE
INCREASE FOR MATERIAL BALANCE -CONTROL ‘
WITH Kp =200 LA I A I I R I I I T R N ¢ e 500 0 s 0 166

TEMPERATURE PROFILES FOR DISTILLATE ﬁATE
DISTURBANCE CASES USED TO DETERMINE ‘
TEMPERATURE SENSOR LOCATIONS P 1Y -

il

xiv



Fiqure

5.8 .

5.9
5.10
5.11
5.12
5.13
5.14
*5,15
5.16
‘.n
5.18
5.19
5.20
5.21

, Page
POTENTIAL CONTROL TRAY TEMPERATURE
RESPONSES TO A 10% FEED RATE DECREASE . A

POTENTIAL CONTROL TRAY, TEMPERATURE
RESPONSES TO A 10% FEED RATE INCREASE .....nvvn0naaa170

SINGLE QUALITY CONTROL SCHEME FOR ‘
INDIRECT DISTILLATE COMPOSITION_CONTROL A s

CONTROL TRAY TEMPERATURE RESPONSES TO A
10% REFLUX RATE INCREASE smasAssannsananannannnannalld

CONTROL TRAY TEMPERATURE RESPONSES TO A
10X REFLUX RATE DECREASE . . ...ucuvinmuncunnnnnnnnn174

CLOSED LOOP RESPONSES TO A 10% FEED RATE

DECREASE FOR INDIRECT SINGLE QUALITY

CONTROL OF DISTILLATE €OMPOSITION WITH

INITIAL CONTROLLER PARAMETERS , . i vinmnnnnrnnana 176

CLOSED LOOP RESPONSES TO A 10% FEED RATE

DECREASE FOR INDIRECT SINGLE QUALITY

CONTROL OF DISTILLATE COMPOSITION WITH

TUNED CONTROLLER PARAMETERS I " 178

CLOSED LOOP RESPONSES TO A 10% FEED RATE

INCREASE FOR INDIRECT SINGLE QUALITY

CONTROL OF DISTILLATE COMPOSITION WITH

TUNED CONTROLLER PARAMETERS . ... .iccieeennnnnn. .....180

CONTROL TRAY TEMPERATURE RESPONSES TO ‘A . :
10% INCREASE IN REBOILER DUTY ......euevun... e 182

CONTROL TRAY TEMPERATURE RESPONSES TO A
10% DECREASE IN REBOILER DUTY ..........0..... h e 182

* ! \
CLOSED LOOP RESPONSES TO A 10% FEED RATE
DECREASE FOR INDIRECT SINGLE QUALITY
CONTROL OF BOTTOMS COMPOSITION WITH ) '
INITIAL CONTROLLER PARAMETERS . ....v'ieeennnnnnnnn. 183

CLOSED LOOP RESPONSES TO A 10% FEED RATE

DECREASE FOR INDIRECT SINGLE QUALITY

CONTROL OF BOTTOMS COMPOSITION WITH TUNED

CONTROLLER PARAMETERS .......... tecteieneana ceeeoas \Q4

CLOSED LOOP RESPONSES TO A 10% FEED RATE

INCREASE. FOR INDIRECT SINGLE QUALITY

CONTROL OF BOTTOMS COMPOSITION WITH TUNED

CONTROLLER PARAMETERS ......cco000veveeanececacanas. 186

SINGLE QUALITY CONTROL SCHEME FOR DIRECT
DISTILLATE COMPOSITION CONTROL .....vvevevenceneeo.187

v



5.23

5.24

5.27
5.28
5.729

5,32

5.33

Page

Ny
CLOSED LOOP RESPONSES TO A 10% FEED RATE
DECREASE FOR DIRECT SINGLE QUALITY
CONTROL OF DISTILLATE COMPOSITION WITH . ,
INITIAL CONTROLLER PARAMETERS ......ucconnannn-n-..189

CLOSED LOOP RESPONSES TO A 10% FEED RATE
DECREASE FOR DIRECT SINGLE QUALITY . ‘ .
CONTROL OF DISTILLATE COMPOSITION WITH | r

. TUNED CONTROLLER PARAMETERS ......... e hiasnaaan ven s 190

CLOSED [.OOP RESPONSES TO A 10% FEED RATE

INCREASL FOR DIRECT SINGLE QUALITY .

CONTROL OF DISTILLATE COMPOSITION W]TH . :

TUNED CONTROLLER PARAMETERS ..... M st e aaaa e aa. 192

'CLOSED LOOP RESPONSES TO A 10% FEED RATE

DECREASE FOR DIRECT SINGLE. QUALITY
CONTROL OF BOTTOMS COMPOSITION WITH ‘ .
INITIAL CONTROLLER PARAMETERS ............ ceaana...194

CLOSED LOOP RESPONSES TO A 10% FEED RATE

- INCREASE FOR DIRECT SINGLE QUALITY

CONTROL OF BOTTOMS COMPOSITION WITH

INITIAL CONTROLLER PARAMETERS ............... tee...195
INDIRECT DUAL QUALITY. CONTROL SCHEME ....... e 196
DIRECT DUAL QUALITY. CONTROL SCHEME ................197

CLOSED LOOP RESPONSES TO A 10% FEED RATE
DECREASE FOR INDIRECT DUAL QUALITY ' : |
CONTROL BY COMBINING SINGLE LOOP O .
CONTROLLERS ........... R | Ceeieeaeaa.. 200

CLOSED LOOP. RESPONSES TO A 10% FEED RATE
DECREASE FOR DIRECT DUAL QUALITY CONTROL .
BY COMBINING SINGLE- LOOP CONTROLLERS TR 201

CLOSED LOOP RESPONSES TO A 10% FEED RATE

DECREASE FOR DIRECT DUAL QUALITY CONTROL

AFTER DETUNING THE BOTTOMS COMPOSITION - :
CONTROLLER 4t etieiniienssssacosansaceacocoassnannnan 204

CLOSED LOOP RESPONSES TO A -10% FEED RATE

INCREASE FOR INDIRECT DUAL QUALITY :
CON ROL ..l................I............O..l.......zos

CLOSED LOOP RESPONSES TO A 10% FEED RATE

INCREASE FOR DIRECT DUAL QUALITY CONTROL ..........206

xvi



Frgure
D

5.34

_CONTROL'WITH ADJUSTED Q WEIGHTING FACTORS ~3)

Page

CLOSED LOOP RESPONSES TO A 10% FEED RATE -

DECREASE FOR INDIRECT SINGLE QUALITY
CONTROL OF DISTILLATE COMPOSITION WITH

'FEEDFORWARD COMPENSATION R N A1

CLOSED LOOP RESPONSES TO A 10% FEED RATE = - *

DECREASE FOR INDIRECT SINGLE QUALITY

CONTROL OF BOTTOMS' COMPOSITION WITH ‘
FEEDFORWARD COMPENSATION',.;...;.:........q.....,..219

SELF TUNING CONTROL SCHEME ............. e ..221
CLOSED LOOP RESPONSES TO A 10% FEED"RATE

'.DISTURBANCE FOR SELF TUNING CONTROL WITH

Q WEIGHTING BASED ON CONVENTIONAL ' .
CONTROLLER SETTINGS ....... e Rt et e e aaeeanaaaaa.a, 228"

CLOSED -LOOP RESPONSES TO A 10% FEED RATE ,
DECREASE DISTURBANCE FOR SELF TUNING ' - -
CONTROL WITH ADJUSTED Q WEIGHTING FACT?RS ..... “e..225

CLOSED LOOP RESPONSES TO. A 10% FEED RATE ‘
DECREASE DISTURBANCE FOR SELF TUNING , )

AND TIGHTENED RESTRICTION ON CONTROLLER
ouyﬁum . U e et et 227

xvif



aop, a,

A{Z“W

bOr bll

B(z"')

BIAS

b,

Nomenclature and Notation
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for Stage J
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1. INTRODUCT ION AND L l TERATURE REVIEW

sttxllatxon has long been the subject of academjc and

Aggustrxal reseaFCh for two reasons: the process plays a key

roig in many chem;cal and petrochemxcal industries; and it

3. %%y
f}
e

Jubs

‘ . a 3 s
is yénergy intensmve operation, Confronted with rising

' ¢
. fuel costs refxneps‘and chemical processors have been

»

motivated to determine efficient operating strategies.
Knowledge of dynamﬁblediunn behaviour is an important aspéct
df the development ef«}mbroved distillation control schemes,
A This:worg confﬁnhes the development of a dypamic
hulticoﬁponentldi;ttliation celnmn simulator at the
Unitersitquf Alberta, Opiginal develobment of the
simulator, knewn as DYCONDIST was peh%démed by Wong (1985)
and fn this work modifications have been made to facxlltate
dynamic and control studies needed to’ keep pace with demand
for effxcxent dxstxllatxon column control strategxes.
» The—background agaxnst which this’ work was undertaken
is odt??ned in Section 1.1 and 1.2 in whxch cqnikﬁtutions to
the study of distillation column dynamlcs and dlﬁfxllatzon |
eolumn control are discussed. These sections highlight the
fact that a general purpose simulator such as the one used
in thxs work is not currently readily avaxlable and does
have the potent1a1 of belng extremely useful

A dxscusqeon‘of the assumpt1on§ on which the simulator
is based is gjven in"Chapter 2 along with an outline of the

numerxcal meehods and overall solution procedure used. This

chapter also contaxns an outline of mod1f1cat10ns and
R 4/

A | : "
*? | |

W

o
*

P f‘ .



enhancements made to the DYCONDIST package during the course
~of this work.

- Use of the simulator for dynamic studies is illustrated
by example in Chapter 3. The column studied is a
depropanizer about which details have been previously
published (gallard et al., f978; Cook, 1980; Wong and
Wood, 1985), Because the column displays unusual dynamic
behaviour in response to some disturbances,‘Chapter 3 also
outlines an‘investigation into the 'inverse compssition and
temperature responses which were observed. The
investigation is by no means exhaustive but does involve
study of the effects of the number and distribution of feed
compopents on the nonminimum phase behaviour observed.

' //\\The final two chapters of the thesis are devoted to use
{¢of the simulator for control studies. Chapter 4 outlines

modifications made to DYCONDIST to implement a variety of
local and remote control algorithms. An example is included

" in which the material balance equations are tailored to

incorporate local level tontrol at the overhead accumulator.

The depropanizer columr used in the dynamic behaviour

study is again used in Cﬁapter 5 to illustrate thé use of
the simulator for control studies. The control strategies
considered start with bas;c material balance or. 1nventory
caentrol and progress to single product quality control and
to ~dual product quality control Interaction analysxs using
steady state operability measures is also discussed.

Finaiiy, DYCONDIST is used to simulate feedforvard and



self-tuning control strategies applied to the depropanizer

as examples of the study of advanced control techniques.
1.1 Dynamics of Multicomponent Distillation '

1.1.1 Overview

Work in the field of distillation research has
progressed parallel to advances in computing technology.
Before the advent of fast, relatively inexpensive digital
cémputers, attention centred on simplified approaches,
usdally dealing with binary or pseudo-binary distillation,
Because of the complexity of rigorous calculat{ons, methods
of interest involved sho:tcug steady state calculations.

Holland (1983) notes that the theory of distillation
was first sépdied by Sorel in 1893. Early design technigques
were based on the work of Lewis and Lord Rayleigh.
Graphical techniques were developed by Poﬁchon and Savarit
and by McCabe and Thiele in the 1920's for binary
separations:: Work on multicombbnent'distillation generally
involved approximaﬁé models or empirical methods such as
that developed by Smith and Brinkley, or the combination. of
Fénskg's total reflux eqpatidn, Underwood's minimum reflux

equation and the ErBar—Maddox graphical method

-(Smith, 1973).

Wwork on dynamic multicomponent distillation simulation
dates to the 1960's. Rosenbrock (1962) outlined three

possible methods for the investigation of column transient

>



behaviour: calculation of frequenéy ré5ponse; use of a
passive analog; or direct solution of the governing
equations. He concluded that none of the methods.was quick
Oor cheap enough for routine use. He recommended that
approximate models be used to represent the primary and
secondary aspects of célumn behavioug. This avoided direct
calculation of transient behaviour until an efficient
computation procedure could be developed. |

In contrast, Peiser and Grover (1962) were promptéd by
control problems with an operating tower to study the tower
dynamics. They approached the problem By solving the
equations describing both the tower and auxiliary equipment.
As a result of their open aﬁd cloﬁed loop studies they were
able to redesign the ﬁower trays, eliminating the control
problems. |

Teflow et al. (1967) devéloped a generalized computer
model for simulation of dynamic column behaviour. Their
model was complex, taking into account mixing gffecté on the
plates as well as in downcomer, reflux drum and transfer
iine holdups. Mixing effects were described as a linear
;meination of three limiting cases: perfect ﬁixing; piug
flow;‘and ch;nneling. |

’ Howard (1970a) summarized contr15utions to the field to

&hatldate. He presentea:a generalized'modei ihcorporating
three different liquid holdup models. Hislattemp; to matcb
predicted behaviour with that observed éxperimentally met

‘with limited success (Howard, - 1970b). DifferenceS'were



vattributed to the use in the computer model of inadequate
informatioo about the experimental column.

The value of rigorous dynamio mu;ticomponent
distillation modelling is now generally :ec%gnized. The
benefits obtained are a further understonding of column
operation and a basis for the establishment of column
control strategxes Various studxes of parp&qglar columns
have been reported over the past decade. Ballard |
et al. (1978) simulated a depropanizer as part of their work
developing'an‘efficient simulation algorithm. Gallun (1979)
simylated closed loop performance’of an extractive
distillathxioolumn separating'acetone from methanol and
ethanol using water as fhe extractive agent. This work is
also described in detail by Holland and Liapis (1983) and
Wong (1985) duplxcated their results thh the simulator used
in this work. Prokopakis and Seider (1983) ‘developed a |
simulator for an azeotropic distillation‘tower and '

Kumar e% al. (1984) reported on exper1menta1 and s1mulatlon
studies of an extractxve column. Stathaki et al. (1982,
1985) s1mJlated the dynam1c behaviour of an 1ndustr1al
column, ‘finding that asymmetrxc dynamics were a
distinguishing feature of the system‘they studied.

Ralston (1953) studied an indus;riél'de-ethanizer and osed
the results to modify the.columnfs control strategy'(Ra;ston
et al., 1985). |

As indicated, each of these 51mulat10n programs has

. been developed ‘to study a specific column. A general

v
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purpose dynamic 'simulator which could be easily applied to
the study ©of a wide variety of columns would be ideal. Tne
development effort required for such a general purpose . |
simulator has been justified by a number of corporations and
proprietary simulatorslhave been appiied to a variety of
problems (Moser, 1982; Cheung and Marlin, 1982; Wei, 1985) .
The fact that these packages are not generally.abailable led
to the initiation in 1983 of work at the University of
Alberta on the development of a general purpose dynamic
sxmulator for multicomponent distillation. This sxmulator
has been applied to the study of a number of columns
including an extractive distillation column ‘a two‘column
industrial unit, and a pilot scale water—-methanol column
(WOng, 1985),as well as the depropanizer discussed in this
work (Wong, 1985; Wong and Wood, 1985).

The dfnamic simulation studies cited above~have
involved a variety of assumptions and numerical methods. A
discussion of the selection of an approprlate sét of’
assumptlons on which to base a dynam1c s1mu1at10n is
presented in Sectxon 1. 1 2@ Some 1n51ght 1nto the use of
rigorous as opposed to reduced models is g1ven in
Sectlon 1.1. 3 The selectlon of nume?lcal methods. used for
‘rigorous column 51mulat1bn 1% discussed 1n Sectzon 1;1,4.
F1na11y, nonm1n1mum phase bJK§v1our relating to d1st111at10n

studies is d1scussed 1n Sect1on 1 1 5



.1.2 Assumptxons

The assumptlons requxred for r:gorous dxgxtal h
computat;on of multxcomponent unsteady state dxstxllat;on
are much less restrxctxve than were those requxred to obtaxn
solutions in a reasonable time frame using computing
facilities less advancedgthan those available today.
Shortcut approaches'ihclude assemptiops cfﬂconstant molar
overflowlfor all trays or fcr trays in a given column

",

section, representation of the feed mixture as ‘
‘pseudd-binary, and assumptions‘of.constant liquid enthalpy
and/or holdup. As discussed in Section 1.1.3, some of these 
‘dapproaches are used in reduced order dxst1llat10n models.

Today's computer resources make rigorcus calchlations
feasfble. ‘Howe?ér‘a trade-off mdst‘s%il; be made so that
resbltsiof the'desiredAdegree'of accuracy are obtained.as
qu1ck1y and cheaply as possible. |

Any s1mp11fy1ng assumpt1on made to speed computatlon
will have some effect on the results. The 1mportance of the
effects of most of the common assumpt1ons have been-
addressed by varlous researchers. The assumptxons.made'by

selected workers, as summarlzed in Table 1 1, will .now be

dxscussed;u
B

0, MIXING EFFECTS
It is generally assumed that the 11qu1d on a stage is
well mlxed since it is cont1nuously agltated by vapour

. passing through 1t.‘ Tetlow et al. (1967) 1nvest1gated
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" mixing effects, but later work py Holland and‘co~workers
: abandoned this approach (Holland and Liapis, 1983).
'Morris and Svrcek (1981) assumed that the liquxd on each
tray was composed of layers of varying thicknesses. Thls
was in order to use their semxrempxrical non- equilibrium
vapour- liquid relationship rather than to av01d making

'the perfect mixing assumption. ' . o
]U 0

VAPOUR HOLDUP | T :

#
[

Since any vapour holdup on trays is much, smaller than the

»

liquxd holdup, 1t may be assumed that the- effect of

a
*

vapour holdup’ 1s negligxble

" TRAY EFFICIENCY
While many workers incorporate a‘Murphree‘effieiency
option in their column‘models, it appears‘just‘as common
.to“aCCount for the nonidealityiof real stages by using an
assumed efficiency factor to represent the ratio of the
number‘of'simulated'stages to'the actual number of |
stages. ‘(i; e.‘the real tower stages are represented by
the appropriate number of 1deal stages). . The efficiency
: factor mayvbe‘based on experimental Observation of the’
touer performance,‘or imay be an estimate,baSed on the
type'of tower in question. Other approaches used have

been to correlate effic1ency to the comp051tion of . a
. X & .



specific stage (Wong, 1985), or to use a semx emplrlcal
mode ] to slmulate the non- equllxbrlum stages (Morris

and Svrcek 1981).

THERMAL CAPACITY OF TOWER INTERNALS
Most researchers have neglected energy holdup in' tray andk
downcomer metal for multicompqnent‘éistillation work
Raoemaher et al. (1975) included the heat capacxty of

tray metal in their development of the energy balance,‘
equatxon accountlng for small dlfferences in the pressure’
and temperature of the two phases on a‘tray This
nonequxllbrxum behavxour is assumed to affect only
‘temperatures d pressures -because of ,the slower dynamxcs
involved: for&éomp051txon*changes The principal time
constant‘they‘derived‘for these déviations has a value of
labout half’a second in their example. Sihonsmeier (1978)
inveatlgatedlthe effect ofuenergy storage in tray metal
for‘binary distillation and found it to be negligible.
LIQUFI-D‘ HOLDUP CORRELATIONS o | o o

r
Although some workers have consxdered us1ng constant mass$

or volumetrxc 11qu1d holdup specxflcat;ons
(e. g. Waggoner and Holland 1965),‘constant molar holdup-
appears‘to be the most commonly accepted conétant holaup

assumption used. Results of this work include



"a study of théveffect of constant versﬁs variable

molar holdup.
| Where variable'liquid holdup is assumed, some form

of the Francis weir equation is‘gené:aily used to .
.cofrelaté‘liqhid holdup ﬁo flow rates. - As an exceptioQ,

" Howard (5970a),considered liquid holdugds an eprnentiAl
function of time. Other optioné such as th¢ AiChE bubble
cap tray design’ formula haVe_al§o been used,(Simonsmeief,

’

1978). : o | ,

] bi}ESSURE DROI.D
"Réthef thaﬁ‘afrigorous calculation of column pressure
‘variétion with time, it is commonly assumed that column
pressure profiles are linear and constant. This is
‘equivalentjtp‘assuming ideal pressure control at all
times. ‘ “
{.1.37R§ducedvnodgls‘"‘ o T
? | It is iﬁstructive,to consider the derivdtjon and use of
reduced distillétion models for two reasons. ﬁﬁjrst, ;Ilarge
‘effprf‘is in?dlvedvin rigorous caicula;iéns and aitgrnatiVes
‘shouldnbé uﬂderstoéd béfOre making that effort. - Second, one
of Ehe.opjgctiygs of\reliable rigorous;modeis is that ‘they '
may. be USetho‘devélop aﬁdltésp_fgducéd‘ﬁodgls; *heré i§ a
.)néed§f6rithése modelsiindependght of tiéorous models since
tﬁeylmay\b; used for on-line opfimizatién and/or for

. e ‘
' - adaptive control.



Various approacbeS'have been‘used to‘develop low order
distillation models. hoczek et al, (1963)'reported on study
of reduced models developed by fxttlng first, second and
higher order models to response curves calculated usxng a
rigorous model with constant liquid holdup., For cases in
~vwhich.first and second order models’proved inadequate
hlgher order models were fit uslng an analog computer ~The
study resulted in reasonable models for dlsturbances in
reboiler duty and feed comp051t10n and for step changes in
distillate and sidedraw rates. The column studied was a
benzeneotoluene-xylene Separation'column The model, order,
tlme constants and time delay varxed with input type and
w;th the dlrectzon of change 1n thellnput varlable vKﬁ:ﬁ?
thlS reason the models would be 1nappropr1ate for |
'opt1mlzat1on or control applications. |

Duyfjes and van‘der Grinten (1973) workeddon‘reduced
binary d1st111at1on models for use in’ control applxcatlons
.‘They based the1r models on shortcut calculatlon methods to
‘1nc1ude nonlinear effects. Extens1on of thls work to )
mult1component dlstxllatlon would prove d1ff1cult s1nce
shortcut methods for multlcomponent d15t111at1on are '
necessar11y more complex than those for blnary dlstlllatxon

| Other approaches have been used more recently.
E1te1berg (1981) studxed model reduct1on technlques for high
| order linearized models. A forty f1fth ordet dxstxllat1on
‘model was used as an example.l The method vas based on the

m1n1m1zat10n of we1ghted equat1oﬁ error and could be useful
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‘for columns operating‘in‘a 1inear‘region.
| A method descrzbed by Gilles and Retzbach (1983) used a
full dynam;c model of a extract:ve dxstlllatxop column to
y;eld steady state and transxent temperature and composition
profiles. These profiles were then used as the basxs for
division of the column*into seetions about whichﬂoverall
balances were written, Solution of these balances provided
a reduced order model. The‘method;is,“however,arestricted
'to‘columns,with sharp temperature profiles.

| Cho and JOSeph (1983a) compared’ three methods of
establishing, reduced order models and applxed them to
'nonlznear multxcomponent columns (Cho and' Joseph, 1983b).
Two of these methods depend on consideration of a
'.dlstxllatxon tower as a dxstrlbuted parameter system.
, Composxt1on and tlow‘proflles are assumed to’ be continuous
functions of column‘height which permits either the
description of column profiles as polynomlals or the
expre551on of column dynamlcs as part1aI"d1fferent1al

equatxons.' The th1rd method d1scussed by Cho and Joseph is

‘vlthe orthogonal collocatxon method used by Wong and

Luus (1980) A problem with this method was found in-that -
fsteady state mater1al balances were not always preserved

Of the two dlstrlbuted parameter methods, d1rect evaluat1on,
‘of polynom1al funct1ons represent1ng column prolees
provxded better results ‘than ‘did solutlon of partial
rvdszerentzal equatlons., More recent work (Cho and Joseph

1984) featured appllcatlons their preferred method to

]
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columns with multiple feeds and sidestreams.
Although not extensive, this review of reduced order

modelling provides background helbﬁ‘u} when considering the %,

' L]

potential role of a rigorous dynamic simulator in overall

!' A ! A A
control system design and implementation.

1.1.4 Numerical Methods

The derivatjion of unsteady state column models (as
dlscussed in Chapter 2) reSUlts in a set of algebraic and
ordxnary dszerentxal equatxons Solutxon-of the ordxnary )
| differential equations is.of particular interest because of |
the fact that there is often great variation in the"

‘exgenvalues of the equatxons. (i. e. the‘equations are '

‘ sfiff). Specialnnﬁme;icél‘méthods,ére required since the
glternaﬁive~is to use an excessively small inteération
:interval. | | | : |

| AVlargé‘nﬁmber of papers have been'bubliShed’bnithe
solutlon of stiff ordlnary dlfferent;al equataons (e. g.

Chan et al., 1978). For distillation calculatlons there
appear to beJEyo different approaches, judging by recent

Ypubl1cat1§ns.. Some researchers have used linear multistep '
methods based oh'Gear's methdd'(e.‘g. Gallun ]979; Gallun
and Holland, 1982; Downs and Vdéel, {985;‘K;mér‘et él.,1984)
whereas other workers héve u$ed one of the semi-implicit
Rﬁﬁge-xutéa (SIRK)'méthOds (e:'g.. Pfokopakis et él.: 1986;

"Wong; 1985; Ballard et ‘al., q T978) ‘Both methods have been‘"

seen to be promls1ng for 51mulat1on of dynamzc separatzon
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processes (Holland, 1983). Prokopakis angd Seider (1981)

found their adaptxve semi-implicit Runge-Kutta (ASIRK)
, method competxtxve with, and in some cases more efflcxent
f@han,«ﬁhe Gear code,. Wong ﬂ1985) compared ASIRK with
Hollapd's iterative 6-method of convepgence'and with a fixed
parameter SIRK mothodﬂ He conoluded‘that the ASIRK method
performed better than the other two methods for the eiamble"
used. (The example was one previously used by Holland ond
Liapis, 1983).

qu brief list of references for Lhe multistep and

‘sgmi~impliéit Runge-~Kutta methods will befgiven here since

A

.. the superxor;ty of one over the other can ndt be presumed

W

N
N

for. all cases.,

Gear Method

'

The Gear method was described in a series of articles byv
Gear (1967, 1971a, 197ib). It permits simultaneous solution
of algebraxc and dlfferentxal equatlons and is 1mp11c1t.,x
Holland (1983) presented the sxmple example of a component
materxal balance for a perfect mlxer w:th constant holdup at
unstea@y state’operatlon.l Appl1catxon to dlstxllatxon has
been discoosed by Gailun and Holland (1982) and

Gallun (8279) used the" meipod to model an extractnve:il
dlsx1llatxon column. Byrne et al. (1977) compared the
;performance of the Gear algorxthm to that of another

»
,mult1step predlctor method the EPISODE code.



'Semi~1mpliéit Rupge-Kutta Methods

Rosenbrock (1963) ;reated implicit anéiogs of the explicif
. Runge-Kutta method which avoided iteration in the solution
procedure. Later investigations of ‘this approach led to
third and fourth order SIRK methods but few which '‘could be
successfully used to deal with nonlinear problems (Caillaud
and Padmanpabhan, 1971; Cash, 1976); Modifications made . by
Michelsen (1976) included the addition of a v§r§a?le step
size which improved results for nonlinear problems. A
review of pumerical methods for stiff equations found that
' SIRK methods are intrinsically efficient and easy to
implement (Chan et al,, 1978). Chan and co-workers did not
compare the computing efficiency of these methods with
Gear's ﬁgthod and other commércially available software
because the latter have been fully optimized whereas the
avajilable SIRK code had not.

| Prokopakis and Seider (1981) introduced the adaptive
SIRK method used in this work. In this method the stiff
variable (i. e. that ha;}ng the greatest per@éntage change
in the current time step) is tracked; Its eigenvalue,
approximated by a "pseudo-eigenbalue?, is used to update the
parameters in the standard Runge-Kdtta incrementél
funttions. This procedure has been found to perform well on

\

nonlinear systeﬁs (Prokopakis and Seider, 1981; Wong, 1985).



1.1.5 Nonminimum Phase Behaviour

Reports of nonminimum phase behaviour of distillation
columns and/or asymmetric distillation dynamics have been
 published but are hot extensive. An exception is the
in;epse response of éolumn base surge level and low-boilers
in reponse to boilup increéses which has been’' well
documented. However, inverse response of compositions and
tempegatureslﬁave ;lso been noted as have cases of
asymmetric dynamics. These reports will be discussed here
as thé presence of these phenomena is a factor in the design
of control systems.

lnversé gesponse of base surge leyel in re%ggnse to
increases in boilup was first repérted by Rijnsdorp in 1958
(Rademaker et-al., 1975). The inverse response phenomenon
discussed by Rademaker et al. (1975), Luyben (1973) and
‘Buckley et él. (1975) is considered to occur due to the "K;
effect”. Infernal reflux on a given stage is a function of
both the vabour rate grom the stage below and the liquid
rate froﬁ the stage above. When boiiupﬂig increased, liquid .
rates at the column base can increase for a time as the
vapodr term dominates. (Lufben,(]973). 'Tﬁis has not been
the only éxplanation offered. Rademaker et al. (1975) cite
a case where a similar phenbmena cduld’ﬁétﬂbe.attributgd to
the K, effect as the inverse response was not observed if
'feed tempéréture were“controllgd.. They concluded that the

inverse response behaviour was due to interaction with

bottom lfvel control by reboiler heating since in this



particuiar case the reboiler tubes were mounted in the‘
column bottom. Shinskey (1984) explaxns the phenomenon by
noting that froth densxty will decrease as boilup is
xncreased.: If froth height changes more than the pressure
drop acrosg\the tray changes then froth will spill over,
increasing internal reflux. He claims that this &an occur
with sieve trays operating at low vapour rates as 11 as
with valve treys. Control schemes designed to overcome thie
type of inverse response have been suggested Sy'
Luyben (1969a), Bockley et al. (1975) and-Shun;a (19855.
Observations of invekse composition resbonses have been
noted in the litérature Waller and Gustafsson (1972)
observed nonmlnzmum phase behaviour of compositions in
response to feed fiow rate changes for partially vapourized
feeds. They found %hat nonminimum phase behaViour was‘
predicted for any cohponeots except those which domihated
and were considerablf\enriched in the column:section
considefed. Their wofﬁ was, however, based on a simplified
simulation which'neélegked column energy balances. Constant

flow rates were assumed in each column section (Waller and

Gustafsson, 1971). On this basis, it was concluded. that

‘irregular behaviour may be predicted on stages:

® which are near an extremum in the steady .state

composition profile and where system gains are small.

e where system gains are small and change sign.
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+

It is difficult to.have confidence in extending tnese
results due to the restrictive assumptions of‘the model on
which they were based. ‘ |

* Prokopakis and Seideri(l983) noted inverse response in
compositfons when simulating an azeotropic distillation
subjected to a thirty, percent feed rate increase. They"
attrlbuted the observation to a washou; phenomenon,
assuming that'lighg components were being swept down tne
" column by ‘increased feed liquid. These aUEhOFS‘élSO comment
on inverse response in the work of Pelser and Grover (1962)
It is unclear whether they had.access to data addxtlonal to
those publlshed by Pe1ser and Grover, but examlnatxon of the
figure$ in the publxshed work does not lead to conc1u51ons
about the presence or absence of nonminimum phese behaviour..

Recent work by Stathaki.ét al. (1985) included

'observation of inverse response benavionr and asymmetric
dynamics. In the simulation ef a 20-;fay industrial cbiumn
Stathaki (1982) found that key‘componenfs exhibif inverse
response in the product streams they dominate. In additiond»
the column's dynamic_behavionr was fonnd to be sensitive to

4

the distribution of key componentsrin the column. ‘Sléw.‘
dynamics were observed wvhen a step change‘in reflux: feea or
Dewtherm‘flow rate caused the column to move towards a point
of maximum separatien.» "Maximum'separation" i defined'as
that state with max1mum mole fraction of the light key'in
the distillate and of the -heavy key in the bottoms

(stathaki, 1982).



Ae discussed by’wong (1985) and in this ‘work, inverse‘
responses of .compositions in product streams and on ’
xntermedxate stages have been noted in sxmulatxon of a
'depropanizep example In addltxon, 1nverse temperature
responses have been obsebv%d. Experimental vefifiqation of

these phenomena would be helpful, but is difficult to obtain

since open loop dynamic testing is required to observe

..-inverse responses.

4

1!? Control of Multicomponent Distillation ﬁ | {

| Control of distillation columns has been of great
concefn ever since the process came into widespread use. As
a result, it has been the subject of numerous‘artdcles and-
books. ‘Contributions to the distillation control literature
have come from both the industrial and academic perspectxves
and have 1ncluded reports on co- operatxve studxes. Since
the 11te:ature-1s so diverse, it has been unusnal to find
reyiews putting the entire field into perspective. Various
paperS‘(Buokley, 1083 1978; Mollenkamp and Waggoner, 1972;
Tolliver and McCune, 1978 Tolliver and Wa?goner 1980; '
'McAvoy and Wang, 1986’ and recent books (Buckley et al.
,1985 Deshpande, 1985- ah1nskey, 1984 Nisenfeld and Seeman,
1981; Rademaker et al. 1975) “have dlscussed‘distillation
control They have outlined control strategles and |
object1ves in a very *horough manner.‘ Unfortunately, all
use d;fferent nomenclature and it is dlfflcult to make

‘ mean1ngfu1 cross- references.r A critical review would be

L



21

helprl,,but would be an enormods'task. The .most recently
published review (McAvoy &nd Wang,lf986) outlinesf
uaistillatioh'liter@€ure coptribﬁtions in the period
5980~1984 usiﬁg the categoriés éstablighed by Tolliver and
Waggoner , (1980). T;e‘reviéweréldo ﬁot, howevéf,/atteﬁp§ to
present a f;ameﬁork within bhich phe pépers_they‘cité should
be judged. , I |

The objective of this literature survey is not that it’
should form a comprehensive review, but that it should‘serve
to‘gétablish the control noménclé%ure'uséd in this work and
| providd a basis for the qbntrol strategy selection.made in
this work. A brief look at the background of distillation
control and the factors influencing the current "state. of
the art" will be presented first, with discussions of
"conVentibnal" and "advanced" control technigues Eo follow.

> . ?

.

1.2.1 Hi§tory of Distillation Control

In order to see why disfillatioh‘éoﬁtrqi hasldeQeloped
as it has, it is instructive‘Eb‘consiéer‘some_pf the fa;té}s‘ -
_motiQatingjwork in ;he‘subject‘arga.'.These éan‘be gfoﬁped

. X ; " o
intv three categories:

® Increased demand for better control
® 'Improved equipmenf for prdcess‘cqntrol

)

® Integration of new control techniques

The first‘categgry essentially deals with economic factors,
' . Ca : o ‘ _
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whereas the second and third are related to technoiogical
factors affecting hardware and software developments
'respectxvely .
The economic factors influencing the developemnt of
~distillatiqn control have played 1ncreasxngly important
roles.l Sjjée the 1970's the cost’ of energy has made 1tx
imperative to desxgn control strategxes which minimize
: ehergy costs.‘ thnskey (1984) places great empha51s on the -
objective of energy conservatlon, citing a ‘report whxch
concludes tha?/energy is commonly wasted through ‘heat loss
to atmosphere, low tray. effxcxency, excessive reflux, poor
selection of feed point, poor desxgn'%f heat’ exchange
‘eQUipment and column desiénS'with'insufficient trays.‘
Better control cannot necessarily remedy all'of these |
problems, but it.can provxde the maxlmum energy efflcxency
.g1ven the ex1st1ng equ1pment Heat 1ntegratxon wlthxn
- plants has also become an issue -of 1ncrea51ng 1nterest
Tyreus and Luyben (1976) publlshed one of the key papers
dealing with control of heat 1ntegrated columns.
Energy‘costs are the major operatlng cost of a
distillation‘unit A drxve to reduce cap1ta1 plant

A

1nvestment has also played a role in the des1gn of

A

]-dlstzllatlon control schemes.‘ Lower cap1ta1 1nvestment
means that towers are deszgned closer to speczfltatxons.'-

Whereas in the past columns were des;gned w1th a safety

factor of add1t10na1 trays, th1s pract1ce has declined w1th

the computer deszgn methods now. in use. The computer



'.desioned columns require\more‘strinoent’controls than did
earlier designs lTolliver andAMcCune,‘1978).

A thlrd cost~ related factor is that today s speclallzed
markets have led to large price differentials based on .
product quality. Product specifications’are often more
demandlng and it is necessary that there be few excur51ons
* from these spec1fxcatlons if a prlce penalty is to be
avoided. The alternatlve for o£f~spec product is to rerun
it, in whlch case the penalty is paid in operatlng costs
ln an 1nterest1ng example of the benefits obtained due to
1mproved control, Bojnowski et al. (1975) summarize savings
due to meeting'product specification, reducing heat loss,

reducing manpowe# requirements and improving performance so

that upstream dperations were debottlenecked.

&11s attention‘to one major factor - instrumentation.
Early column operators did not have the benefxt of automatic

controls and valves. ‘Control strategles were necessarlly

-S1mple._ Development of 1mproved pneumat1c controllers and
transm1tters in the per1od 1945 1960 as well'as the' |

1ntroductxon of on- line analyzers in about 1950 paved the

or more complex control systems. Electron1c analog
controllers were developed startlng 1n the m1d 1950 s.

: In1t1a11y they had 1less flex1b111ty than the exzst1ng

i pneumatlcs, but by the early 1970 S the tvo types of

controllers were fully compet1t1ve.h,Drstrzbuted dlg1tal
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control systems arrived in the late i970's adding a further
dxmenSLOn to plant coptrol The recent development of

’

smart controllers andllnstrumentat1on will no doubt
1ncrease opportunlty f?rlcomplex control} strategxes as the
xnstruments are less sensxtxve to ambxent condltxons
requxre less maxntenance and are in some cases capable of

\llmultlple functxons , h ‘ oy
, .

Closely related to the development of improved _ ’
instrumentation is the deyelopment of computer systems.
Eerly reports‘of the use of control computers for
optimizationnwere¥apntributed'by Johnsonyet al. (1964) bf
Phillips Petroleum‘ Buckley (1983) reports that computers
1n the 1960 s and 1970's were maxnly uséd for data loggxng
and supervxsory control. Improvement 1n computer

reliability, memory and speed have led to greater dependence‘

on computer control. Using computers processes may be run
‘much closer to constraints then is otherwise: possxble
(Burkett, 1981). Computer’control systems marketed today
ofter’great‘flexibillty and, although'some innOVative
.applications‘have been reported‘(e. g. Brooks and Nazer,
1985), there As no doubt that most are not documented in the‘;
open llterature. ",;_ ‘ :“ o -

LaSt but not least, developments 1n control theory - ‘“/
have played a tremendous role ;; the development of - |
’ d1st111at1on control strateg1es. For examplb, 1n the fieldd

of-mu1t1var1able control theory, work on steady stateland

mult1var1able frequency domazn methods of 1nteract1on :
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analysis,have;rmplications on distillation control; MoAvoy
end co~workers have expanded on Bristol's relative gaiﬂ‘
array method to refine interpretetion of tha relative gains
and to develop a measure of interaction %g;the presence‘ot
dlsturbances (McAvoy, 1983; Stanley et a7?, 1985) .
Multxvarlable frequency domain methods for xnteractlon

analy51s have been summarized by MacFarlane (1979) and more

'recently by Jensen et al. (1986) who present.a critical

review of a varjety of interaction measures. An example of
an industrial applicetion of theﬂinverse Nyquist array
hethod‘was presented by Tyreus (1979). ‘Applications.of

nonlxnear and adaptxve control theory are also beginning to

be reported and it is llkely that, in some form, they will

eventually‘become'accepted into the mainstream of

ol

distillation control. Some of these applications will be

¥

discussed later.

1.2:2 Conventional Control

',For'the‘purposes of this'study,”the'term‘“conVentionaif
control is defined 65 any‘feedback control strategy which
can be 1mp1emented w1thout computer support - Fauth and

thnskey (1975) consider thlS to be the level of "ba51c

L

',regulatory controls ‘and suggestﬁthat it should be part of
an extended hlerarchy of controls. Szm1larly, Rademaker

“et al. (1975) des1gnate th1s as the level of "ba51c

controls whzch may or may'not be sat1sfactory w;thout the

'

add1t1on of-"extendedfcontrol'schemesf.' Toiliyer and
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McCunel(1978) define3a‘?basic‘control scheme"‘as a pressure
control scheme “and a composition control scheme. |
Classification of conventional control schemes is made
difficult by 'the fact that no unifying nomenclature exists.
However, conventlonal control strateg;es can be consxdered

under the followxng headings:

—

|
° MaSS‘Balance Control
. Pressure Control |
. Qualit? Control

\

: . ' :

These categorfes'will be discusSed‘individually,'although an
'overell conventional control scheme mustvconsist of
ielement(s) from each. Table J.3 sbmmarizes somelof the
interpretations and definitions used‘in the literature
corresponding'to mass‘belance schemes. Table 1.4 fulfils
the same‘function'for‘pre55ure control, and Tables 1.5 and
1.6 are,concernedkwith quality control.‘,' S | .

In‘thisQChapter and'throughout the rest of this work, W
control variable pa:rxngs will be represented as ordered .
peirs. The flrst element refers to the manxp\lated varxable
and the second to the controlled varlable. ‘Hence (D,Lp)
refers to a control scheme where dlst1llate is manlpulated
“to control the overhead accumulator drum level. Avsummary
fof the symbols for the control .variables 'is glven in Table

v

1.2 and 1n the Nomenclature sectlon.

\‘ .



v. Table 1.2 ‘
CONTROL VARIABLE SYMBOLS
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U n w

T

Le

Lp

Qo

.bottom product rate

condenser duty

liquid distillate rate

feed rate

column base surge' level

t

condenser level (floodéd'conéenser)-

accumulator level
column pressure
product quality

bottom product qualzty
top product quality
reboiler duty

reflux rate

]

.vapour distillate rate . . N




Mass'Balanae Control

Mass balance control is defxned here as that part of anﬁ
. overall control scheme desxgned to ensure that on average,
the materlal sbalance around the column closes As shown ln
Table: 1. 3 other designations used to descrlbe this concept)
are materxal balance control and level control. 1In some |
‘cases the deslgnated scheme is deslgned for overall controlh
of the column whereas ln others 1t is desxgned as an element-
of the overall scheme. The latter meanlng xs adopted here.
Several comments are approprlate ln relatlon to Table:

1.3. Buckley et al. (1985) state that the functxons of

material balance controls are threefold:

* To maiptain inventories between upper and lower

constraints.

" To ma1nta1n an average balance between 1nflow and

outflow.
® To ensure‘smooth‘andugradual changes in flow rates.

. They note that this can be achieved either in the direCtion
of flow (wh1ch corresponds to ad)ustlng product rates’to:

reflect changes in the feed rate) or agalnst ‘the- d1rect1on

LS I

of flow (whzch corresponds to adjusting the feed flow rate

. to meet desxred product rate or other downstream

’reQuirement). Control in che d1rect1on of flow is most

common and most authors rule out the p0551b111ty of

-
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-manipulating feed rate (e. g. Tolliver and McCune, 1978).
Others (e. g. Rademaker et.al., 1975) indicate possible
control strategies involving feed'manipulation; but note
ghat these cannot be used unless the final product rate is
adjusted independently. '

Buckley et al, (1985) appéarvto have misinterpretéd at
least the most recent edition, (1984), of Shinskey's book on
distillation control. They claim that he refers to material
balance control as the particular scheme : (R,Lp), (g;Q). He
in fact labels this as a direct material balance scheme
since a product flow is manipulated to contrQI a product
composiFion. H

Choice of a material balance control scheme must be

—

made in light of several factors:

e Size of and constraints on manipulated variaﬁles:
The largesf, ﬁost'Variable‘strgam should be.dsed to
close column material balance (Shinskey, 1984).

" Rademaker et“ai. (1975) consider this factor in terms of
using schemes with distillate on flow control only if the
ratio of bottom prodﬁct to feed flow, g, is ﬁot small.
Similarly, they use schemes withlbottoms on flow contrdl
only if the ratio of top product to feed flow, g, is not

‘small.
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A stream recognized as a column bottleneck should

not be used as a manipuiated stream (Rademaker

et al., 1975).

Interaction between loops:

The failure of one loop shopld not threaten the
operation of other loops. Rademaker et al. (1975) give
as an example a scheme with feed and bottoms 6n flow
control and with condensate receiver level controlled by
distillate while base level is controlled by condenser
duty. Columnlpressure is'controlléd by reboiler heat
input. (i. e. (D,Lp), (QR,P), (C,Lg)). 1If the open loop
préssure response to an increase in reboiler heating is
not posiiive, then the sign of the pressure reséonselwill
depend on whether or not base level were controlled:

(See inverse response discussion below and in Section

1.1.5).

Frequency and type of disturbance expected:
For example, as é;atéd by Rademaker et al. (1975),
pressure should be controlled by reboiler heat input if

large, fast disturbances in that variable are likely.

[y

Design éonstraints of column internalﬁ:‘ |

The operatihg window .of thé tfays should be -
considered (Rademaker et al., 1955). If the{t:ayﬁ are
closer fb weepihg than to flooding, then it is more

important to control column Qépour'flowAclosely than it
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is to control column liquid flow.

Interaction between material and energy balances:
Tolliver and McCune (1978) state that thexr scheme
desxgnated as A1 in Table 1.3 has the smallest amount 4f
interaction between energy and material balance of the
schemes,they list, whereas scheme B1 has the~greatest
amount of interaction. Shlnskey (1984) advocates a
relative gain analysxs of all feasxble schemes in order

to choose that with the least interaction.

Inverse response‘in baSe level loop:

As noted in Section 1.1.5, inverse response is
possible when hase level is cohtrolled by reboiler heat
input. All of the authors referenced (with the exception '
of Boyd (1948a,b)) note the possibiliti of nonminimum

phase behaviour. Unless other considerations outweigh

- this factor, schemes with the undesirable pairing should

be avoided. ' It should also be noted‘that inverse

‘response of low boilers in the bottom product stream is

also pessible. Rademaker et al. (1975) recommend ruling

out thesespairings if the open loop cesponse of column

* pressure to an increase in boilup is negative or zero.

.PreSsure Control

Many dxscuss1ons of dlstzllat1on control strategies arev

based on the assumption of ideal pressure control u51ng

-
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. ‘ |
condenser duty (e.g. Tolliver and McCune,l197B;
McAvoy and Weischedel 1951) This mlght lead one to
imagine that pressure control is an area of common ground
| among dxstlllatxon control experts. However, a survey of
recent dxstxllatnon control reference books uncovers some
dlfferences of op1n1on. " (See Table 1.4). Buckley and |
co- workers (1985) state that pressure control should be of
the averaglng type since abrupt incfeases or decreases in
column pressure could cause dumpxng or flooding A
| respectlvely .On the‘other hand, Shinskey (1984) emphasizes
that pressure cohtrol is more demanding than level control
and must be exact in the conmon case of temperature feedback.
control. At the same time,"Shinskey advocates floating
pressure control as will be discussed belowﬂ Authors also
‘aiffer in the way they.classify pressure control. Some
(e; g. Rademaker et‘al 1975) do not cons1der pressure
| control exp11c1tly, “but class it only as part of an overall
_scheme. It has been separated here for two, reasons. vFlrst;
. as-'a category it can convenlently be set aside if ideal
pressure control iS-tolbe assumed Second, the "eparation
‘facxlxtates comparlson of the pressure control schemes |
: suggested 1n the l1terature. .
_As noted by Sh1nskey‘(1984) pressure control .can be
| con51dered as. energy balance control ; Varxatlons in the
energy balance of a column alter the vapour 11qu1d

equ111br1um 1n the tower, hence changlng the column

pressure.’
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~

As cen be seen in Table 1.4, three manxpulated
variables are suggested for pressure control. vent gas or
vapour dlstlllate, condenser duty, and reboiler duty .
Control with reboxler heat 1nput raises the concerns about
1nverse,respon5e whxch were discussed xn‘the prevxous
section. For control via vent gas or Qapour distillete"
there must be sufficient gas flow. 1In ‘some cases it might
be necessary to add inert gas to ‘blanket the accumulator and
‘permxt better control (Nxsenfeld and Seeman, 1981) Control
by manlpulat;on of coolant (e g. coollng water) flow is not
generally acceptable (Buckley et al. 1985;'Sh1nskey, 19§4),
This scheme was once quxte common, but aue to fouling and
‘corrosion problems at low flow rates iy is now considered
_undesirable. ”

It is, however, p0551ble to control column pressure
‘with condehser duty 1nd1rectly As rioted above,
Shlnskey (1984) recommends floatxng pressure control Usiné’
. this phllosophy; the condenser operates as eff1c1ently as.
p0551ble at glven amblent cond1t1ons (Fauth and-Sh1nskey,
11975); Thls ensures that ‘the column operates at the m1n1mum
pressure constraint for the tower wh1ch ,as noted by
Shlnskey (1984), is determ1ned_by o
. ﬁLocal amblent cond1tlons
L The range ofitemperature var1atxons for water cooled
condensers

® The amount‘of non-condensables in the feed"



®* Tray efficiency variation with bressure
“Problems'dué to floating pressure control are thét
fempératures'in the column will yary and tfay opératind
limits may‘be violated. Buckley (i983) notes that éélumn
temperatures and pressures should be allowed to vary ‘rather
tﬁan being,%ﬁid”constani..>Shinskey (1984) recommends-using J
pressuré-q}hpensaﬁed gempératqré‘measurements{ rBoth authors
- recomménd the use 6f constraint‘(override)‘controlé to avoid
'“bdrking'outsiaé the operatingywindow“of tray.efficiéncy.1
‘Flooaed condenser‘operafion closes material énd energy
.balances of the columr, simultaneously (Shi%skey,>1984).
‘Opinions are divided as to_whéfher or not~£his modé‘of
operatibn ié'recomménded. Nisenfeld and Seeman (1981)
recommendlthe scheme, whereas Fauth and Shinskey (1975) do
‘Unot. Buckley et al. (1985) recommend it for some cases,
noting that qoné;éllis simplified but may result‘in'siugéish L

performance.

| Sihgietggaiity'Control”"~

,Alﬁhbugh“mos;’disbillation cohtrolvliferature is aimed |
at d&gl composition control, ;hg‘hajofify'of cqlumﬁswin
indusfryvhave con;rdl syétehs dgéignéd for singleF'
‘cdmﬁositioﬁ Coﬁtrol~pn1y (Bﬁck;éy ét al., 1985). Inlfheseb-

cases, it is usually reflux or boilup .which is the
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manipﬂlated variable as can be seen from Table‘l.S, In
' designing‘e single composition control scheme the following

|
factors must be considered:

.

® Type of quality.measurement

. composition

~ tehperature

- pressure correcﬁed‘temperature
-~ vapour pressure

- differential temperature
. t

'

® Location of measurement sensor

'® Type of feedback controller . .
a. proportional-integral

' b. proportional-integral-derivative

The first two of these 1ssues are discussed.in

Sectlon 1.2, 4 ‘ As-far as the choice of controller is

o concerned -der1vative mode may be added provided the

) measurement sxgnal is not no1sy (Sh1nskey, 1984) HoweQe:,

most feedback comp051t10n controllers are of the

proport10nal integral type (Buckley et al., 1985).



)

Dual Quality Control
Dual quality control of distillation columns has been
the subject of much recent discussion. Relatively few

columns are’currently controlled to two product

Wspecxf;catxons but sxgnxfxcant credlts can be obtaxned zf ~

4

both products can be relxably controlled. As noted by

Bartman (1981) the dual composxtxon problem becomes‘more

‘1mportant as reboiling becomes more expensxve, especxally if

top and bottom products have the same value. ,Where_
conventional control (in the sensebof this wotk) is to be
used, the potential for dual composition control is limited.
Most authors} notably Shinskey (1984) and McAvoy (l9é3)h
base their approach on Bristol's relative gain array (RGA)
and related'interaction analysis. This method is now

applied in virtually all documented studies (e.

Bojnowski et al., 1975; Ralston et al., 1985; Frey et al.,

1984). A summary of the method is covered in Section 5.4Q2.

lFor the purposes of th1s sectlon 1t is the fea51b1e control'

,4

combznatlons wh1ch are of interest. Flgure 1.1 1s based on

a: workshqét used by Shlnskey (1984) for. control system

|l\,

;sfh@h @l w1th nomenclature altered to agree wzth that used

in this work

“

[

Shlnskey rates the control of top psoduct composztzon

s

u51ng reflux ratlo and bottom product compos1t10n usxng

bozlup as the most common dual composztlon control scheme. |

‘Table 1 6 l1sts Shlnskey S basxc dual composition control

schemes 1nc1ud1ng the ‘mass balance and pressure controls



HANIPULAT;D VARIABLE FOR

BOTTOMS COMPOSITION CONTROL

'

MANIPULATED VARIABLE FOR
DISTILLATE COMPOSIT]ION CONTROL

p;ati))atg

Rellux

Rellua
Distillate

Distillate
Overnead Vapour

Distillate

Rellux}

Distillate

Bottoms

\
V

~Boilup

Boilué .

Reflux

Boilup
Bottoms

N

Boilup

Distill.tq"

Boilup
Reflux

1

.Fiéure 1.1

\

f

VARIABLES FOR COMPLEX DUAL QUALI TY CONTROL

3
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‘pequired‘to acconpany them. = He also recommends variatidns
on these schemes which 1nvolve cascadxng the ratxos of
manxpulated variables shcnn {n Flgure 1.1, Sh;nskey admxts
‘that the more compfex schemes add to. hardware costs and
decrease the Ege of understandlng of)the control strategy,
‘but states cht{\hey offer some zmprdvement in steady state
relatxve gain and: reduce delays in the system (thnskey,

1984)

" The schemes lxsted in Table 1,6areJOptimalf in the
sense of using the most favourable steady state relatxve
gains. Dynamxc consxderat;ons can pot be ruled out. (e.\g;
Rcat et al,; 1986) 50 that variations such as using refluﬁ
as opposed‘to reflux ratfﬁfto‘contfol top composition in
Shinskey's SB conflguratlon may be better than the "optimal"”
structure. | |
1.2,3‘Advanced Control '
‘Based on the defﬁnition of ccnventdénal control .
pnesented‘in Section 1 1.2, 2 advanced control"‘xs defxned as
: any control strategy more complex than conventxonal feedback
L control Rademaker et al. (1975) cons1der a similar class.
of control strategles which they des1gnate "extended control
schemes” . These consist of accessory feedback ¢ontrol
schemes (e.‘gu.control ofulatent heat, combustion'heat or
inte;nal-flows)i ratlo control- feedforward control dual

quaf1ty control° control of tray loadlng, and opt1m121ng

. control. Thé category, then can be seen‘to.coyerra wmde
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spectrum of control strategies. For the purposes of this
section, those falling under the 'following headings will be

briefly discussed:

® Feedforward control
¢ Decoupling control

® Adaptive control

Feedforward control is widely used in industry.' Decoupling

control applications are also quite common and the term has

G

been éaken here to include any multivariable contbol;scheme
designed to minimize interaction effects. There is some
overlap between this category and that of adaptive control

as many adaptive schemes are also multivariable and also

.minimize interaction between control loops. Adaptive

k]
'

control is taken here to include any scheme in which'j
parameters are automatically varied. Applications of
adaptive schemes are expeqted to provide considerable
benefits in indusgrigl applications. i
Before implementing advanced control techniques certain
éradeoffs‘musm be made. Each application regquires |
considerable.dgvelopment work and this must be weighed
agafnst the potential credigs to be oﬁtéined for that single
im;iemenﬁation¢fo.determine whéther the work is justified
(Pearson, 19845...The pricé difference bgtweenvéonventional

and advanced control was once dominated by hardware costs,

but. the dominating faﬁtor isAhoﬁ much more likely to be the



cost 6f application éngineering work, particularly the
development of adequate process models (Rijnsdorp and
Seborg,(197é; Pearson, 1984). 1In addition to the
cost-benefit analysis feqﬁired for each application, it is
necesséry to determine whether the tools, hardware and
software, are évailable. |

The sections which follow summarize some applications
and recommendations discussed in the literature for

feedforward, decoupling and adaptive control.

Feedforward Control

Opinions qn‘the use of feedférward contrél have changed
within the past'twenty years. There have beenlprpgressizgly
more appliéationS'and with progressively more success.”
'.ToliiQer and Waggoner (1980) qﬁote sources approximating the
x.number of féedforward applications in the United States and

Canada at 150 at that time. Buckley et al. (1985) list as

_fhe benefits of feedforward control:
14

® Compositions may be more tightly controlled to setpoint

than is possible with feedback control alone.

5

® Feedforward control poses none of the stability problems

common with tightly tuned feedback controllers.

® Maximum column capacity is increased using feedforward
control since changes in manipulated variables are
b

smaller. As a further result the trays are less likely
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to weep or dump.

Table 1.7 summarizes some documented gpplications and
Table 1.8 lists recommendations given in recent distillation

control literature.

Decoupling Control

Decoupling, or multiQariable,'control techniques are
appropriate for distillation column control because they
provide a means to handle the intergction inherent in
distiilotion processes. Multivariable control techniques
rely on simple process models obtained either from
linearized mechanistic models or from frequency response
relations. Multivariable controllers may be designea either
using a decoupling épproach or using a freguency deain
approach such as the characteristic loci méthod. Wood and
Berry (1§73) documented a successful application of the
‘découpling approach‘while some later épplicagions have
included multiVafiéble f;eqdency domain techniques (e. g.

yreus, 1979). A survey of experimental applications of
multivariable control includes industrial ané.pilot scale
work on distillation colamps prior to‘1976 (Riﬁnsdorp‘add
Seborg, 1976).

‘The eﬁtries in Table 1.9 summarizé selected recent
‘contributions to the literature on appli;ations of
decoupling control to distillation ;oiumns. In addition,

many of the adaptive control schemqs‘discussed later in this

[
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sect1on should be consjidered as further examples of

multxvarxable control

l
-

Adaptive Control

Adaptive control applications to distillation column-.
N e - -
control are of increasing interest as hardware limitations

are diminished. Adaptive technigues have pérticular

potential for distillation applications because the

strategies are appropriate for nonlinear processes and those
in which process parametecrs and,operaeingyconditions are
time varying. The coetrol techniques themselves ean_very
from reiatively simple adépt(%e gain algerithms to much more
cbmblex schemes eequiring eonsiderable‘computaeion and
computer memdry. ,

Tab}es\l.]O'through 1.12 summarize some recent reports

of applications of adaptive control techniques’ to

‘distillation in simulétion,kin experimental work on pilot.

scale units and iﬂeindustrial environments. The entries in,
Table .10 are concerned with appiicé;ions of self-tuning
control while those in Table 1.11 deal w1th 1nferent1a1

control app11cat1ons and other adaptlve control appl1cat1ons

Aare covered in Table 1 12. The l1sts are by no- means

exhaustave, but do serve to 1nd1cate that there is an act1ve

\;1nterest‘1n the_use of adaptxve'control for control pf -

‘distillation processes.
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1.2, 4 Implementing Distiilatibn éelumn Control
Most of the considerations regardxng dxstxllatxon

column control lmplementatxon are common to all process
control 1nstallatlons.* Some, however, are of special
concern for dxstlllatlon applxcatxbns. Buckley |
et al. (1985) present a number: of practxcal considerations
ubased on operating exper;ence The jissues which wxll be
.consxdered here are sensor locatxon the use.of analyzers
for on~ llne qualxty measurements and the desxgn of overrlde
(constralnt) controls. | Proper handling of these ISSUGS‘IS
integral‘to good controlt They are also issues which may be
explored in sxmulatlon, makxng 1t especxally appropriate

that they should be dxscussed here.

Sensor Location

. 'Many cr1ter1a have been suggested for. dgterm1n1ng the
optimum control tray for temperature feedback control. " in
‘pract1ce, selection of the control point is generally the
result of compromise between d1fferent cr1ter1a (wOod
,1967) Rademaker et al. (1975) summarize some of the
l1terature in" the area. The maJorlty of the criteria are
'based on steady state column data. (e. gr Tivy, 1948-
'Wood 1§§7' and most of the sources llsted by Rademaker
vet al. %975) Column SYnamxc effects have also been
.fcons1dered by some authors (Shunta and Luyben 1971;5
. Tolliver and‘McCune, 1980; and Rademaker etval.,‘f975).

o
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Steady state criteria may be classed into the following

categories:

e profile gradient
e control point temperature sensitivity

e steady state disturbance response ' L

1

‘Criteria concerned with the steady state temperature
”ngadient were perhaps the earliest proposed ‘ Boyd (1948a,b)
recommends that temperature Sensors be located where the
steady staténkemperature gradient is greatest. Thls
selection method is still in use. Buckley et all"(1985)
state that sensors are typically located by selecting a tray
in a region where temperature changes rapidly from tray to
‘tray " Rademaker et al (1975) disagree with thxs cr1terion,
noting that the gradient is proportlonal to 1n1t1al response
only‘and cah not take 1nto account the dynamic effects of
neighbouring trays. .Uitti (1950) also Criticizes the use of
steady state‘temperature‘gradientras aycr{terion since the
gradient depends‘on the reflux ratio."

- Considerations based dnesteady state disturbance<
response (1. e. final steady state conditions after a

‘disturbancglﬂare ﬁhat the temperature at the control p01nt

should bg correlated strongly w1th product compo;}tion

o (thnskey, 1984; Rademaker et al 1975), that t

temperafnre'deviation for step 1ncreases and decreases of ‘a

:given magnitude should be symmetrical and as large as
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’

possible»(Tolliver'and McCune, 1978); that the’ temperature

devxatxon over a series of sxmulatxons varyxng reflux ratio

should be maxlmlzed and that the steady state response

'should be linear (Buckléy et al., 1985). Use of all Of

these crlterxa involves parametrxc column studxes 'The
procedure suggested by Rademaker et al. (1975) 1nvolves
analysis of "quasi-steady state” data to minimize the.sum of

weighted product composition‘variation.

Temperatures at the sensor locatxon should be sensitive

to key ,component concentratlon ‘and xnsenszt;ve to changes 1n

[

non~ key component concentratxon It xs this criterion that

necessxtates mov;ng the control point away from the ends of

the tower despxte dynamic consxderatlons wllllams

et al (1956) note that the sensdr must be- able to detect

L

vvarlatlons 1n the controlled temperature as well as the A

temperature itself. é§he size of the "dead zone" 1n wh1ch

temperature var;atlons can not be detected may vary w1th

. c oA

“control point.

Dynamic considerations regarding'sensor‘location

reqguire that the temperatures at the. control poxnt must be

4
[y

-espons1ve to changes in the manxpulated var1able, but must
provide some 1nsulat10n from effects of feed and reflux
enthalpy changes (Shznskey, 1984). Rademaker et al (1975)’
czte the speed of theé control loops as one of the most

f

1mportant criteria for ‘sensor locatlon. Thxs is not purely'

‘a functlon of the number of stages between the sensor and

~the control‘valve as the response speed may be-affected‘by~

[ S . \

' ot A4 . _ e
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/other. column variables such as pressure drop. Tolliver and

! \
McCune (1980) state that their criteria of maximum
ymmetrxcal profile response to step changes ensures dynamic

response at least as fast as that on any other stage.

Al

e -All of the above criteria must be balanced to‘determine

'Q N",A . '
A S I . . : : .
N f¢ﬁhe hest,temperature sensor Jlocation. Dynamlc simulations

. ser&e as a useful tool at the design stage to speed the
) a !

\

‘procedure. Although JSome & posterionr| adjustment.may be

required -consxderatxon oﬁ all of the factors addressed Hhere
1 f

'guarantees xmproveMent of\the selection procedure relatlve
to the days when B?yd (1948a,b) suggested locatxng

;thermowells.on every third tray for field testxng

-~ »

f . . —~
ol ' .

" Use of Composition’Analyzers

A

B Although temperature measurements provxde an indlcatxon

of the lxquxd composition, thé'accuracy of the 1nf%rred

<8 -

qualxty measurement is far from 1deal and a dxrect
: N K
composition measurement 1s desarable for control Periodic:

laboratory analyses have tradit1onally been used to 1mprove'

A

'control as the data can be used to determxne updated

\

&
setpoznts. Online. analyzers prov1de more frequent dxrect

v,

;composit1on measurement Unfortunately, the poor relxabllty
" Rl ‘ . D
and h1gh cost assoc1ated w;th analyzers have restr1cted

" b

gthexr use. therature repﬁrts advocatxng the use of

;.
P

i analyzers have suggested that they should be. used with

N ~ .,

Eﬁ sa;;gEEEds for;system 1ntegt1ty in the event of an analyzer

fa lure.’ L1m1ts to controller-output, checks on the rate of‘

3
. oo LA
. e X o - Y ;.-‘._% RN
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change of conposition measurements, and the use of
feédforwardlcontrol in addition to feedback control based on
the analyzer measurements heve all beenlsuggested

(Griffin et al., 1978). There is now some evidence that
analyzers have improVedlto the point that current
appllcatxons are not taking advantage of current technology
(Krigmén, 1986) An industry §L1&;o& survey indicated that
performance can be setisfactory if expectations are
realistic and if adequate emphasis is placed on preventative
naintenance. ReSUltant savings are obtained both directly
"and indirectly. Improvements: in product Quality and yield
provxde d1rect benefits, as- do reduced operatxng costs.

.

Indxrect credits ‘may be realized when onlxne measurements
are used as the basl~ for .advanced control or ‘whén the use
of'analyzers leads to an’increased emphesis on preventative
méintenence'in general (Krigman, 1986). In addition,
.analyzer costs have been rednced over the years by
improvements in technology. Use of dlstrzbuted analyzer

* systems can lower costs even more (Yeh 1986). As the

result of thesé factors composition analyzers can be

‘ econom1ca11y JuStlfled for an 1ncrea51ng number of :

[
,5‘

N

[ ' R

at

.‘processes. ‘ o e

v

f; The comment about: reallstlc expectat1ohs applxes to the‘

¥ i
selectlon of an approprlate analyéer type and model

Re11ab1l1ty probrems can often be attrxbuted to poor K

L

matchlng of analyzer spec1f1cat1ons w1th control

" -

requxrements.‘ Instrument selectxv:ty, sens1t1v1ty, response
kY R l';.,‘. . ‘ Iy Q’h
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time, accuracy, range, and repeatability must 5e appropriate
to the application. Installation, sampling systems and
sample conditioning-also have significant affects on
perfornance (Yeh, 1986).

Gas chromatographs are the analyzers most commonly used
for dxstxllatxon applications. Technologzcal improvements
have made possible instruments with an accuracy of 1% of
full scale and response times in the order ofA30 ~ 120
seconds (Yeh, 1986). Developments'in fiber optics and
microelectronics are expected to result.in improved sensors.

and detectors which will further improve composition

analyzer accuracy and reliablity (Hirschfeld, 1986).

Constraint Control

stt1llatxon operatxons\must be carried out within an
operating window deflned by "hard” and‘ soft" constraints.
Hard constraints may hot be v1olated for safety reasons' or
represent physical 11m1tatlons (e. g. valve saturation)
whereas soft constra1nts are, those ‘which deflne eff1ceent
operatlng conditions.  No practlcal d1st111at10n control
system can be considered complete wlthout cons1derat1on of
. thé constraints. As a result, the topic of constraint
tontrol has been covered in great depth\by Buckley et al
(1985) and Sh1nskéy (1984) . ‘Since a detailed d15cuss1on of

" the desxgn of constra1nt control systems is beyond the scopel

ﬂof thzs work the" 1ﬂtent of th1s sect1on is sxmply to flag

-
'
%

O



the topic as an’'important element of distillation control

system design. v i
Constraint and override controls are imposed for the

following reasons (Buckley et al., 1985): W

¢ safe, satisfactory column operation
consider

) maximum operating pressure
~ condenser and reboiler constraints

"~ column flooding limits
~ tray weeping/dumping limits : g

® startup and shutdowqxsituations

® changes in feed stock or product compositions

{ .
The relative importance of these items must be evaluated and

an appropriate constraint and override system designed.
Buckley (1978) suggests that constralnt control design

£

should form the third and f1nal tier of the overall control
system design. E >-r\j i

. Types of constralnt tontrol recommended vary from
external controller feedback (ant1 -reset w1ndup) used to
e11m1nate 1ntegral act1on when a hard constralnt such as"{
valve saturat1on is reached (Shlnskey, 1984- Buckley
et al 1985) to select1ve control systems in which
hxgh/low 51gnal selectors are used to ma1nta1n operation

-

within’ constralnts (Maarleveld and R1Jnsdorp, 1970);
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to variable structure control systems which often result ip

the sacrifice of a quality control loop in order to control.
ol ' ! . M ‘

an important pressure or level (Shinskey, 1984).

som



2. DEVELOPMENT OF DYNAMIC SIMULATOR

1
2.1 Introduction N
L 4
The digital simulation program used in this work was

developed by Wong (1985) with a solutzon procedure based on

an earlxer program written at Case Western Reserve (Cook

AT

11980; Ballard et al.,a1978).
]

. ' 4 &
v 2 . . X
.The model equations will be outlined in Section 2.2
. o ‘ B o ‘ . A
..with a'discussion of the solution procedure given in N
fn
[-‘V' :

Section 2.3. Sectzon 2.4 deals with thé“btrﬂcture of “the

simulator. The final section in the chapter covers -

modifications made to.the simulation package during the
. A oW

course of this work. : . B

e

2.2 Model Development
The computation 1nvolves theI501utlon of a set ot
~ord1nary d1fferent1al and algebralc equatlons wr1tten to
descr1be ‘the dynam1c behav1our of a multzcomponent plate
d1st1llat10n column.' These equat1ons'are based on rzgorous
'heat and mater1al balances as descrxbed 1n deta11 by
Rademaker ‘et al. (1975) The equatlons are derlved for a;
general case, SO, that the program has the flex1b111ty
requzrednﬁo descrlbe towers WLth multiple product streams
Land/or feeds. Th1s approach perm1ts s1mu1at1on of complex
towers w1th large numbers of trays and many components wh1ch
..

:may behave nonxdeally., The currentlver51on of the program :ff

P

. . . N
- ~ ' . B . B ' . . . Lo
o . - . Lo .. T

62

1s 11m1ted to 90 stages and 10 componénts. The tray
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i equations are written for a generai stage which may
represent a tray, partxal or total condenser or reboxler.
Figure 2.1 shows a generalxzed tray with vapour ‘and lxquld
sidedraws as vell as a feed streamr The sect1ons that

follow will outline the material‘and energy balances for

2

this generalized tray as well as discussing the
repreSentat1on of thermodynamxc behavxour of the liquid and
vapqur streams. A further section deals with the overall

balances and the comb1nat;on of the’ heat and mater;al

,

balances nith'pressnre<drop, efficiency, liquid holduo and

heat loss correlations to form the overall column model.

2.2.1 Material Balance Equation

~

For each stage in the column NC+1 material, balance
equationsnnay be written where NC is the number of-
components in the system. Th1s appl1es regardless of

'whether the stage represents a- tray or the rebo1ler or
o .
-_r condenser. The followlng assumpt1ons are made in der1v1ng
It ) Lo
these équathon5° . 1?“' R ¥ f DR
b Yoo Co e - B Coe
co e J)Hn _., e ' | ' ’ !
u_‘ "v ‘:l‘ kN “ l\ . . : .
. fnon-react1ve*mixthre B PR

ﬁv{o;_perfect m1x1ng on all trays L
“o;;negl1glble materlal holdup in the vapour phase and 1n the b
’downcomer h‘=“,\j ‘7. 1 i ‘1‘. j ‘ . ‘

- . v'A

‘-*Numhrkxng the stages from the condenser as shown in.

F1gure*2 2 the overalI mater1al balance may be wr1tten as-fd“

o~
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Vapour Draw
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Liquid Draw
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L
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%ﬁ? l Py + Vi * Ly = (VoS ) (Ly+s, ) ' (2.1)

It should be noted that Equation 2.1 becomes an algebraic
equation if constant molar holdup is assumed.

A partial material balance may‘also be'written for each

L

component on the stage. Designating‘the component mole -
fract1ons in the lxqu1d vapour and feed as xj, Yy and z,

respectzvely, the balance equatlon becomes

h%%%+ = F (z TR A V(Y mx ) + LJ,(xj, x,)

L

- (Vs (y,x) | - - (2.2)

[}

' This does hot reduoe to an algebra1cjequat10n under the

assumptlon of con tant molar holdup on the tray and must

\

always be solved Y zntegratxon as discussed in Sectlon 2. 3
A more detalled presentatlon of the development of

"these equatzons 1s presented by Wong (1985). The 1ntention -

'

here 1s to estab11sh both nomenclature and the assumptlons
Ly :

“1nherent in the s1mulator as well as those assumpt1ons wh1ch

may be made at the user S dlscretlonv

‘“f.b U xg:;
2%3 2 Tray $nergy Balance ‘

cot

LY

. The energy balance of a general stage may be er.‘en

l . . .
based on/the follow1ng assumptxons- ;W‘g o [ S -

'y

. i oy LY

. . negllgable energy and mateg1al holdup in' the vapour phase._‘fg

0 'neglzg1ble energy storage Jn the tray metal

']~aegl&gab&e~energy~storage 1n the—downcomer l”ffﬂ;fﬂ;@v“ Sk
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F‘xgure 2 2 ‘ L _ ,
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* negligible heat of mixing among species

PY [
' A

The resultxng equatlon 1ncludes terms descrlblng heat

transfer in the form of heat loss to the environment or due ‘"

to heat,exchange ip‘a condenser, infercooler or reboiler.
As a generalized‘stage equation jlt applxes for a total or

partxal condenser or reboxler as well as for a tray.-

dh, _ _ | T SR |
. Mia%f T,Fn(hu hy) * Q) + Vyy(Hy=hy) o T
+ LJ~1(h)~I—hJ) ﬁ (V)*Sj) (H‘)-hj? ( “ - “. ' (2.3) :

.

, f
' Equation 2.3 is transformed into an algebraic“equatio? with.

coeff1c1ents which are functlons of the heat capac1t1es and

<

‘vapour and l1qu1d enthalp1es of the components 3" .
. R.“‘ . B . . . '
By = ‘_,a'ij‘f'l +. ByVvy + ‘I/ VJ., o Lo . (2.4)

i

"\m‘TnevValues offtne'coeffiéients Ej, aj, ﬁ and»w are given in.

L

: Tab1e92 1. The energy balance equatlons are solved for the
1stage vapour rates us1ng the Thomas algorzthm s1nce the set
”of equatzons forms a band dlabonal system matrlx |

f(wong, 1935) .,‘4*'"‘4'«wam\\p-aﬁ,j‘ ;‘u(v*ﬁj ;-v-x;;ﬁ]';b““

N . ' e W . . [ Vv P, .
1 - Ce . [ . . .
) LA R : N LI ) .

”Q},z 2 3 Representat;on of Thermodynam1c Propertxes

In order to deal w1th both 1lra1 and nonxdeal

ﬁfcom%nents an'd
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" Table 2.1
o Wy - ENERGY BALANGE COEFFICIENTS
w8 ‘ i
T S b ' , ' '
i ' sl § o |
’ “ o ! 'ﬁ. ,‘ i .
Tay = bk by -y ‘
By=Hy = by - Ep T
2T I R ‘
SR e . i
E, 23B[0 "hymg0) - By, +
v
R NC \
Where “‘"gj‘ =;}5 “ﬁjx()()a, X AXJA)]
STV =(x.‘.§‘[r3l(y7‘ %3]
| RN ‘ ,
R £ l_zip[r,‘at(yrm %5 ]
ol . .
. Ej =l"}‘:’ [rjx(zjqujx)]

v

(Y]

(2.99

(20‘10)

(25.11)‘

(2.12)

| (2013) S

oy
v
\ k
)
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~.

N |

_ _ ) o ‘ N ‘ ‘

L data may typically'be expreSSed as a polypomial function of
temperature or, alternattvely, may be interpolated from

avazlable enthalpy temperature data.

"

For systems with little deviation from ideal behaviour

1n the liquid phase equxlxbr;um coeffzcments are based on

' . e
L

coeff1c1ent data supplxed by the usert For example, the

-

coefficients can readlly be handled as polynomxal functxona

o? temperature and/or pressure or may be mnterpolated from
\ .

exper1mental data. Many hydroxarbon systems belong to - thxs

s clase;a In more complex systems with nonldeal quu;d phase'

Al *,sl 3

' behavaour, a\tzvxty coeffxcxents‘of each,eomponent in the.
e .

'“Mm1xture must be calculated Correlations developed forﬁ
" it
activ1ty coeff1c1ent calculatxon 1nclude the Margules

19

r'*equat1on and the Wllson equatlon (Sm;th and Van Ness, 1975).

The wllson equat1on 1s used to calculate‘the actlvxty
’ coeff1cents in the current vers1on of. the s1mulat1on

program., Th1s’¥equires 1nput of the lnteract1on

e
» KR

coefficients uSed 1n the equat1on~

e
. k ki \
’ [ ' ‘v - k Z X
: ,' [ . .‘ . , o N Lo . “ . j ‘ k) )

e [ .o . . . ' ‘ s v
N A P . . * . o b ' oo
. ‘where <ot - BT St
o Lo B . N ' A ) C .
RN F ) . . . T t, ' T ' ' ot N - n .
.. L . , . ) . ] N .
. B e L . ) b -~ . A . ‘ o ) o L o
ot ' o o , » Y ! ' ' ' BEEN " ! " " |

Guj= PriexplggE ) W o T T (2.14),

. ' P Cun B e ' . P e AR . ‘. . ' ‘
' 2 ooy e . . . o L . . . L ) ' ) ' N
" : |
3
"

The 1nteract1on coeff1c1ents,»a”,vare avallable in the s

|.J

l1terature fof(many component pa1ts. An»alternatzve-f

correlat1on could also be 1ncorporated 1nto the ptogram by

Vo ¢ DR . n . [ !
LA LN L S [ .
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‘ ' . ‘ o ‘ ' »
‘replacement‘of the relevant_program module. . not

* The equllxbrlum relatxonshrp is used in an lteratxve

‘proquure based on Newton's, method to solve for stage

hl A

teﬂﬁl&htures and vapour component mole fractlons usxng the‘

llquld component mole fractions determlned by zntegratxon of

"EqQuation 24 2

(r o AN »}z’ IS
2.2.,4 'Overal\l“ 'C'Ol.ux;nhiMo‘d'el /l L | | L ’j( “ L .,
The' heat and/mate;{al balances noted above constltute "
-~
.~lthe core of the multlcomponeﬂQ dlstxllatxon szmulatxon L ‘tﬁ

AR - .
‘Other models must however, be consxdered to sxmulate the

i oo

behavxour of the overall column. : \.‘

S

TRAY EFFICIENCY CALGULATIONS = " .

P

. " The equxllbrxum coefficients dxscussed in Sectlon 2.2.3

\

relate ‘the’ vapour compo51txoh to the llquxd composztlon o'

.”Ustage if the two phases are 1n equ111br1um As has been
N . ‘ ’3,;

dlscussed 1n Sect1on'1i1.1, the stage efflczency 1s”a‘

'
' .
“tv‘\-

'“measure of the approach to, equ111br1um achzeved on a glven
ey ‘, ‘\M R . ‘f‘
-stage., The dynamzc s1mulator used in th1s work currently

AU ] et

has the followlng stage eff1c1ency correlat1on opt:ons*

. \ w : ¢ . v " - 5" ““\ |
.. 100% Eff1c1ency. e v:‘.l' j“* ;'~j T
. S ' - EETIRT i
;Use of th1s optlon generally requxres a pPiOPI *“g f*%Wﬁ”éj

L
‘ approx1ma¢1on of the number of 1deal_stages requzred to

B PhE ¢ N e };- , W R
gach1eve the separatlon.observed yn the actual tower.;;ﬂj,«,;‘-

"gQi Eff1c1ency correlated thh thexgomposzt1on on. a g;ven P

v
: Lo ’ : ; . . S e . ’ "
. . . | o & . ) - I, ‘.



stage: N | .
This option is most useful when experimental data are
. available for direct comparison, \

[

X
3
t

Tray efficiency correlations based on Murphree efficiency
_could also be incorporated in the simulator should this be
required.

TRAY HEAT LOSS

HeaL loss from the column may be accounted for either
by specifying heat transfer coeffic&ents or by specifying a -
correlation relating heat loss to the composition on a given
stage, Heat transfer coefficients may be specified on a
tray-by~tray basis or for sections of the column. An
ideally insulated column may be assumed, in which case the

>
heat transfer coefficients for all trays are set to,zero.

FRESSURE DROP .

The user may select a linearizéd, constant pressure
drop option. 1In this case the pressure at the condenser and
reboiler as well as at the bottom and t&p trays must be |
spgcified. Alternatively a variable pressure drop may

specified. 1In this case the pressure drop is-calculated

'

based on user-specified tray parameters.

i
/

LIQUID HOLDUP «

- ’

The simulator is writtén to include several tray liquid

holdup options:

2
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. conétant molar holdup “' ' l

e variable holdup calculated using the Francis weir 5
equation and user-specified tray parameters »

e variable holdup cofrelated to column liquid and/oxt vapour

"flow rates.

A compromise between the additional accuracy and the -
additional computatlonal effort of a variable holdup option
may be obtaiped by using a holdup distribution calculated in
a preliminary variable holdup case ‘for subseguent constant

holdup cases.

2.3 Solution Procedure

Computer processing time requirements for the. solution
‘of dynamic multicomponent distillation cases using thif,»“’

simulator vary with

e length of. the transient period to be simulated
e severity of disturbance (since a smaller time step is

required for the intégratiOn when the¥olumn conditions

change rapidly)

e assumptions made (constant versus variable holdup has a
great effect on computational effort)

e selection of integration parémeters
! .
e print interval selected
\

These\factors are discussed in greater detail in the

simulator user's manual (Carling, 1986).
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|

2.3.1 Methods of Solution |

|

The material and energy balaqces as well as the

condition of equilibrium between vapour add‘i}duid phases on
an ideal stage must be solved for|each st&ge in the column.
The result1n9 set of N(ZNC + 3) equations Aas been called
the "MESH" Equations (Henley)gﬂd Seader, 1981);“

‘For‘a‘transient case, .the MESH equations must be sOlvéa
.at each time step. The composition and liquid rates are
first determineaA In the case ok assumed constant molar
holdup on each stage, the liquid rate equatio; i% algebraic.
| The liquid rate profile is therefore determihed at the same
- time as the vapour rate brofile in an iterativeyﬁrocedure.

For the case.of variable Holar'holdup on each tray,
howevef, the liquid profile must be determined by
integration of équation 2.1. egardless of whether constant
or variable‘holdup is assumed, thé composition calcﬁlation
depends on integrating Equation 2.2.‘

The essential features of the solution procedure used
in the simulator are summarized as shown in Figufe 2.3 in
the form.of a flow chart for the variable holdup case.

2.3.2 Integration Procedure

- . " L . .
The integration routine used in the current version of

the simulator is the adaptive semi-implicit Runge—Kutta
(ASIRK) method proposed by Prokopakxs and Selder (1981).
Some features of this method have been dlscussed in

Section 1.1.4.. The algorithm has an. embedded error estimate

'
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afld theﬁintegration Step size is COntrcl}ed based on an'

estimate of the degree ok.stiffness ot fhé‘éét of equations,'
The calculations required in the procedpce are Summari%ed”in

Table 2.2. . | S oo .i Ly

The step size control strategy descrlbed by\

‘Equatlon 2.21 is adopted from the work of Ballard et al .
(1978) It was selected in place of the strategy suggested
by Prokopakxs and Selder sxnce 'the latter scheme is, \\

! ‘ '
’ : ! i

computatxonally complex (Wong, 1985) ‘ f S .W

)
\

The estimate of the pseudo- exgenvalue? ‘as descrxbéd by
Equation 2.20 is based on a first order apctcglmatlon of ‘the
derivative %%%. - Although Prokopaklsland-Se;derw(1981) found
‘that the first order approximation‘cccasionally diad nbt?
provide sufficient accuracy, it has not presented any "
problems .in this work. 'Use of the tirst order approximation
simplifies theVCalculationeL |

Certain user-supplied parameters affect both‘the i
accuracy and the efficiency of the. 1ntegratzon through the
control\df the 1ntegrat1on step‘s1ze. iAllowable minimum and
maximuh‘Step sizes must be provided;as*ﬁust"the etep size
control patametet, g. Using the relatioa defined‘by
Equat1on 2.23, o controls the sen51t1v1ty of the method to .
the estlmate of stiffness prov1ded by the pseudo exgenvalue
of the stlffest equat1on in the set, A;}, A certain amount
of judgement must be applxed when select1ng o since its

magnitude represents a trade off between -the speed and

accuracy of the resultxng solut1on. e

»
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. \ | Table 2.2

ASIRK INTEGRATION PROCEDURE

e Calculation of Runge-Kutta Increment Functions:

1

k, = hf{y"} [1-had{y"}]"'
"k, = hf{y"}+bk, [x—haa{y"}f”
1+ [1 - 0.5(1 - 7a )le -
where a = — , 0 T e) .
, b = 1 |

. 3(0.5 -~ a)

e Estimation of Local Truncation Error:

e = wik, - k,)

where w = 3(®.5 - a)(a? - 2a-+ 0.5)

-, Criterion for Accepting Step: .
N e) ’
| — | < 4:No
Y |

where N = number of equat1ons in the set

. Integratxon for Accepted Step: 7 k oF

[n . Lis
! eV n "
Yyt 4w kTR ok,

ﬁhere W, =‘3(015i- a)? and w, = 1 - w,y

e Determxnat1on of Pseudo E1genva1ue°

y _.._ A.l_- 5‘1 ‘.. h E:L_l_
UL

o Calculation of New\StegﬁSize;' i,,V L f '

(1) If step has ‘been accepted
-
rh”’ = hf[ ——]”7 provxded that 0 25 < h'
(ii) 1f 'step has been rejected' :
. B .

hn0| :

2

N

hn

<.
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(#.15)

(2.16)

(2.18)

(2.1§;§v

(2.?05"

C(2.21)
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/

~ Table 2.2 continued

L

e Calculation of Limiting Characteristic Value

e A R C
Te = B+ (hA,)7 D+ (hA,)
where A - ~4.9921 | |
‘A B = 21.1642 o
c'= 0.5287 | ,
D= ~0.6889 D

providedrthat.—0.99 S 7 S 0. ‘ o

o

)

(2.22)
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2.4‘§rogram Structure . : : o

The dynamic simulatdr; knOwn‘as DYCONDIST;dhas been
Iwritten uith a modular structure to facildtate both
‘maxntenance of the code and future modifications to the " | .

code. The current &ersion has about 60 subroutxnes and
Sl

. \ Ry
about 4500 lxnes of source code. The code is wrxtten An o

Fortran 77 with object code stored in a Subroutxne lxbrary

»

Full documentatlon of the sxmulator is provxded in a, user s

RN
T

manual (Carllng. 1986) .

o

To make addxtxons and modlflcatzons to the program

k)

easier,'a program structure chart has been drawn up a
‘ % ‘

posteriori The chart and corresponding interface table are

\

1ncluded 1n the DYCONQ}ST user s manual (Carlxng, 1986) “An

-

addztxonal table 1n the manuFl def1nes commOn block
|

variables., \ . ‘
' ' ' I

L S
. 2.5 Modxfxcatxons to Dynamxc Sxmulator

| The basxc des1gn of the s1mu1ator was d1scussed by wOng
(1984) and the reader has been referred to that work for,
'detalls on 51mu1ator development Some features have been
‘a;ded over.the course of th1s work and these w111 be
outlined here, f" o | RS .
2. 5 1 Input Generator . ‘

. An 1nteract1ve program generatzngtthe for_atted 1nput

.. to the s1mu1ator has been wr1tten. The rout1ne is de51gned

l
for the 1nfrequent user: and as a result 1nc1udes extens1ve-‘
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prompting messages. Some checks on the input data are
incorporated to avoxd data whlch are out of range or which

specxfy an 1nfeas;ble column\or column confxguratxon. Much

~of the data is echoed to prov1de an opportunxty for
1nteract1ve user COfPECthﬂSA\

The program generates an xnput file whxch xs formatted*
' to be read by the simulator. The data are written to file
so that the input can be saved and/or modif?ed.for future

. N oo

simulations ,$ , ‘

Informatxon about the operat10n of the program is

included in the uservmanual (Car%xhg, 1986) To sxmpley

working with the program, the naming.oonventxons‘used in
DYCONDIST are also followed in the jnput generator.

\lp‘l ’
2.5.2 PostrProcessor C

Columnrprolees'and plots of’ the trans;ent behavxour of

the column varlables provxde much 1n£ormat10n in a compact

form. The 51mulator produces an output Eﬂle whzch lists’

\

column parameters at specified print 1ntervals. ‘These data -
, ? AR : ' : , '

are usedwby a postvproeessor'plotting program to generatemf
w 3 \\\\ N ' v : ‘ {

“\

plots specxfzed by the user. , f SEEAN .
| ‘ The plott1ng program PLOTTER is‘hrftten in'Fortrani57
.; and utxlzzes the DISSPLA plott1ng package (ISSCO 1981) ”

The program is 1nteract1ve and menu drxven.';It is posszble

to generate multxple plots in a s1ngle sess1on and to use “

output data f1les from. multlple 51mu1at1ons. Further

“deta1ls and dxrectxons are 1nchuded 1n the DYCONDIST user s

Ly

s
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manual (Carling, 1986) .

.2.5.3¢Splinenlnterpolation ¢
. As noted in Section 2.2.3 the sinulatof petmits

xnterpolatxon of enthalpy and equxlxbrlum coefficient data
when these data are. avaxlable as. functxons of temperature.h‘-
This feature was wrxtten using cubxc splxne interpolation as
desc:xbed by Forsythe et aI' (197%). As dxscussed in the
DYCONDIST user manual the knots (data poxnts) must be
presented in order of increasing temperature. In the case
of equ:lxbrlum coeff1c1ents it.is aSSumed that the abscxssa
values of the data poxnts may be different for each

. component, In the case of vapour and lzquzd enthalpxes the

assumptzon of a sxngle set of abscissa values is made.

.The . splxne 1nterpolat1on routines were tested usxng

¢

data presented by Renfroe (1965).

2.5.4 Part:al Condenser Model I . ‘ o

l

Although the versxon of the sxmulator ‘used by wOng
H(1985) was said to ‘have the capab1l1ty of modell1ng partlal
condensers‘ it was found that th1s feature had been

1ncorrect1y 1mp1emented. For a partlal condenser the o

genera11zed stage materlal balance (Equatzon 2 1) becomes'

.o
\

dM I V2 ,"" V _'L'f‘__ D " - . " —-—— . (2.‘23)

/ [

L me— D
\

L

ThisfaSSumeslthat theteﬁate;no feedslto‘o: draws from_the‘

f
i
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condenser. Two cases exxst for the calculation of flow
rates Q,, L, and D. For the case of open loop 1mulatxons{
pperfect level control is assumedu The case'of Qariable
lxquxd holdup in the accumulator drum is- consxdered in o
,Sectxon 5. In either case, thé calculat;onsxwlll depend on\
the spec1frcatxons or control strategy assumed.‘ To N

lllustrate the logic, cons/der the case of an accumulator

drum with constant molar/dxquxd holdup when a constant

/ ,
reflux rate has been speclfxed. .Equatxon-2.30 then becomes:
‘ v/ : R ‘ ' ’

V=L, +V,+D ) . S (2.24)

Since V, and (L,+95 are in‘equilibrium, the tray energy
balance is used/to caléulate the vapour distillate rate, V. o
Tne liquid rate (L;tb) may then be caloulated usrng |
‘EquationAZ.Bﬂ/and'the fact that the liquid distlllate rate,
D, is the’ dlfference between the lxqu1d from the accumulator .
drum ‘and tbe specified reflux rate. ance the partxal
condenser is an equilibrium stage, the IIQUld and vapour
‘comp051t10ns are determ1ned by 1ntegrat1on of Equatxon 2 2,
Y ‘Other control situations must. be consxdered separately
éo mon/spec;f1cat10ns are 1ncorporated 1nLo the current
er51on of the 51mulator Others may be added‘as required.
2 5 S Control Strategy lmplementatton
Includang models for local and remote controllers

alters the solutxon procedure out11ned 1nvF1gure 2, 3. For

§
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RY

4oca1'c6ntrollers, the calculations of elements of the

. ‘ L .
Jacobian in Equations 2.15 and 2.§5 must'be modified and the

dimension of the system of equations is increased. For

v [

remote controllers the control calculation block shown in

.Figure 2.3 is required, adding steps to the overall
computation.: These issues are discussed in Chapter 4 where
the development of control loop models and the resultiﬁg

modifications to the simulator are. discussed.’
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as sxmple fxrst'order\func;ions of temperature:

'hv‘ = am +‘ a“T : | ‘ ’ | . - . ' “'(3.’1)“.

/
s ‘ , —

3. OPEN LOOP SIMULATION EXAMPLE -
3.1 Introduction to Depropanizer Example
The primary example st died in this work is a

depropanizer tower. Th;s exampxe is based on one presented

by Cook (1980). and Ballard et al, (1978) and was

b

’ subseguently mbdified by Wong (1985)\ The choice of a

depropanizer is apprOpr;ate since it xs an. xndustrlally

"

xmportant type of tower in that depropan;zers are not only

common, but. such columns are typical of many other.lzght

‘ends towers. This chapter examines open loop simulatjon,

results for this example. Control strategy.development work

for the example is discussed in Chapter 5.

A schematxc dxagram of the column is given in
Figure 3.1 The tower has 29 stages a partial condenser\
» .
and partxal reboxler There|1s a single saturated liquid

feed consisting of ethane, propylene, propane, isobutane;

and cisbutene (cis—2~butene)'entering at ‘stage 12.

~—

Component l1qu1d -and vapour enthalp1es are evaluated ds -

'polynomlal functlons of temperature w1th1n the pressure S

range of the tower.' A sxm1lar approach is taken for the

equ111dg§Lm coefficients. quuxdzenthalp1es are corre}ated A

A

Y

where ‘the enthalpy is ip kJ/kmol and the temperature

Wt . ”

83



Figure 3.1

- DEPROPANIZER SCHEMATIC DI AGRAM
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‘ .
is'in K. Vapour enthalpies are expressed as second order:

polynomials
HA = bOx *+ buT * beTl , (3.2)

Equilibrium ratios are fitted to functions of the form ’

c c -
In(K,) = co, * EPf + ﬁfL | | (3.3)

The coefficients of the polynomial functions have been
tabulated by Wong (1985) and are included in this work for

convenience as Appendix A,
3.2 Open Loop Results
3.2.1 Base Case’Steady State Conditions

Establishment of base steady state conditions provided

a benchmark against which to study column dynamic response

to various disturbances. Constant molar tray liquid holdup

was assumed for the base case. Accumulator and base surge

holdups were also assumed to haQe constént molar values. A
summary of column feed and operating conditions is given in
Table 3.1. The temperature and compOSition profiles

determined using the simulator are presented in Figures 3.2 -

A}

and 3.3 repectively. These differ slightly from those

presented by Wong (1985) because of the differences in the
condenser modelling which were discussed in Section‘2.5.4'

and because of a correction to one coefficient in one of the



Feed:
Temperature
Pressure
Composit ion

(mole fractions)
ethane
propylene
propan

‘isobutahe
cisbutene

Rate

Operating Conditions:
Pressure
Reflux Rate
‘Reboiler Duty
Condenser Duty '
Accumulator Holdup
Column Base Holdup '

L)

Product Rates and\Purities:
" Vapour Distillatle Rate
Liquid Distillate Rate
Bottoms Rate
Heavy Key in Liquiid Distillate
Light Key in Bottoms \

" Table 3.1

BASE CASE OPERATING CONDITIONS '

353. K
2.65 MPa

0.03
0.40
0.15
0.15
0.27
50. kmol/min

2.65 MPa

90. kmol/min
500. kJ/min’
566. kJ/min

50. kmol

50. kmol

-~

A

3.6 kmol/min
25.0 kmol/min
21.4 kmol/min

0.44%

7. 1.59%
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Figure 3.2

BASE CASE STEADY STATE TEMPERATURE PROFILE
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'.v'm:" v . | ‘a9
enthalpy correlations., 1In previous worwfgn simulation of
the column a constant tray holdup of 14 kmob per stage was

n

assumed (Cook, 1980 Wong, 1985). As an.xmp;ovement on the
assumption of the‘same conssant Holdup Q@ sach»trayﬂithe |
hdldups’were assumed in this study to be time invarisnt but
dependent on tréy location. Tbe holdup distribution was
calculated for the base operating’cbngitiogs using s‘

. tL .

variable holdup ogﬁioh as discussed in Section 3.3. x

.

3.2.2 Feed Rate Disturbances’ N lg

’The simulatob.Was ssbjected.to a series df steplchéngés-,
; in feed rate.. Pfo@uct;somposition responses were studied Qs
were temperature responses. In each case she'initiél
condisiéns used corresponded to those described in the
previous sectfon. Transiénts of one hour wvere simulaféd and
examination of the final conditions indicated‘that a new |

Steadj state was reached in most cases. An additional hour

e

of operation was simulated for cases in which simulation
- showed that the process was not at steady state‘gftes the
‘first hour. “ ‘ \

Feed rate increases and decreases of ten and thirty
percent were studieé. The cases were fun with
spec1f1cat1ons of constanf reflux rate and reboiler duty
Base case values of 9Q~kmol/m1n ‘and 500 kJ/min" respect1vely

were- ma1nta1ned . Feed composition and condxt1ons were as

lxsted in Table 3.1.
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Fxgures 3 4 through 3.7 1llustrate the product
composxtzon responses for each case. It should be noted
that the ordinate values are deviations from the base‘case
component mole fractions. An,interesting feature of some of

\ i
»these responses is that they are nonmxnxmum phase. For
example,‘the mole fraotlon of 1sobutane in the bottoms
product 1n1tally 1ncreases in response to a 30% 1ncrease in.
. feed rate before it eventually decreases. "As shown in
‘“‘Fxgure 3.7, the final value is less'than the inital value.
'Table 3. 2 summarxzes the instances of inverse response noted
for feed rate disturhances. ,
A simple criterion is required to identify inverse’
'responses of column variables since it is infeasible to plot
everyktransient response, For each composition and
temperature response the 1n1t1a1 value, tzrst transient
value and final value are compared. If the d1rect10n of the
deviation’bet&een the first transient value and the 1n;t1al
.value is not the same as that between the final value and
the initial value, then‘the transxent is deemed to exh1b1t

b

inverse response hehaviour.‘ There are Some 11m1tat1ons to
this inexpensive'check: the following examples demonstrated
jthat the ptocedure oan‘miss certain instances'of‘inverse

f response and that 1t can flag a tran51ent as dlsplay1ng

1nverse response behav1our when none exxsts.' If the value
“qf a column‘varlable 1n1t1a11y 1ncreases in responSe to a :
disturhance'befote decreasing‘below;thevinitial value it‘\ié

~would be f;agéed'by the procedu;e as displaying inverse
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,Téﬁle 3.2
/" SUMMARY OF INVERSE RESPONSE BEHAVIOUR FOR FEED RATE

- DISTURBANCE CASES

/o
CASE STAGES DISPLAYING DNVERSE RESPONSE
o S LK HK
C2 l C3~" C3 iC4 ) CC,4 o ’Temperature_
| +30% feed T x
- : 2-4  2-4. | , .
14 19-20 14 N
| 28-30
| 31
~30% feed 1 1 1 | |
| 2 L - 2-3
2-14  7-17  3-12  7-17 7-17
+10% feed Rl
| 2
3-9 |
12-13 29-30 - .15
| 31 ‘
-10% feed 1
. ' ’ 2 )
3-13  9-17 7-11 8-16 9-15
‘Note:

1. lInverse éeaponee case be seen 1n Figuréa 3.6 and Figure‘3.7, but.is not"
tlagged by the inverse response 1dentification procedure since there 18 8 time lag betore .
the compésition responds ) i : : . S :

2
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response. 1f, however, its value subsequently increases

.

"such that, the finai‘value is greaﬁer than the initial value

the dual znverse response would pass undetected. Dual
inverse responses are unlxkely to occur so that this
11m1tat1on of the procedure is acceptable.l 'On the other
hand the procedure can potentially flag changes dué
entlrely to numerzcal roundoff error. as belng ;ndxcatxve of
inverse response. To avo;d this cxrcumstance ‘a tolerance
1s imposed on the devxatxons. If'a temperature deiiation is
less than 0.1 K then the change is neglected L If a |
component mole fractxon changes by less than O 001, then
that change is neglectedr The result is that the tables

summarizing inverse responses are conservative‘ Very small

”1nverse responses wh;ch might be attrxbuted 'to roundoff

i

ferrors are neglected. ‘Dual- inverse responSes and those

n

which do not begin at the start of‘theﬁtrans;ent‘are(not

flagged

It is d1ff1cult to ‘state general conclus1ons about the

E nonm1n1mum phase behav1our, but the follow1ng do appear to

hold:

o there are more instances of inverse response'behaviour

for: decreases in feed rate than for inc reases

: J"based on the product compos1t10n responses in F1gures 3.4

to 3. 7 1nvérse responses to :30% dlsturbances are larger'

"__1n magn1tude than inverse responses to +10% dlsturbances

o based on the product compos1t1on responses,txnverse

n



\

responses last longer for the m10% dxsturbances than for
the £30% disturbances, although'steady state is reached

¢

sooner in the cases with smaller disturbances

» .
‘The firstltwo‘conclusions agree with what is intuitively
expectedfi Feed rate decreases are more severe disturbances
than feed rate imcreases, so more inverse responsee might be
expected., Larger magnitude distuibances lead to larger
deviations from the initial steady state values than do -
emaller disturbances, so the eame trend-is‘expected for
‘fnverse responses, Thevthirafconclusionvcan be explainea by —°
consideration of the driving'forces thch must he‘smaller .
for small‘disturbances than for larger disturbances. “AS is |
the case with other examples of nonminimum' phase behaviour,
the inVerse reéponses mustvbe caused byminteractidn between -
two oppOSing effects. IIn'the case‘of the 110% disturbances
the dr1v1ng force caus1ng the predomxnant effect ‘must be
‘smal;er than for the +30% oxsturbances so- that 1t does not
~dominate untii 1ater in the tran51ent.‘f ‘ ' '

it

: Temperature and product composztlon inverse responses
arelof spec1al 1nterest s1nce these var1ables are llkely to
serve as controlled var1ab1es for feedback control In this
respect 1t 1s fortunate that proouct compos1t10n ;nverse.
"responses appear in the lxght key and llghter components in
the dlstlllate product and in the heavy key component in. the

‘bottoms. -
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§TWansxent responses of column composxtxon, temperature,

A n

and X&quld ‘flow rate proflles have beer prepared to
4,

‘:&‘ a
.faczk;bate‘xnvestigatxon of the nonmxnxmum phase behaviour
observed in response to feed rate disturbances. Figures 3.8

and 3.9 show the transient responses of the column

4.\

xtemperature profile to ‘a 30% feed rate decrease and a

30% feed rate xncrease fespectxvely As may be conflrmed by

.
¢ " ., S

cross referencxng Table 3 2, the +30% feed rate disturbance

does not result in nonmxnxmum phase tempe:ature response

A

behaviour,'but‘the ~30% feed disturbance results‘in inverse

i

oy
response of the tempeéatures on the top three stages

(staoes 1 to 3) and on’ the stages around the feed point
(stages 7 to 17) . The 1nd1vxdual stage temperatures are
seen to reSpond gradually to the dlsturbances and do not
dxsplayfany sudden dzséontxnuxtles whxch might indicate

numerical problems. Those stage tempEraturesl"r?ﬁsplaying
. . L
inverse response reach final steady state values ®arlier-in

’ b

the‘transdentﬂthan do those stage temperatures displaying
inverse~response{

- Mole f;action‘responses oflthe key components, propane
and isobutane, to‘av30% feed rate decrease are shown in
Figures 3.10 and 3.11. The profiles are seen‘to change
quite dramaticglli\oner‘the course of the transient-petiod.
In Figure 5‘165inverse response behaviour is seen in both
- the recvtfxc;tton and str1pp1ng sect1ons. It should be
P

noted that the stage ‘numbers are numbered in reverse order

to@the prevxous plots to show the rectification section
' =



99

dSYAYONI 3Lvd

432334 X0€ Y Ol SIINLYYIJWAL
NWNTOO 40 ISNOdS3Y LNIISNVEL

6 danbryg
G LK
114 < <X
@ -
Mw
=
2.
-00%
%ﬂ m
| ove m
e B
//MUU L 0ge
0,024

asvayoaa 3Lvd
334 %X0€ ¥V OL SAUALVYIIWIL
NWNT0D 40 ISNOMSIY LNI ISNVUL
g°¢ 2anbryg

&m\‘wzp e
£ nn‘ . .
‘ =
2R
=2
<
- 00¢
o2t
o 2
| ose B
L 08€




100

dSYayOad LYY dFFd %0€ ¥ OL \

} ASVYAYOUA JLVY a3dd %0¢
3714044 zo.H&Hmomzon dNYLNLdOS!I . . ¥ 0L 97143084 NOILISOdWO)D
- (¢ mmﬂw@wmwuwmmwmzﬁ? g dNVdOdd 40 FSNO4SIY LNIISNVHL

0L°¢ aanbra

, . . v1S
xmmsxw« L4 | oM
¢z & . ¢ 6!
(Y = . €

¢ 4 , <

.
00
5 00’
0 b | 600
290 m L ov0
L co w | gT0
| . Z
S | 620
o
-0 m - 620
90 W . L 060
A ! - SE0
W ‘ .
80 : _ 0¥0

ANVAOud NOLLOYEL FTOR



10)

responses more clearly., The feed tray, stage 13, can be
clearly seen in the init{al profile. Abéve the feed pbint
(stages 7 to 12 as shown in Table 3.2) éhe inverse response
bebaviour is seen to last -longer than it does below the .feed
(stages 14 to 17). The isobutane composition profile in the
fﬂnal portion of the traﬁsient shown in Figure 3.11 is
+sbimodal with an extremum on both sides of the feed point.
Inverse response behaviour is seen throughout the
rectification section (stages 2 to 12) as listed in

Table 3.2). In‘the stripping section the componenﬁ mole
fraction increases for all stages seen in the figp;é.

The mole fraction responses may be compared with the
responses of the key component flow rates leaving each stagé
in the liguid phase. The latter responses are shown in
Fiéures 3.12 and 3.13 and inverse behaviour is seen to occur
in the same locations as in the corresbonding mole fraction
responses (Figures 3.10 and 3.11). In additién,'the |
component flow rate profiies show that the initial responses
in the stripping section are much faster thaﬁ those in the
fectification section. This is 1arge3y’governed by the
response of the total li?uid flow }ates. The speed with
whlch the final colﬁmn hydraulic profxle is achieved is
111ustrated in Fxgure 3 14 in which the transxent responses
of stage ligquid flow rates’ are 111ustrated The initial.
response to the,dxsturbance is seen most clearly in the.

stripping section where liquid rates instantaneously

decrease. Changes in the rectification section liquid rates
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i \
ff'

are more gradual sxnce the reflux rate ;s constant .

throughout the transient.
| Mole fraction responses of propane and isobutane to a
30% feed rate 1ncrease are shown in F:gures 3. 15 and 3.16.
Comparxson w1th Fxgures 3.10 and 3.11 emphasizes the fact
that the feed rate decrease is a more’ severe dxsturbance |
than the feed rate 1ncrease.‘ ‘ BT )
Figure 3.17 summarizes the final temperatureuprofiles

after one hour. The'smalier magnitude feed disturbancesf

110% prlmarlly affect the stripping sectxon temperature

‘ prof11e. The larger magn1tude dlsturbances, +30% feed rate,

affect the overall profxle more profoundly. The

‘rect1f1cat1on section temperatures for the 30% feed: rate

"increase case are h1gher than those for the base case. The"

crossover. of the profiles-as well as the lack of symmetry

‘ about the base case prof11e for 1ncreases and decreases of

the same magn1tude are further ev1dence of the non11near1ty

" of the systenm.

. /f"-‘\ v

'3.2.3 RefLa& Rate stturbahces -

U51ng 1n1t1al steady state cond1t1ons 1dent1cai to

:those summarxzed in Table 3.1 'responses to reflux rate

. 1ncreases and decreases of 10 and 30 percent were studied.

In all cases a feed rate of 50 kmol/mln and a reb01ler duty“

of 500 kJ/mxn vere ma1nta1ned

F1gure5‘3,18'through 3.21 show productqcompositionv

‘responses for each case. The responses are again displayed
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, | |
as mole fractzon devratxons from the’ 1n1t1a1 steady state
values. Some nonmlnxmum phase responsas may be noted in '
“"these transrents Table 3. 3 summarxzes the number of columnl
comPOSitlons and temperatures drsplaymng,xnverse response.
' The same procedure was used to generate theldata in the
table' as was ‘used in‘the feed di;turbance cases. Tolerances‘ “
- of OrTlK‘and 0.0017 mole fraction were applied to changes: in
temperatUre and composition as was discussed in |
Sectxon 3.2.2. - ,I' S -
Inverse responses are observed 1n the key component
compositions only. For - increases in reflux rate the heavy»
key in the bottoms dxsplays inverse response behavlour. -For
| decreases in reflux rate the light key ;n the dxstlllate
. displays srmxlarkhehavxour. As was the case for feed
| dxsturbances the fact that impurities in product streams r
dlsplay no 1nverse_response 1mp11es that the behavxour w1ll
not adversely affect direct qua11ty control. In general
the inverse responses to +10% reflux rate d1sturbances are
'smaller in magnltude but 1ast longer than inverse responses
to 130% reflux rate dlsturbances. | | | .
F1gure~3 22 summarlzes the f1nal steady state

‘temperature profiles: for the reflux dlsturbance cases. t
,There is nonllnearxty in the response as’ 1s ev1denced by the
lack of symmetry about the base case proflle., In general
reflux rate decreases have more effect on. stage temperatures

above the feed poznt whereas reflux rate 1ncreases have more

effect on'temperatures below‘themfeed po1nt.,‘Th1s may lend

[
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Table 3.3

SUMMARY OF INVERSE RESPONSE BEHAVIOUR FOR REFLUK RATE

DI STURBANCE CASES

3

CASE STAGES DISPLAYING INVERSE RESPONSE
, LK HK : '
c2 C3- C3, iC4 cC4 Temperature
QZ& [ .
N
* 4+30% reflux 8-14 31!
~30% reflux 1-5  16-23
+10% ceflux : 31
~10% reflux ) 1-5
Note: "
1. 1lnverse resgonse case be seen in Figures 3,18 and Figure 3.21, but is not

'
oo
Bt B

tlagqed by the inverse response 1dentification procedure since there 38 a tame lag before .,

the composition responds

0!
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) . .
support to the J€5ervation that the heavy key in the bottoms
product displays inverse response to reflux rate increases
whereas the light key in the liquid distillate product
displays inverse response to decreases in reflux. The K
reflux flow rate disturbances affect the ‘entire temperature
profile; whereas for changes in feed rate the main effect
was only on the stripping section‘Femperature profile.
s
3.2.4 Heat lnput.Disturbancée
i

Responsee to disturbances in column heat input were
studied by szmulatxng transients forced by increases and
decreases in reboxler heat duty. Changes of +10% and +30%
were investigated. In;tial sfeady state conditions *
corresponded ‘to those in Table 3.1. A feed”fate of
50 kmoi/min and reflux rate of 90 kmol/min were speeified.

Product coﬁposition transients afe shoyﬁ in
F1gures 3.23 through 3.26. 'Noeminimum‘phaSe behaviour was
again detected with occurrences as summarzzed in Table 3. 4.

Increases in reboxler duty lead to 1nverse response of
the light key, propane, in the d;st1llate.. Decreases, on
the other hand, lead to inverse response of the" heavy key
dsobutane,‘in the bottoms product. -Inverse'responses to
+10% heat input disturbances are.smaller‘in magnitude and
longer in duration than efe inverse respbnées to :30%‘heet
‘ingpt chanées(" : . N ' o .

Figure 3.27 shbws‘fﬁe final temperature profiles for

the heat input disturbance cases. The responses are
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Table 3.4

SUMMARY OF INVERSE RESPONSE BEHAVIOUR FOR HEAT INPUT

DISTURBANCE CASES e,
CASE '~ STAGES DISPLAYfNG‘INVERSE RESPONSE
| o " LK . . HK . | L
c2 . (C3- C3 ic4 cC4 Temperature

+30% OR o -6

- | - 13-15 15-2%
~-30% QR . o 8-13 )

‘ 18-21 .29-31 | .

+10% OR 1-5 o .

14-15 24-26

~10% QR | CoB-12

18-19 28-31



120

114

13-
154
19-

214

" STAGE NUMBER

234

o 25 ] ‘

27

e 300 S20 . 380 ‘30 380
MR TEMPERATURE (K) |

: ‘ Flgure 3 27 |
STBADY STATE TEMPERATURE PROFILES FOR HEAT INPUT

DISTURBANCE CASES



21

3non11near and the dxsturbancessxn heat duty have altered the

"entlre temperature profile.”

3.3 Variable Tray Liquid Holdup : I o | "
The cases discussed in Section 3. 2 were all based on

the assumptlon of constant molar lxquld holdup on the trays.

ancevnonmxnlmum phase behaviour was obseryed for some .
responses assuming‘conStant‘tray liquid holdup\it uas
necessary.to rule out the‘possibility«that‘this assumption
was, K responsible for the observed behavxour.“Variable liquid
‘holdup was calculated based on the modified Franc1s vweir,
eguation which is discussed by Wong (1§‘S)Vand in the A
bYCONDIST‘user's manualf(carling, 1986). The eguation
.requires'specifiCation'of effective weir length, effective
tray area and veir height ‘These parameters were determxned
based on data publxshed in an earller study of the tower
(Ballard et aln, 1978) and are summarlzed in Table 3 5.
lTray hOIdup valuesffor each stage are llsted in Table 3.6.

‘Feed‘rate disturbances were chosen for thlS study .
because they are- con51dered the most common column -
ldlsturbance. The responses of 1nterest were product

"

. comp051t1ons, tray 11qu1d holdup, temperatures and column'

-'l1qu1d rates. For Eons1stency thh the constant holdup

L cases, reflux was set at 90 kmol/mln and reb011er duty at

500 kJ/m1n. Constant molar holdup 1n the condensate
rece1ver and base surge were assumed. Feeg'composxtxon and

1n1t1al column condxtxons were as shown in Table 3 ﬁ
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Table 3.5 . ¢

DEPROPANI ZER TRAY DETAILS

}
4 .

. ' ) . ! ’“{’%‘_ .

Effective Weir length - 2.4¢'m

Effective tray area | o 6.96 m?

Weir height S 0.046 m

Column diameter a _ - 3.66 m;

Note: effective tray area was calculated based on the assumption that 75% of the sjieve"
tray acrea is active (Treybal, 1968). : o




Table 3.6

BASE CASE (}RAY LIQUID HOLDUP

-

a3

Stage Number

WRRNRNNNRORNRNRORN = oo — oo D : _
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‘ ‘ , 0
Fxgure 3.28 shows the fxnal steady state tray holdup
‘proflle for 110% feed rate dxsturbances ‘ As discussed ln N
Sectxon 3.1, a constant holdup~value of 14 kmol per stage
.had been prevxously assumed Use of the base case holdupi
dxstrxbutxon shown in F;gure 3.28 yxelds tray holdups which
-are between 16% lower and 36% higher than the value“ |
,initially assumed
’The assumptxon of constant\holdup hassno affect on'the .
final steady'state temperature profile‘as can'be seen in
Fléure 3.29. The‘temperature‘profiles Corresponding to the
| constant and var;able héldup cases for 10% feed rate
1ncrease are superxmposed as are those for a 10% feed rate
decrease. Fxgures 3.30 shows, lxght and heavy key mole
‘fractions 1n "the dlstxllate and bottoms for 110% feed rate
dISturbances in constant and varlable holdup cases * There

El

is some variation in the translent values, but the general ,
trends, exlstence of inverse response, and the flnal steady'g\v
state values are independent of the‘holdup assumpt;on
employed.i | i
. ‘ ) :
~ on the basis of these observatlons it was decided that
',constant molar holdup could be assumed for all but the most
' deta1led studxes. The base case ‘holdup prof1le shown in
'.F1gure 3 28 1s more real1st1c than the assumpt1on of a
fconstant molar holdup equal for all stages.. As dlSCUSSEd in,
L‘Sectxon 3 1, the dzsturbance response ‘cases descrxbed 1n.

Sectxon 3. 2 were therefore run u51ng the 1n1t1a1 steady

.state'holdup,dxstr1but1on calculated‘us1ng:the varxable‘
' T \ ',‘ | . '
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holdup assumption.

(3]

3.4 Feed Composition Variation .

A series of cases was run to study the effects of both
the number of feed components and the feéd composifion on
column dynamics. Base case feeé rate, reflux rate, reboiler
duty, feed point, aﬁd feed temperature were as discussed in
Section 3.2. Constant molar tréy holdup of 14 kmol was

assumed. Feeds with three, four, and five components were

investigated. The feed compositions used are summarized in

' Table 3.7. The base case feed is included for comparison.

Five component‘féed 3D,cofrequnds to the feed composition
used by Cook (1980)\’ For most of the cases the mole |
fraétiohs of the heavy feed components are held constant to
eiamine'tﬁe effect of variaﬁion of the light feed fraction.

A minimum of two cases was run for each fee@. 'The_
first case corrésponded to the determination of the initial
éteady state onéitions. The second case simulated response
to a 10% fee;i§% e decrease. The resulting initiai and
final steady te temperature profiles are grouped by
number of feed components and are shown in figures 3.31
through 3.33. The profiles serve to emphasis the range of
operating ;onditions représented by thé feeds for coﬁstant
reflux ra&e and reboiler) duty.

bue to the resultg of'tﬁe base feed éynamic response

investigation, instances of inverse response were of special

interest. These are.summarized for the three, four, and

{ i
1
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Table 3.7 -

FEED COMPOSITIONS FOR FEED VARIATION STUDY

Component Mole Fraction

-~

Ethane Propylene Propane Isobutane Cisbutene

4, COMPONENT

Feed 1A - - 0.43 " 0.15 0.15 0.27
Feed 1B 0.43 - 0.15 0.15 ", 0.27
Feed 1C - 0.23 0.15 0.35 0.27
3 COMPONENT s _ | a
Feed 2A 0.03 0.55 - - ‘ 0.42
Feed 2B -~ 0.58 - . 0.15 0.27
Feed 2C ~ - 0.58 0.15 -~ 0.27
5 COMPONENT : g
Feed 3A 0.20 0.23 . 0.15 0.15 0.27
Feed 3B 0.01 0.42 0.15 0.15 0.27
'Feed 3C 0.02 0.41 0.15 0.15 0.27
Feed 3D 0.03 0.20 0.15 0.35 0.27
Base Feed 0.03 0.40 0.15 0.15 0.27
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five component feed streams in Tables 3.8; 3;9Jand 3. 10
reSpectively., Limits on the.deviations considered when
'flaggxng inverse responses were 1mposed as dxscussed 1n
'Sectxon 3.2.2. ‘ o T ) | o |

.The‘following general trends may be observed.

® There are more instances of inverse respOnse"as the |
numbér of system components is 1ncreased.f
e Inverse stage temperature responses are not observed for

three and four component feed‘cases.

Very small differences in comp051t10ns result 1nlunexpected |
d;fferéhces in the responses observed. Thzs is exemplified
by comparlng the serles of feeds represented by the four
component feed 1A and f1ve component feedS'BB 3C, and the
base case feed 'In th1s ser1es the mole fractlons of
?propane, 1sobutane, and c1sbutene are held constant. ‘éaff
'.each succe551ve feed in the series the amount of ' ethane 1s
1ncreased by one mole percent wh11e the amount of propylene
'r1s decreased As the feed mole fractlon of ethane 1ncreases

certa1n patterns can be seen in the tray locatlons w1th

inverse response. These are con51dered by component..

. Propylene o " o N
Two zones of 1nverse propylene response are noted 1n feed
case 1A as’ 1& shown in Table 3.11a. These are on stages

©

1 to S'and‘on stagef18._ As the‘amount,of,cz.zn the:

133
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Table 3.8

134

SUMMARY OF INVERSE RESPONSE BEHAVIOUR‘FOR.3.COMPONENT

FEED CASES - ‘
SN v
) "
3
CASE COMPONENT L .
R 2 3 Temperature’
' Feed 2A :
LK=" 2 ‘ D
HK-‘- 3 R-2
e SA3\ S_4
. Feed 2B ’
LK= 1 S-1 ,.5-2 S-2
HK= 2 B ‘
‘Feed 2C O
LK= 1 $S-3 S-4  S-4 NN
HK= 2
-  LEGEND: " - ,
D: - liquid distillate product R-x: x rectification stages
F: feed stage 'S§-x: 'x stripping stages
bottom product ' o .




Table 3.9

~ SUMMARY" OF INVERSE RESPONSE BEHAVIOUR FOR 4 COMPONENT

FEED CASES
‘. \\'h)
CASE . " COMPONENT o o
\ , 1 2 - 3. -4 Temperature
Feed 1A
LK= 2 D .
HK= 3 - | R-5
S-4 S-4 S-3
Feed 1B )
. LK= n - D .
HK= 4 "R-1 * R-3 R-1 C .
g : : s-10 S-17 ‘
B .
'Feed 1C Sy
LK= 2 D '
HK= 3 ‘ R-6 R-2
‘ S-1. S-4 S-4 S-4
. 'LEGEND: C .
" Ds .. liquid dxstillate product . ' R-x: x. rectification ctages
'F: feed stage - ‘ ‘ S-x: x stripping stages

"B: bottom product ' o . o 7
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: V.Tablefj,io
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. SUMMARY OF INVERSE RESPONSE BEHAVIOUR FOR 5 COMPONENT

B: . bottom product . .

FEED CASES
CASE C2 c3- C3 ¥C4  cC4  Temperature
Feed 3A , '
LK= iC4 R-1 R-3 R-4 R-3 R-3. R-1
HK= cC4 F
v i $-2
Feed 3B
' LK= C3° D —
.HK= iC4 R-1 R-7 R-5
» . $-2 S-3- .S~2.  §-2
Feed 3C .
LK= C3 \ D ‘
HK= iC4 . R-1 R-8  R-2
' S-3 \ . S-1
e - B .
Feed 3D
LK= C3" -1 R-4
HK= iC4 -1 S-5 S-4 S-4
' Base Feed .
Lk= C3 D . D D
" HK= iC4 . R-1  R-11 R-8 . R-11. R-11 R-1
- “f' F F F F - F
| '§-1  8-5 $-3  S-4,
¢ . . ' LEGEND: . : |
D: -"liquid ‘distillate ‘product o R-x: x rectification stages.
. teed atage ‘ ‘ S-x:'b x stkipping stages
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system increases, the number of‘trays displaying B
propylene inverse response also increases and ‘the zones .

extend toward each other.

Table 3. 11a
STAGES DISPLAYING INVERSE PROPYLENE RESPONSE

Zone 1’ Zone 2

Feed 1A 1 -5 18 ,
+ Feed 3B 1 - 8 17 - 16
Feed 3C 1 - 10 16 - 14"

2

).

Base Feed - 14 14 - 2

. Propane
Two zones of 1nverse propane response may be 1dent1f1ed
for ~10% feed rate dasturbances for each feed composxtxon
as is summarized’in Table 3.1]b. .-One zone, in the
«réctificaticn sectien, decreases in 51ze w1th 1ncreasxng
ethane content in the feed. }he second zone varies 1n
size and is located hlgher in the column for feeds with'

h1gher ethane content.

¥
”

4
AN,

Table‘3 11b'

4‘_ ﬂ
V
Y éf ‘ STAGES DISPLAYING INVBRSE PROPANE RESPONSE
Y 4
. vt B
R QA i Zo_ne 1 Zone 2
Feed 1A - 1 -7  29- 26
Feed 3B 1-7 . 27- 25
Feed 3C 1-6 22
~Base Feed 1-5  18-9

N ‘ L e



Isobutane

There are again two zones in which inverse fesponses are

'observed and the correspcndxng stage numbers are shown in

Table 3.11c. Both of these are located hxgher in the

column for feeds wx%h,hxgh ethane content than for feeds

~ with lower ethane content. The two zones are not’

apparent in all cases but the xnverse responses wh;ch

' are observed are in agreement thh ‘the' general trend.

‘Table 3.11c

' STAGES DISPLAYING INVERSE ISOBUTANE RESPONSE

Zone 1 "Zone 2>}
Feed 1A .23 - 20 -
Feed 3B 21 - 18 —
Feed 3C - .3 ,

Base Feed 13 -1 30 - 27

[

Cisbutene
A single'zone of inverse response is noted ~1th locat1on

dependent on .the amount of ethane in, the teed as shown in

Table 3.11d.
1¢ 5

Table 3. ]1d

| STAGES DISPLAYING INVERSE CISBUTENE RESPONSE

. Zone 1
Feed 1A 257-22
. .Feed 3B 23 - 21 S
Feed 3C. . 200 L e

' Base Feed: 17 - 1




Examination of trends within this series and for the other
feed variation cases leads to some further general . ,
conclusions: ' |
1
e Inverse responses tend to occur on adjacent stages.
e The location of the inverse response stages is very

sensitive tos feed composition.

‘Consideration of the column proflles in the regzon of
the stages dxsplaylng Anverse response may provxde some

further 1nsxght As noted 1n Section 1.1.5,-1t has been’

‘ suggested that Arregular behaviour may be. expected near an
extremum 1n the composition profxles where system gains. are'
<small or near where they change . sxgn (Waller and

Gustaftson 1972) The valxd:ty of QEESe crlterla can be
evaluated by compar1ng the locatlons of stages d1splay1ng

ulnverse responses glven in Tables -3.11 thh the comp051txon

IS

proflles plotted for eaqh of the feeds in the series in
Figures 3:34‘through 3.37 for propy;ene propane, 1sobutane
n and.cisbntenelreSpeCtively Consider,,for example, the,

| dlstrlbutlon of propane for ‘the varlous feed cases.. 4From

iTable 3 11b thevrectlflcatlon sectzon 1nverse response zone'
N ) \

‘ends on stages’ 5 to7 depend1ng on the feed used. In. |
‘ L l

Flgure 3 35 the proflle extrema do occur on these stages.,

;The same corresponden@e can be observed for ZOne[Z stages<_

:

for feed cases 1A 3B and 3C \The 1nverse respOnses on

\

‘:}gtages 9 - 18 seen in the case of the base case- feed do not.

-
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LY

however, follow thxs pattern. Another exception is seen In
Fxgure 3.34 where inverse propylene response occurs on
stages 2 ~ 14 despite the fact that there is . no local '.f
extremum in that part of the proflle and that the gain, or
rate of change of composition with stage number, 'is ‘not
small relative'to otner portions of the same pﬂbfile. In
fact usxng these crlterxa, one m1ght pred1ct inverse
‘propylene response around stages 21 - 25. This set of ,
) J o

criteria appears, then, to be nezther necessary nor

sufficient for the prediction ef inverse response behaviour.

'



. 4. SIMULATION OF CONTROL LOOPS

4.1 Problem Description
For closed loop sxmulatxon the dynamxc model discussed
in Chapters 2 and 3 should 1deally be treated as a “black

”

box In other words, control actlon and process model
calculations should be independent. From the poxnt of v1ew
of the model, the control action could then be considered as
a disturbance in tbe-manipulated var;ableJat the>sampling
instant. ' This approach may certainly be used for those
discrete loops associated with distillation control.
However,lsome loops‘should be 'simulated as continuous and in
these cases the "black box; approach fails. Tbis«results in
some overlap between control and process 51mulat10n
functlons of the 51mulator. ‘

when 1ncorporat1ng control loops into. the s1mulator it
was decided that the cont1nuous controller,assumptlon would
be reStricted to those local controllers associated with
level and flow control about the condensate recelver and
column base.‘ All other loops would be handled with d1screte

-

controllers. This restrxct1on was necessary in order to
limit the number of possrble structures of the system ‘
equations. Continuous controllers add linkages between
-variables: wh1ch were 1ndependent 1n the case of pure column
dynamlcs; For example, if a temperature feedback controller
man1pu1ates reflux rate, then the controller links the stage

on wh1ch ‘the sensor is located w1th the first column stage

~ -
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Qhere reflux:is'returned to,the tower. In the case of,pure
dynamzcs, each stage 15 affected dxrectly only by those
stages above and below it. Not only are the number and N
Flocat1ons of the local control linkages dependent on the
control strategy selected, but the form of the expre551on
used to ‘describe the-relationship‘is'a function'of the
controller type and parameters. Since the»simulator is to
"be used to evaluate a wxde varxety of control structures and
algorithms it was not feasible to allow reconfxguratxon of
ethe system equatlons to accommodate any and all possxble
ch01ces.-

Some other desxgn features of the control system
aspects of the simulator are d1scussed below. Thete were
considered at each stage of the software developmentvin

ori:r to minimize development time and effort.

. Flex1b1l1ty
‘ ‘Flex1b111ty to model a varaety of control system
'structures is requzred as is flexibility to con51der all
‘poss1ble manipulated and controlled var1ables. For
,example, it should be p0551b1e to evaluate~performance of‘
schemes employlng a temperature d1fference or other
‘funct1on of two or more temperatures as the controlled

variable. .
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e Expandability

| The approach taken for desjgn‘shculd be to.incorporate
conventfonal structures and algorithmsvinitiallj.while
maxntaxnxng the optzon of addxng advanced and/or . S
unconventlonal schemes later The 1ncrementa1 approach
‘permxts‘debugglng of each level-before movlng'to.the
nexﬁc‘more comblex, level.

N .

. Style

The simulator 'is a ‘large and complex software package.

Its malntenance will be sxmplzfxed if ‘the control

add1t1ons are wr1tten in a manner con51stent w1th the‘

f
{

J

ex15t1ng code.

4.2 Local Control Loeps
Asldiscussed in‘the previcuslchtionﬂ lccal‘controllens
,will be simulated’in a continuouswforn only. ‘The control
action must then be calculated a()each step of the 1
1ntegrat1on to_approx;mate a'cont1nuouswcontrcller output.
‘The‘lnitial abproach takenuwas‘to‘use‘a‘ccnmcn step‘size'for

vthe s1mulat1on of cqlumn dynamlcs ‘and local controllers.

':flThe future add1t1on of the opt:on of u51ng a smaller step

size for the local controller simulation was also -
considered.

fy
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Local level control affects the calculatxon of the

4.2.1 Local Level Control

.Jacoblan used in the 1ntegrat10n of the overall mater1a1
‘balance‘descrxbed by Equation 2.1. The system of equatlons
resulting‘from'one-choice of control strategy 'is developed
in Sectlon 4.2.3.

It should be noted that proportional-only, (P-only),
controllers have been selected-for leVel control,to'simplify
calculations. The complex1ty of modelllng |

V)H!

proportional-integral, (P1), 1evel controllerg is

lllustrated in the example of Sectxon 4-.2.3. The.assumption.

of P-only level controlle;g_;s not unrealxstlc. The

controllers are 51mpI/\\1nexpensxve\and almost foolproof

(Buckley et al., 1985).‘\§b:re are, however, 11m1tatlons. A

"larger accumulator drum i _gu1red to obta1n the same |

amount of flow smoothlng w1th P oqu level control as could

be obtazned Wlth a PI controller.w The code could be

mod1£1ed to s1mulate PI level controllers 1f a detalled

. study of mater1a1 balance control were requ1red |
N

| 4 2 2 Local Flow COntrol

Flow controllers can be s1mulated in e1ther local or .

remote mode.~ In local mode contlnuous P or PI controllers

can’ be s1mulated. In remote mode any control algorlthm can

" 'be employed or the controlled varzable can be f1xed The

latter optxon 1s equ1valent to assum1ng perfect control of

'lthe flow. In th1s case it must be assumed that the dynam1c5"f
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of the flow loop are much faster than the other process and

"control system dynamics.

4.2.3 hocal Control:Example

ThlS example deals thh the 1ntegrat10n of the ‘overall
mater1a1 balance equatlons wrltten for the top of the column
‘when local controllers are in effect. The control structure -
assumed is shown in Figure 4.1, Liquid distillate: is
assumed to be on flow control whxle the feflux rate \is
man1pulated to control accumulator level

Con51der1ng the materlal balance around the condenser
‘andxaccumulator drum, stageA1, for‘ |
Fo=Lo=S, =0 |
e .
gsq=D
where D is the molar 11qu1d dlstlllate flow rate, the

mater1a1 balance equat1on may be written as:

| Y

'%Mg{= Va - v, '_I.u““‘ D o e T e
B .'\‘ ‘ . ' K ) B

N
\_‘_

u“The controller equat1ons for the reflux and lxqu1d
dlstlllate may also be. wrltten. If a P- only controller 1s -

assumed for the level loop then

Ly = R(2%-20 "+ Lypigs = L 4.2)
Alternatively, if PI control is assumed, then

-
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R _Figure 4.1 - ...
. MATERIAL BALANCE CONTROL FOR LOCAL CONTROL EXAMPLE

»
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0 ' . , :

In both cases the sign of the gain term must be negative to
ensure the correct control action. For thée flow controller,
PI control is assumed:

ot

4 X ‘ N ’ x ,
OoP = K;ﬁ (DSP”D) + K,, J (DSP—D)dt] * Dpyas o (408)

0
}

The materlal balance to be 1ntegrated then requires the
substltutlon of Equatlon 4.4 and either ; 4 2 or 4 3 into
Equation 4.1

In applying the ASIRK integrationrformulae summarized

in Table 2.2, the following asaignmenta are made:

A

y = [M, D L. EPREEE 1t ‘A - (4.5)
and
fy) -0 S L g N PRI

at  dct.

'

" The vector of l1qu1d rates, y. used for the case w1thout

local level control is augmented w1th the molar accumulator-

"

and column base holdups. The reflux rate,‘L,,‘xs replaced

- by the .liquid d1st111ate rate since the reflux rate may be

calculated once the molar accumulaﬂor holdup and dzstxllate
i \k‘
rate are known.‘ The eleants of the Jacobian used to

calculate the 1ncremental functxons, k. and kz, ‘are:
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B (dM,, . 2_dD, .. i(dm,), 24D,
aM, 'at /7 3M,'dt’?  Bp'dt '’ @aD'de’

. These can be determined from Equations 4.1 through 4.4. 1f

Equétion 4.2 is used:

Q. R

(4.7)

-9 (aM,, _
oM, at ) f“p(dM
| IflEquabion 4.3 is used:
o .am,, o [dz . 8 s_oyarl la.g
aM.(dt) = Kolam, * o, L (znz)d ] . S ( _>

'It 1s t‘ awkwardness of including the evaluation” of the
‘partzal der:vat1ve of the 1ntegral term 1n Equatxon 4 8 that "
;esulted 1n the decxsxon to use P- onl§ level controlle:s
Equation 4. 2 will be used to descrlbe the level controller
for the remalnder of th1s example. s

| Differentiating Equat1on 4.4 with respect to tlme

y1e1ds- .f , .

Do, (P ) S xpzx“(n” - D),

(Ge) =0 o o o (4.9)
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and
9 QHQ ~ KpzKy2. : : . )
3p'at) = T+ Kr | | a0

Also, from Equation 4.1z
3p " dc() = -1 * , | ‘(5711)

The matrix gquation used to solve for the set of incremental’
| ’ . ' . | .

functions may then be formed. Considering only the upper:
left corner of the Jacobian and the first two elements of

‘the vectors yields: -

‘ aM,
1 - ha (KdeI ~ha . ky, —5#
o Kp2K 2 . dD
q l+ha('1 py sz‘) . e » kD’1 = at
, (4.12)
f:/ .

)
'

T

'so the 11qu1d holdup and d1st111ate rate may be determxned

at the same time as the column 11qu1d rates.

’
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A
A

/ . N

4.3 Remote Controdl Loops

A
A

- .Simulation of remote control loops is possible in a .. \j

« “discrete form since the control calculations represent an
S ‘ - ) ’ . \
ﬁ"independent program module as was/shown in Figure 2.3. The

’

current, versxon of the sxmulator 1ncorporates both

*

A
proportxonal 1ntegral derxvatxve‘(PID) and gelf- tunlng (STC)
l .
controller types but other user algorxthms may alsd be

1nterfaced lf desxred Detaxled notes on the use of these

Ll

'algorathms aﬂ# given in the user ‘manual (Carllng, 1986)

Some of the deneral features wlll be outlxnea below. .

. .
.
.

4.3, 1 PID Control

A
i

‘The controller output for PID control loops‘xs

determlned using the followxng equatxon. T

c L O
‘ , e . . ,
oP = KQ[ER + Kx_f ERdt +,K@g%%§l v+ BIAS < (4.13)
‘ (R S / ‘ '

.

' o .

N . .
RN vy

¢ ‘

\ .
. N B
- b > 0

It should be noted that fhe 1ntegral constant kas units of
mf%f%?ﬁ so that 1ntegral act1on is turned off when K,=0. =
’ Derivatxve actzon is performed on the measurement only avoid_

f th "der1vat1ve kzck" otherw1se assoc1ated wlth a.setpoint

- . P

change. A b:as*termfxs added s1nce normalxzed Varmables are

not used thtoughout. User spec1f1ed h1gh and Low control

"

.actxon 11m1t$ are’ 1mposed 'on the output. e



\ : . . ‘155
A \
\

4l3l2dSe1£~Tuning-Control
The self~-tuning control algorithm used in this work has

,recently been, discussed by Langman (1987).1 The algorithm

LR

xncluies OpthﬂS for feedforward and decouplxng compensation
and cii be used with multirate samplxng The derivation of

the controller w1ll not be dealt with here, but a brief
‘summary of some of the controller features wlll be given to
establish 1nherent assumptxons as well as the nomenclature
used. - : '

, The generalized multi-input, multi-output (MIMC).

A

, control law is derived based on the assumption that the

following z domain representation is valid for a process

*

with vectorioutputs,DY(t); controllaction vector, U(t);
measurable disturbances, V(t); and which is subjgtted to

‘random noise inputs, Z(t).

Alz-DY(E) = Blz-DU(t) +.C(z")E(t) + D(z)V(R) | (4.18)
' t v C ‘ -\ o

“

~

The matrices ;D B, C and D are polynomial -matrices in (z°').

»

System delays, z™* and 231, are defined respectiVely as
the delay between the it control 1nput and the j*' process‘ .

‘;,output and that between the it measurable dlsturbance and

re Vol r
v the j process output and are 1ncluded in the matr1ces B o

and D as appropr;ate (Tham et al., 1985)

The control law ‘is calculated by mxnxmzzxng a cost

; \

functlon 1nclud1ng.we1ght1ngs on the system outputs, :~
v . ke . \ A, Lo, ’ ,,
AN _’ . b ‘

7..,setp01nts amd co,tr : actlon”. The we;ghezngs are prov1ded

b S

L s 8 M e SR

S '%.‘N. R - A - . (
“mr. B AP e . K 1 - ’ N
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by P(z"'), R¢z"') and Q(z"') polynomial matrices respectively.

The resulting control law is given by:

[z\ll"klj (n;,’, Q]U(t) = )
RW(t) - PaFY(t) ~ 2™ Iv(t) -~ HPY*(t+ky~1 | t~1)
(4.15)

fThe choicé‘of the numberlof coefficients in the polynomiéls
has been diséussed by Langman"ﬁ1987)'and depends on both the
system order and delays. The polynomial matrices G, F, L
and H are related to the system matrices in Equation 4.14

fusing the diophantine identity. The pol}nomial coefficients
are estimated"recursiVely and the estimates ére used to form

~ ~ ~

the estimated matrices G, F, L and H which are used in

Equation 4.15. . The: estimation elgorithm used is a ‘recursive

least squares method with upper diagonal factorization
(Langman, 1987). RN o ;



5. CLOSED LOOP' SIMULATION EXAMPLE
5.1 Introduction
A closed'looplsimulation study of the depropanizer
studied in Chapter 3 is‘discussed in 'this chapter. - The
objectives of the study were to ensure that the simulator
control options were Tn;place and working rather than to
optimlze the tower control performance. As a result,

controller parameters were tuned to yield reasonable rather.

than optimal'control results.
A

The approach taken was, to work from the most elementary

control schemes towards more complex strategies. Thus the

first control casés involved material balance control alone.

These- cases are discussed in Section 5.2. Single quality

s

control was stydiedawith the control objective assumed to be

first the liquid distillate product composition and then the

bottom product qomposi&ion. Perfect material balance = -

control was assumed A transition was made from indirect

e

quality control to direct quality control as cases based on.

temperature feedback were compared,wrth those.based on

~compos1t1on feedback 'Section 5. 3 contains a discussion of

these cases and the 51mulat1on results obtained. Dualr

qua11ty control cases are d1scussed in Sectlon 5. 4 ‘Eoth

dlrect and 1nd1rect control strategles vere examlned and the

. performance of these schemes was compared Interaction

. r A
observed between the two qual1ty control loops led to a

study of the amount of° 1nteract1on préd:cted based on steady

Y o 2 DL L B

[}

3

%

A
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state'interactioavanalysis. This is also discussed in
Section 5.4. |

Advancéd control strategies considered in';his work
.were feedforward control and self-tuning control.
Feedforward control action was implemented in conjuﬁction
thh sxngle guality control and is dxscussed in Sectxon 5.5.
Self ~tuning control was 1mplemented a means for dual quallty,
control ‘and is discussed in Section 5.6.
5.2 Material Balance Control
Materialébalance‘céntrol cases'slmula?ed for thls work
lnbolved the manipulation'df liquid distillate,rate to
control accumulator level and the manlpulat1on of bottoms
rate to con;rol base surge level,’ Reflux rate was assumed
to be on flow control. A diagram of the scheme is giVen in
.. Fiqure S. 1. 1deal’ pressure control was assumed for all
, e b ,
cages. Initial operat1ng condlt;ons‘and column i
confxguratzon’were as dlscussed in Sect1on 3.1 apart from‘
‘the use of -a total condenser in place‘of the partlal"
condenser. Thls subst1tut1on was made ‘to s1mpley
;scomputatxon. Var1able tray holdup calculat1ons were based
~on the Francis weir equat1on w1th tray deta1ls as . summar1zed
‘é§n~Table-3 5. Constant . relatxve jroth den51ty of 1.0 wasv‘w
assumed.‘ The transxent calculatlon of reb011er and base )

"urge holdups was accompllshed by augment1ng the set of

.thh the molar accumulator holdup, reflux rate and base

05.

k ” S " [ . - N L ) 4."
3 i . - . : . i ) W . _' . v : N o I_“ . PR
» . . L . o ' . - FETE N . : .
, o ' ‘ -l v

1£ferent1a1 equatxons used to calculate qolumn l1qu1d ratesf .
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3caled 1n the follow1ng un1t5° t1me»1n mlnutes' compos1t10n,

160

surge molar holdup. The procedure is similar .to that used.

“in the local control example discussed in Section 4.2:

'
'

For the material balance control cases as for most of

the closed loop cases, feed rate decreases of 10% were used
" to test and tune the:controllers.‘-Proportionaleonly

. controllers were used. The controller gains used‘for both

~

loops in cases w1th column responses plotted in
F1gures 5. 2 '5.3 and 5.4 are 50 200 and 400 respectxvely
As noted in Chapter 4 the PID controller equat:on is not in
a normal1zed form so the parameter values depend on the
un1ts of the controlled and manipulated varzables.

The format of Flgures 5.2 through 5.4 1s common to
. those used to d1splay the results of most ‘of the closed loop
cases.' The top two - trend plots in each flgure show the L
lxght and heavy key mole fract1on responses 1n the
d1st111ate and bottoms products respectlvely. The remalnder

of ‘each f1gure 1s dlvxded 1nto two sectlons w1th one for

»

each of the two control loops of 1nterest B In the case of

h“ .

Fxgurefs 2, for example, the mater1a1 1n the frame on the"~
1eft”s1de of the f1gure pertalns to the accumulator level

control loop.; The sett1ngs and a performance lndex are

shown as are two trend plots.‘ ‘The upoer plot shows the ;L'h Tl

’ controlled varlable response to the d1sturbance. The lower,

plot shows the conbrol act1on on the man1pu1ated varxable,‘f

as mole fractxons* 1eve1 in metres, and flow rates as molarV:,V

t

‘1n this case the dzstlllate flow rate. The trend plots areh"w
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‘rates per minute. (kmol/mln)
In all three of the cases snown xn Figures 5. 2

through 5 4‘a 10% feed rate decrease was xntroduced at’ the‘

start of. the sxmulatxon.‘ Notzng the criterion that level

“control should y;eld smooth and radual flow rate changes'p

'(Buckley et al., 1985), the controyled performance shown in-

Fzgure 5 4 represents a good compromzse between a fast

response and gradual flow changes. Controller gains of.:”

“Kp= 200‘Nere.therefore selected for the mass balance control '
aSCheme. These settlngs were used ‘to test the closed loop Aﬁsg
response to changes in level setp01nt and to a feed rate
'increase dlsturbance.* The results for these cases are shown
in F1gures 5.5 and 5. 6orespect1vely. ‘The" controllers‘

_ perform reasonably well for both servo apd regulatory

-

-‘control Smoother control could be obtalned An the setp01nt

y
1

.change case shown 1n Flgure ‘5. 5 by ramp1ng the setpolnt to
‘the de51red value rather tﬁan makxng a step change., As was

| noted 1n Sectlon 4, 3 the controller output is bounded for‘fgb
-l}all cases._ In the feed rate 1ncrease case for whzch the
'pwlresponse is shown in F1gure 5. 6 the upper 11m1t f0r the

U*thaccumulator level contro@ler should have been set hfgher to }

v allow faster' 'sponSe 51nce the a cumulator level has not

N

-.¢_ ’ ~g . ol
FE te-could not exceed the sp‘Fxfxed bound then the-{;y,*
ﬁ’ d1stzllate'strea,.wou1d represent{a column bottleneck and 5
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A
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‘Approprlate control bounds are-egsential to, the success of .

“any control strategyr_ The base leQ%} controller is seen to

' : . B Co

respond well to the same ‘disturbance. N Co &
- ey Lo

. . . . ‘ ’

» v ; ' ' ot ' v |

5.3.1 Temperature Sensor Location '

\

As discdsSedJin Section 1.2.4, appropriate sensor
location is mandatory for ‘successful indirect composition
control. The temperature profiles plotted‘in‘Figure §7 ™

vere used to illustrate the use of some of the steady state
o
sensor location crxterldﬁsuggested in the llterature. "Thg: ™"

» i

prof;les were generated by 51mulat1ng the response to :5%

step changes in distillate flow rate w;th constant reflux
N / .
rate and reboxler duty. As dxscussed in Sectlon 1,2;3 and

suggested by Tolliver and McCune (1978)7’sensors should be'

\
|

located on that tray on whlch temperatures exhxblt maxlm

‘ .
4"4

symmetrlcal changes 1n response to changes of equal

E IR e o S : .
K 0 o -v‘ N N N
L IERTTR N

rat1o. f*é

‘ As mentloned in: Sectlon 5 1,;the object1ve for 51ngle i
,'," \s . ‘%ﬂ“ : e d '

quallty control was control of eether pcoduct composxtxon.r*r

When consxderlng sensor locat1ons 1t was thereﬁore desarable
L Coe ; Yy
to select one tray 1n each of the rect1£1cat1on and '

: L ¢
\ :
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T~ temperatur® change after a 5% dist{llate fate decreasé is
equal toitpat after a 5% di;lilla@e rate increase. The .
degree ot\nonlinearitfhfghbﬁaller“for trays.higher in the
section tﬁéﬁ for those'cloger to the feed point. O% the
other hand, the temperature gradient is smaller at the top
of the column than it is closer to the feed tray. As a
compromise between the criteria of maximum temperature
gradient and maximum symmetrical profile disp;écement from
the base case profile, stage 6 (i. e, the 5th tydy numbering
from the top of the column) is selecéed as;the sensor
location in the rectification égction. | 7 ;‘

Stages below the feed plate were considered for control
of the bottom product composition. lnAthe stripping section
the temperature profiles after #5% distillate rate changes
are relatively symmetrical. Stage 23 displays almost edan
m&gn i tude temperature changes from the bésé case values in
ppspoﬁse to disturbances of equal magnitude. The |
temperature gradient at this stage is glso reasonabiy large.
Based on steady state considerations, then, stage 23‘appears
to be a reasonable tray on whjch to locate a temperature
sensor. | .-\

The dynamic réséonses to feed rate disturbances of the
gémperatures on the trays flagdédvas viable sensor locations
weré studied and are plotted in Figures 5.8 and 5.9 for a

.
iO% feed rate decrease and a 10% feed'rate increase

respectively. The temperature reSpdnses on the two trays

adjacent to the potential control trays are also plotted.
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The stage temperatures in the Eectification sec@ion are
quite insensitive to the distugbaﬁces. Since‘the liquid
deCillate composition has been shown to be very sensitive
to feed fate disturbances (cf Chapter 3}, the.corfelation
between the réctification stage temperatures and the
distillate product composition }s unlikely to be strong.
Since tray 6 is as responsive as the trays adjacent to it,
'it still apbeared to be the best choice for a rectifieationﬁ
section control tray. Control cases based on it should be k
examined for evidence, of the effect of the lack of dynmamic
_ , . ; |
responsiveness of the‘stage teﬁpgrature on the control
performance. The dynamic responses of the temperature on
stage 23 te the feed rate increase and decrease are large

and fast enough to qualify that stage -as the location for a

stripping section temperature(fensor.

$.3.2 I;direct Single Quality Control "

Hav1ng selected the locations for temperature Sensors.
es stage 6 for the control of top product composition and
stage 23 for control of bottom product composition, design

of controllers.was required. Control above and below the

feed are considered separately.

\

Indirect distillate Composition Control

The control strategy used is shown schematically in
- Figure 5.10. Reflux rate is manijpulated to control the
-temperature on stage 6 and hence the distillate eompositioh.'~

A proportional-integral controller was selected as typical

a
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for this type of‘applicatiom. ‘l ' " \ b
Initial controller Settinge were calculated‘us}ng the
Cohen and Coon method (Coughanowr amd Koppel,u1965) based -on
~.open loop dynamic response to ehanges in reflu;;rate. The
response curves for 10% reflux rate increases and decreases

A
.

are plotted in Figures 5.11 and 5.12 respectively. ‘ {
‘Comparin§=the response of stage 6 tengratufé in the two
plots, it,is immediately obvious that the response is highly”'
nohlinear. Since the con rol loops were to be tuned for
‘feed rate decreases, the r sponse to reflux rate decJZase
was used to evaluate init al controller SettAngs. Inxtial
controller éettingé for this’and the other Sing%§ quality
control cases are, summarized in Table 5.1. Resppnses of the
" column yariableé of imterest to a 10% feed rate decrease'
with indirect contrpl of the'distillate‘compositioh using
the temperature feedback controLJer wlth the temperature
sensor “on stage 6 and with the initial Cohen-and Coé&
.controller parameters {p shown_in Flgure 5.13. 'Limft;ypf

' 125%.of the‘steady state reflux rate were imposed. ‘fhe
Acontrol‘is erratie‘and'at‘best marginally stable. vTable 5;1
a .o ‘

1ncludes a summary gﬁ performance 1nd1ces for the s1ngle“
qual1ty control cases., Ther IAE performance 1ndex value
r‘shown on F1gure 5.13 is that based on the 1ntegral of
absolute devxatlon of the mole fracézon of the heavy key,
1so§utapé,l1n the'dlst111ate stréam from the des;red value
of 0.004?.'*This‘is'denqted in Table 5.1.as the ?TOP IAE' .~

’

The integral-of‘the absolute deviation of stage 6

P
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7 | S .
temperature from its setpoint‘is listed in Table 5.1 as

'LOOP IAE'. The effect of control of the top product
composxtxon on the bottom product composxtlon 1s calculated
as'the integral of the absolute error of the mole fractxon :
-of the light key, propane, in the bottoms product thh‘
respect to the desired value.of 0.0]83 molefractioh;/ This
performance index'is listed in Table 5.1 as 'BTM IAE'. Note
that the desired values for product Stream 1mpur1t1es are
dlfferent from those lxsted in Table 3.1 because the-
examples in this chapter are sxmulated using a total
cbndenser. o ' | )
Tun1nc of the control loop was performed by trlal and
error by comparlng both the performance 1nd1ces and 'dynamic
,response of the controlled and manxpulated varlables The
f1nal settxngs for 1nd1rect qualxty control above the feed
stage represents consxderable detun1ng from the Cohen and
Coon parameters as the controller gaxn is about one th1rd of
the 1n1t1al value ‘and the 1ntegral constant 1s reduced by a
factor of 2.5., The f1na1 settlngs and the performance .
1nd1ces calculated for the QBe hour tran51ent perxod
follow1ng a. 10% decrease 1n‘feed rate are noted 1n o
Table 5 1 , The performance 1nd1ces for the loop itself and
foi the top product compos1tlon are lower after controller-
tun1ng than ‘for . the 1n1t1al controller sett1ngs. ‘More
1mpact is- seen on the bottom proﬁuct qua11ty as the control

performance above the feed 1mproves. The response trends of

the column var1ables of 1nterest are plotted in. F1gure 5.14.
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The control is sluggish, ﬂﬁt‘the‘response-time seems
reasonable. The sluggish characteristic of the control. is

" difficult to avoid because of the fact that stage 6.

temperature is insensitive to feed rate dlsturbances. |
‘An_indication of the ability of this‘controller to

‘handle other dlsturbances‘was provided by simulating the

closed loop transient following a 10% feed rate increasel

'The performance 1nd1ces calculated for this case are also
14

listed 1n Table 5.1 and F1gure 5.15 shows column responses.
Since the feed. rate increase is less severe than a feed rate‘
decrease it should be expected that ‘the control performance

should be better after a feed rate increase. The’ loop IAE

~

calculated for the feed rate increase case is less'than that

-

calculated for the feed rate decrease case with- the same

controller sett1ngs The IAE for: the top product

T

composition, however, is hxgher for the feed rate dncrease.

»

than for the feed rate decrease.‘vThis 6bservation is

~

. ‘another 1nd1catxon that control u51ng stage 6 as the sensor

location 'is less than ideal.

Indirect Bottoms CompositiOn Control

A controller for the indirect control of the ‘bottom
product composxtxon by controllxng stage 23 temperature was
‘desxgned follow1ng the procedure outl1ned 1n the prev1ous
paragraphs for‘1nd1rect control above the feed point. ’For
‘these cases the temperature feedback controller was assumed

‘to man1pulate reboxler duty dlrectly although llttle'.- .

'addltxonal work vould be requ1red to- 51mulate the
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-
manipulation ofrsteam flow rate. Reflux rate was assumed to
be on flow control at the base case value of 90 kmol/min.
Initial controller parameters were calculated using the
Cohen énd Coon meﬁhod based on the sgage 23 temperaturer
responses to x10% step changes in reboiler duty shown in
Figures 5.16 and 5.17 respectively. . The stage 23
temperature responses t%~inépeasés and éécreases*in rebojiler
duty are much less nonlinear than was the case for stage 6
temperature responses to iqsreases and decreases in reflux
rate. The process time c6nstant, gain and time delay used
to calculate the Cohen and Coon pa}ameterg wéfe the average.
of those measured from the responses to the reboiler duty
increase and that to the reboiler duty‘decreaSe. .The
‘settings calculated are iistedﬁin Table 5.1. The
berformance of this contraller when the column was subjected
to a 10% feed rate decrease is shown in Figure 5.18 with
berformance indices summarized in Tdble 5.1. The control
performqnce.ﬁith'the initiai parameters is pogr and the
reboiler 4 ty.é}tegna;es"bétween.the maximum and minimum
limits. XZ sybsequent.casés ;He controller was detuned.
The final settings listeé in Table 5.1 involved reducing the
<controller géih by a facfor of 2 and the intégral constant
A‘by a facﬁgrvof 5.$ The éioséd loop response trends after a
1b%;£eeé):até5deér;ase with the final controller settings
are shown thFiguré 5.19. “The resﬁonse time achievedlin
R A
-thisf%%sé is‘rgasonable and the .control action is not
eggessivg. fﬁe performanée indices summarized in Table 5.1

N )

LN
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INDIRECT SINGLE QUALITY CONTROL OF BOTTOMS COMPOSITION WITH |
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indicate significant improvement in both the loop and bottom

‘product IAE measures and only a slight increaéeuin the top

product performance index.

Fxgure 5.20 shows'column response to a 10% anrease in
feed rate using the fxnal controller settxngs. For this
less severe dxsturbance the loop end bottom product’
performance indices are less than those calculated‘for the
feed rate decreese disturbance. .This.-is in contrast with
the'bad performance of the top product control loop in
response to a feed rate increase disturbance, indicating
that the more reeponsi;e temperature on stage 23 provides a
better basis for control than the less sensitive stage 6

temperature, at least with the controller parameters used

for theﬁe cases.

5.3.3 Direct Single Quality Control

- . < . 7
Direct single quality contrilecases involved the use of

?

the impurity mole fraction in the product stream of interest
as the controlled‘variable. A sketch of the control scheme
is shown for dxrect control of the top product comp051t1on
in F1gure 5.21. For these initial cases no measurement

I

delay was assumed. Top -and bottom product qguality control

.

are}considered separately.

Direct Distillate Composition Control

Cohen and Coon initial controller parameters were
. evaluated based on the respbnse of the mole fraction of

isobutane, the heavy key component, in the distiliate stream
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'to increases andidecreases in reflux rate. Since-the two‘
responses y:elded consxderably dxfferent process: %odel
parameters, those. based on a reflux rate decrease were used
'to calculate controller parameters.: The initiah séttings
ceiculated are listed in Table 5,1. Testxng thxs controller.‘
with a 10% feed rate decrease led to the responses shonn 1n‘l
Fxgure 5. 22 Control is stable, but very slow. As can»be
"seen in Table 5.1, the control performance for'direct sinéle‘
qualxty control of the distillate composition usxng xnxtxal
panameters is not as good as that obtazned using the 1n1t1al
parameters‘for indirect quallty control of the distillate -
composition. Consxderable 1mprovement was obtained by
1ncreas1ng the controller gaxn almost tenfold. The
performance indices listed 1n'Table 5.1 show a decrease in
the top. product comp051txon IAE accompanied Ry a sllght
1ncrease in the index for the bottom product compo§1t10n.
The column response to a 10% feed rate decrease using the
tuned controller is‘shown in Figure 5. 23 ' The response t1me
| is better than was the case w1th the 1n1t1al settlngs.

‘Also, as noted by comparxng the pirformance 1nd1ces in o
Table 5 1 the control of both product comp051txons 15
better wlth dlrect 51ngle quallty control than wzth 1nd1rect
‘s1ngle quallty control However, s1nce ne1ther controller
is opt1mally" tuned "this observatlon should not serve as
the basis for any broad general1zat1ons.; -'M R |

The column response when the system was subjected to a

10% feed Tate 1ncrease‘1s shown in Figure 5.24 with o
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performancetindices shown in‘Table 5.;. »fhe diredt-
comp051txon contro&ler provxded better control for the feed
<rate increase case than for the correspondlng feed rate
decrease case, whereas using the indirect controller for a
feed rateblncrease‘case resulted‘invtop product composition
control behaviour that was not as satisfactory,as that
obtained for the decrease in feed rate. The indirect
quality controller does have an advantage over the direot
quallty controller as seen by\comparxng the IAE vaers
calculated for the uncontrolled bottoms product composxtxon
1n each case.. Slnce the 1nd1rect quallty control case
results in sloppy~contro\.of the dlstlllate product "
composition, there are‘fewer-interaction effects on the
bottoms-product; The bottoms product quality is therefore
not perturbed from its initial value, so that the IAE
‘measure calculated forlthe'lndirect case is smaller than
that calculated for the directnquality control case. Again,

this may be a: function of the controller tun*ng rather than

of the type of control

Direct Bottom Product Composition‘Control

| In1t1al Cohen and Coon parameters for control of the
bottom product comp051t1on based on measurement of the mole
fract1on of propane,,the lxght key component in ‘the bottoms
were calculated based on response of the 1mpur1ty mole ‘
Ufract1on to decrease, 1n rebo1ler duty.‘ The component mole
fract1on responses-to 1ncreases and decreases in the

‘manzpulated varzable were qu1te d1fferent so. the response to
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a decrease 1n reboiler duty wvas used to calculate Cohen Coon
settxngs. The initial settings are given in Table 5. 1
Figure 5.25 shows system response to a 10% teed rate
decreasefusing the direcq quality controllerlwith {nitial
settings. The response and controller performance were

"

‘coosidered satisfactory so no further tuning'was performed.
The performance indices for both the top andﬂbottom product
compositiohs ﬁere better with the initial direct quality

control settings than uith the final corresponding indirect

quality control settings. The controlled‘response to a 10%

feed rate increase\is shown in Figure 5.26. The peiformance

~is again betterrthan that obtained with the indirect bottom
composition controller .although there is a slight

deterloratlon in top product composxtlon contrOI Qerformance
compared with that calculated using stage 23 temperature for

control
5.§-Dual Quality Control
5.4.1 Dual Quality Controller Desién and Performance

Ideally,’simultaneous control of both product"

comp051t10ns 1s de51red _ A dual 1nd1rect quallty control

scheme 19 shown 1n F1gure 5.27 w1th the correspondlng dlrect

qual1ty control scheme shown in Fzgure 5.28. " For the
[

51mulatxon work‘d1scussed here the f1rst pass -at desxgn1hg

controllers su1table for dual product compos1t10n control

' was the combznat1on of the s1ngle loop controllers dlscussed‘

B

"
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Figure 5.27

INDIRECT DUAL QUALITY CONTROL SCHEME
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Figure 5.28

DIRECT DUAL QUALITY CONTROL SCHEME
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in Section‘5.3,

 System responses ior indirect dual quality control
during the transient perxod'afﬁer a 10% feed rate detréase
are shown in Figure 5.29.’ The performance index for the top
product composition control is almost 25% higher than it was
for the single loop case. On the other hand; the
performance index for the bottom proauct composition control
s lower than it was in the single loop casé Sy about 17%.
The response of stage 23 temperature is somewhat oscillatory
'énd, more importéntly, the reboiler duty and reflux rate
vary in a manner Whiéﬁ may or may not be écceqtable
depending on other demands on the steam supply and on the
system requirements downstream of the column. Further
tuning was not attempted since the contrbl was stable and
performance reasonable .for the purposes of this study.

Combination of the single loop direct quality‘
controllers result®ed in tﬁe responses to a 10% feed rate
decrease shown in Figure 5.30. The response is reasonable
but a further tuning case was attempted because the bottoms
composition control loop used the origﬁnal Cohen. and Coon
parameters calculated for single quality control, so.ip
seemeé‘likely some‘imprbvement would be possible. ﬁetuning
2 : .

-this’contfpller led to slightly better performance as shown
by the indices in Table 5.2. The controlled résponses;
shown in'Figure 5.31, are admittedly more sluggish tﬂan

those based on the initial direct dual quality controllers,

-but the detuned bottoms cbmposition cbntro}lér was seleqted"
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for direct dual quality control on the basis of the |

Bl

performance indices. o

It should be noted that for both direct and indirect

dual quality contrdlfthe trend is that‘better distillate'

}composztxon control performance is achxeved thh a sxngle
loop control strategy than with a multiloop control

strategy. Conversely, better bottoms"composition control 5\,

: performancejis achieved under a multiloop control scheﬁe,

than 'under single loop control._hThese observations are

w

 based on the particular controllers used and no extensive

tnnin§ work was done. | - - R P
The dual composition controlﬁers;were tested for
effectiveness in dealing the a 10% feed rate increasej
disturbance: Performance indices are listed in Table 5.3
and the‘coiﬁmn‘responses to\the'disthrbances‘are shown‘in
‘;Figures 5.32 andn5.33 for indirect and direct composition,
rontrolﬁresoectlvely ‘ The response is. unstable under
-
1ndlrect quallty control and in both cases control
performance 1s worse than it was for the correspond1ng feed‘
rate decrease case. h |

"5.4}2 Interaction hnaiysisﬁ L | |

Interactlon between the control loops has been seen to -
have a d1fferent effect on control performance dependxng on
the type of control,.l. e. d1rect or 1nd1rect, and the type
of d1sturbance, i, e. feed rate 1ncrease or ‘decrease.

Analys1s usang open loop 1nteract1on measures was performed-

-
'
R
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o~ L]

to determine whether‘or not the dypamic .results observed
could have been predicted based on a knowledge of steady

state system gains.

Relative Gain Analysis

Rélative gains were calculetedvfor direct and indirect
‘dual‘composition‘control based on steady statepgeins
calculated for i 05%, %.1%, %1%, x5% and 210% perturbations“
in reflux rate and reboxler duty. For a 2x2 system the

te

relative ge;n may be calculated as-

Ktz‘ Kz, ]?'

>\=['1FK1|‘ K2z, (5.1)

where KU is the steady state ga1n between the 1 controlled
varlable in response to a perturbatlon in the jth
an1pu1ated varlable. A relat;ve*ga;n array may be

- constructed from the relative gains . -~ .. .|

where c; represents the controlled‘variéble fdr‘loop.k and
fmk represents the manlpulated varxable for loop t The
‘relatlve ga1n may ‘be used to determ1ne approprlate pa1r1ngs‘
; for controlled and manxpulated var1ables sznce less v
'plnteract1on between loops may be expected for pa1r1ng w1th

i”kzl.v In addltxon, 1f R<0 only cond1t1onal closed loop

";stabzlxty is expected° for |k|>>1 the system may be
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1

extremely sensxtxve, and for |A|<0.5 severe propogatxon
between the loops can be expected due to couplxng wzth the
most severe interaction expected for |A[=0 (McAvoy, 1983;
‘Bristol 1985). |

. The steady state gains;ﬁor the direct and indirect dual
quality control schemes considered here are listed‘in
Table 5.4 with .the relative gains calculated from them ,The
‘values of the relative gaxns are found to depend on.both the
dzrectlon and the magnxtude of the manxpulated varxable
‘perturbatxons used for the calculat;on, B
This- dependence has been prevxously reported in the‘
‘literature. Kim and.McAvoy (1982) used a steady state’
simulation procedure based on- the Wang Henke method to =
calculate‘relat1ve galns.w They reported that if relatxve
ﬁffgains“are found to‘depend on‘the’direction of. perturbationsfﬁﬂ
then the perturbatxon 51ze used was too large or the
fslmulatlon convergence tolerance. too. loose. These gorkersf‘
used perturbat1ons of magnltude .05%, .2%, -. 5% and 2%.
Comparlng results for three b1nary columns they found that a
perturbatlon magn1tude of 2% y1elded inaccurate relative
ga1ns 1n the case of a h1gh pur1ty column (99%- 1%) They‘
recogn1zed that a pertuxbat1on 51ze of 05% could result 1n
1ncorrect RGA values due to numerical roundoff error and
retommended a perturbatzon szze of 2% for themr three
’example cases.\_ | | ) |

4

Thurston (1981) also,noted a dependence of the relat1ve
o

SR v
ga1ns on the d1rect1on of perturbatlons used to establ1sh
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 'Table 5.4
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'STEADY STATE AND RELATIVE GAINS FOR DUAL QUALITY CONTROL

\

Indirect Dual Qualigy,cbntrol

. ¥
'Pecturbation Size Ky, ,Klg' ‘Kz K22 A
(%) o |
+ 0.05 ~0.889 128 ~15.7 2500 10.2
~.0.05 ~0.667 164 ~11.6 3140 10.6
+ 0,10 -0.811 150 ~14.8 2760 148.6
~ 0.10 ~0.789 146 ~13.3 2920 6.3
.+ 1.00 ~0.499 562 ~9.98 2500 ~0.3
vy~ 1.00 g ~2.39 87.0 ~12.8 1940 1.31
% 5,00 ~0.288 649  -4.30 673  ~0.07
~ 5.00 -3.29 50.0 ~3.58 775 1.07
+ 10.0 ~0.209 489 ° -2.54 - 389 ~0.07
~ 10.0 5 -2:56  37.3  -2.10 445 1.07.
Direct Dual Quality Control T
Perturbation Size I K, Kz, Kz CX
(%) ) L
+ 0.05 . -.00178 0.360 .0227 -3.60 . fR3-63
-'0.05 -.00200 0.320 -+ .0167 . -4.66% ¥ 2,39
+ 0.10 -.00178 0.380 .0219 -3.84 -¥.60°
- 0.10 -.00211 0.300 .0186 ' -4.40 . 2.51
+ 1.00 ~.00108 1.56 .0198 -2.64 . -0.10
- 1.00 -.00643 0.180 .0138 -4.03 ' 1.11
+ 5,00 -.00055 2.76 .0157  -0.64 . ~-0.01
. ='5.00 . ~.01349 0.091 .0034 .-2.99 1.01
+710.0 ~.00037 2.95 0119~ *-0.32" ~0.003
-'10,0 -.01340 0.062 .0018 '~ -2.17 1.00

%' ‘

7
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the steady 'state gains. On the basis of his analysis he
attributed this behaviour to "degeneracy". "Degenerécy"“is
said to occur when one manipulated variable has a great
effect on both controlléd variables, sd that the second
manipulated variable has little effect on the coptrolled
variable with which it is‘paired (McAvoy, 1983). Using
perturbations of #1%, Thurston concluded that only single
point céntrol should be applied to the column and that this
resulted in good composition control at»both.ends of the
column. McAvoy (1983) sugéested using singular value
decomposition to determine whether or not découpling is
possible when degeneracy exists. |

Stathaki (1982) also found that the rélative gains
values calculated for an industrial deethanizer column
depended on'the perturbation direction for perturbation
magnitudes of 5% and 10%. Opposite control loop pairing was
indicated for positive versus negative perturbations’for
steady state gains determiged using column simulations.
. Closed loop simulation results with con;rolyloop pairing
based on the negative perturbation case resulted in unstable
control for é disturbancé réquiriég that both manipuléted
variabies increase. | o

Ralston (1983) calculated relative gains for an
industrial column using a dynamic simulatioﬁ program fog
" manipulated variaplé perturbations between .05% and 2%.
Since the relative gains dependéd on the direction of

perturbation regardless of the size 6f’p§rturbation, she

re
‘r
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1

followed the approach of Thurstoﬁ (1981) ,in concluding that
only single quality control should beus;X instead of dual
quality control.

Referring to Table 5.4.it is seen that for
perturbations made in the same direction, the relative gaxns
based on perturbatlons larger than 1% are of thé same order o
of magnitude whereas those based on perturbations smaller
" than 1% are inconsistent. For this reason it was assumed
that sensitivity to roundoff errors maée the relative gains
based on perturbations of %.05% and :{?% inacéuféte. The
steady state and relative gains calculated using
perturbations of +1% of the manipuiated variables vere
chosen as a compromise between avoiding numerical inaccuracy
' and obtaining reasonable estimates of thé partial
derivatives used in the development of the relative géin
measure (McAvdy, 1983). " This type of tradeoff.is neceésafy
for calculation of relative gains for any nonlinear system:
as was noted.by Mijares et al. (1985). These authors did
;ot present any recommendations for the sigg of .
perturbation$ to be used nor did they indicate that the
relative gain calculation may havé to be‘repeated severai
times for any glven system to determlne the approprxate
‘perturbation size.  This latter fact has a strong bear1ng on
their shbrtcut calculation method which is designed to
reduce the computational‘effort required to calculate
relative gain arrays for a nuhber of possible control

structures for nonlinear systems.

1]



\

Fig&res 5.23, 5.31, 5.32 and 5.33 for feed rate

) . .
Based on the control performance results shown in

212

disturbances, the relative gains calculated using negative

\

perturbations of 1% or more seem more credlble than those

calcuﬁated using posxtxve perturbatxons of the same

|
y

magnltqdes Ingeractxon is not as severe as\is suggested by

the smail negative A calculated using posxt»ve‘

\

pertupbanons, even in the indirect dual quality control

case in which the system is subjected to a feed rate

increase (shown in Fiqure 5.32).

v

Relative Disturbance Gain

Thg‘relétive disturbance gain has recently been

\

\ -
proposed as a measure of the effect of

using relative\gain analysis (Stanley el al,

\ '

interaction predicted

It

involves consideration of the steady state gaifns'in response

\

to a dlsturbance\ln addition to those in response to

perturbatlons 1n\the manipulated variables. With this

"disturbance ga1n designated as K,; for the steady state

gain of the i“‘con rolled variable in response to a

s ‘ -
disturbance: A ’

Kzs Ky

A (1 -
( Kis Kz

B

. “1-
Bz = A (‘x’____g:_)

]

(5.2).-

(5.3)
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guality control cases using perturbations of 20.1%, 21% and
+10% in the manipulated variables. These values were
calculated using the steady state and relative gains shown

in Table 5.4.

N Table 5.5
DI STURBANCE GAINS AND
RELATIVE DISTURBANCE GAINS FOR DUAL QUALITY CONTROL

1.00 -0.038 ~=3.10 -3.48 1.23
10.00. 0.036 -1.84 -4.59 -0.09
10.00 -0.779 "~ -2:85 0.74  0.84

Ky ‘Kzz B pz
Perturbation . )
(%) o
Direct Control + O.JO | 0. .0072 EE -
-~ 0.10 0. .0026 - —
+ 1.00 .0006 .0050 -0.06 -0.02
~ 1.00 -.0004 .0045 0.51 0.99
' + 10.00 .0002 .0043 ~0.60. ~-0,01
- 10.00 -.00207 .0001 1.0 1.0
Indirect Control + 0.10 -.140 -4.98 ~-83.5 ' 42.9
. - =-0.10 0.080 ~1.46 12.0 1.9
'+ 1,00 -0.028 -3.15 7.29 -0.25
+

”

. The analysis‘of fela£ive disturbance gaiﬁs is based on the
magnitude of the g values. If |B|>1 then laréér‘changes in
éontrdller output are required to compensaie for a -
diSturbénce in the case of dual composition control than
would be reqguired in the sihgie‘loop case so the interaction
detracts froﬁ“control. "If |B|<1 'then the_ihte:acting:f

control is advantageous in that less cog;ro} action is

# T n
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fequired in the multiloop case than in the single loop case.
»The‘magnitudee of the RDG values shoyn;in Table 5.5
vary with the‘magnigude and direction of the perturbations
ﬁsed'to calculate them due to théwimpertance‘of_the reiaiive :

gain in Equations 5.2 and 5.3. |

To evaluate the validity of the calculated felafive‘
disturbance galn values, the control action and pefformance
indices for the dual qualxty control cases ‘must be compared
with those for the corresponding single quality control\
casei. Table 5.6 semmarizes the perceﬁtage chenge iﬁ‘IhE‘.
values and the action of the manipulated variable required
for dual qeality control‘felative to single quality control.
‘Comparison of the f values in Table 5.5 with the information
in Table 5. 6 shows that there is little correlat1on between
the relative dxsturbance gain va;uee end the simulated
cont}dl performance. As'a result,lfhe‘use of these steady
state operability measures prdvides‘little"insight into
1nteract1on between' the control loops for, 51multaneous

%
control of both produee :treams.~

5.5 Feedforward Control

’

Feedférhard control actioﬁ‘cen be used to improve
centroI:performahce as was discussed in Section 1.5."-In,
this seetion resdlts are pgesented fdr'tyo feedbaek control
'schemes augmehted with feedforwara cohtrei ectibn. As
suggested in Sectlon 1. 2 feedforward act1on was restr1cted

to that g}sed on Ieed rate. w1th reflux rate or reboiler duty
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manipulated to maxntaxn a specified ratio to the feed rate.
'For these cases no dynamic feedforward compensatlon was
used. | |

The two}control strategies investigated are examples‘of
single loop-:indirect quality control‘ In the flrst case the
51ngle loop indirect dlstlllate composition controller |
‘discussed in Sectlon 5.3 was used while the reboiler duty‘
‘was'adjusted based on the feed rate. ‘The controlled
responses to a 10% feed rate decrease are shown 1n
Figure 5.34, Control system performance 1n terms of IAE
values, is compared with that achieved using\only feedpack
control in Table 5.7. The controlled product compositfon
control improves sllghtly with feedforward.action and the
bottom composition stays closer to the desfred value.

.~Feedforward compensation offers even more fmproVement

in the second case considered. This case involved the
indirect feedback.bottoms'compositiOn control scheme'
d1scussed in Section 5. 3 w1th the column reflux rate p
adjusted to ma1nta1n a speczfled ratlo to the feed flow‘
-rate. The responses -to a 10% feed rate decrease us1ng thxs
' scheme are shown in Flgure 5. 35 w1th IAE performance 1nd1ces
- g1ven 1n Table 5 7. Control of the bottoms composztron 1s f‘w
cons1derably 1mproved and the IAE performance lndex for top
product comp051t10n reduced by a factor of almost 10.

No opt1m12at1on of the feedforward gain or retunlng of

the feedback contrgllers was performed for these caSes. Use

of the dynam1c s1mulator to tune . up such appllcatzons could B
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CONTROL PERFORMANCE FOR CASES WITH AND WITHOUT FEEDFORWARD

. Figure

5.19

COMPENSATION
‘ Without - With
Feedforward Feedforward
Distillate .
" Composition Control : o : .
.~ TOP IAE, .00988 .00978 -
SR ' BTM IAE .26867 . 18225
‘Figure L “5.14 . 5.34
Bottoms .
Composition. Control ‘ o
- TOP 1AE .03994 .00389
BTM IAE .04230 .02793
‘ 5.35

al
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be helpful in‘an industrial situation:
: ) , . . ‘

5.6 SelteTuning Control

The self- ~tuning control algorxthm used in this study
was descrxbed in Section 4.3, All cases were run for dual
quality control wgth reflux rate manxpulated to control the
. distillate composxt:on and reboxler duty man;pulated to
control the bottoms composxtxons Figure 5.36 is a
‘schematlc‘dzagram of the control‘scheme used. ,For‘this work
no measurement of the feed rate disturbance variable was |
assumed andfno decoupling was implemented. r

The adaptlve control cases were run using 1nverse Plﬁ
weighting on the control actlon Q wexghtnng, as was ”
descrxbed 1n Sectxon 4.3 and using the relatxons between PI
controller parameters and 1nverse PI wezghtlng parameters‘
whxch are dzscussed in the user s manual (Carlxng, 1986)
The parameters for the welghtlng polynomlal were. 1n1t1a11y
calculated’based on the controllers desxgned for dual dxrect
,quallty control whlch were dxscussed in Sect1on 5. 4. Some
'adjustments of these paramet;rs were made in subsequent
 cases to improve control performance._ |

Model polynom1a1 parameters were 1n1t1ally set’ to zero'
and ‘were estlmated durlng a prel1m1nary run durlng whzch PI
‘controllers were . in- effect.‘ No attempt was made to excxte
che system beyond the 1ntroductzon of a -10% feed rate:

d1sturbance. The parameters appeared to have converged

after the one hour trans1ent perxod s1mulated.
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The model)parameter estlmates were then ‘used to

lnxtxallze self~ tunxng control for both loops.' In all cases

. controller output llmits of +25% of the base case steady

r

state manlpulated varlable values were 1mposed In

Bl

addition, controller output changes were lxmlted to ‘a set
‘.value per control 1nterval | ‘

Table 5.8 summarxzes the controller tunlng factors and
the control performance after 10% feed rate decrease
dlsturbances for three sets of’ controller parameters.‘

-
Figure 5.37 shows the closed loop column responSes for thef

A

initial tunlng factors calculated dxrectly from the

'
q

conventional dxrect dual quality control case. Although the
overall performance is reasonable in that the controlled
varlables are close to their setpoints at the endroftthe
‘translent, control action is ewtreme‘and erratic.k“ g S,
| The f1rst step taken‘1n anlattempt to 1mprove control
performance was to alter the Q welghtzng parameters used
,The closed loop responses to a 10% feed rate dlsturbance
after these adjustments are shown 1n Figure 5. 38 Thef
1n1t1al model parameters used in this case were 1dent1ca1 to
lthose used in the case prev1ously d1scussed As seen in
Table 5 8 the performance 1nd1ces calculated for thls case
‘lare better than those for the 1n1t1al case. The 1ndex}for
wthe top loop 1s lower than the correspondxng 1ndex for‘
convent1ona1 dxrect dual qualxty control wh1le that for the"t}
"bottom loop is somewhat worse. vControl act1on is still
N : , Co
extreme,;but i's more gradual.than‘in‘the caaefwlth theﬁ

IS
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initial Q weightings. The final self-tuning cage discussed
here used the, same Q weightings; but restricted changes in‘
controller output to #2% per control interval. The closed’
vloop responses shown in Figuré 5.39 indicate that this

restriction improves the control performance considerably.
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

G.f Conclusions )
The DYCONDIST 51mulator developed at the Unxversxty of
Alberta has been enhanced during the course of this work
‘The simulator fulflls a need for a readxly available,
general purpose program to be used to study multicomponent

distillation dynamics and control. 1Its development is . /
. T g

. . . R . ) . \ / .
timely in that industry is. contlnually motlvated\to e {

: determxne more efficient operatxng procedures and thls
requxres both better understandxng of the process and the
abllxty to "experiment” with advanced control strategies
without jeopardizing actual plant operations.

An effort has been made to develop a framework thhln
which literature recommendatxons for .distillation column
control systems may be compared. This is usefuflsince there
‘are almost as manyvop§nions‘on the controi strategies to be
psed'and the nomenclature with}which'to'describe‘them as
there are authors in’ the f1eld | |

The dynamic multxcomponent dlstxllat1on model in the
s1mulator is based on a set of non-restrictive assumpt1ons
jused to wrlte heat and mater1a1 balance equatlons. Most‘
other aspects of the mgﬁel (e.-g. tray 11qu1d holdup .
assumptzon, stage eff1c1ency) are handledtxnvaptorm whzchi
'facilitates use of a number“of.different options. .

Control algorlthms have been 1mp1emented in the

,s1mulator with two b351c restr1ct10n5°

228
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1. proportional-only level controllers are assumed

é..quaiity controllers are implemented as remote control
loops o

~ One form of the conventxonal PID control algorithm has begn

1mplemented and tested as has a self-tuning control

algorrthm. Provision has also been made for the

incorporation of user-written controi'algorithms.

A user's manual has been c%hpiled to aid in the
selectionjof program options asvwell as to facilitate future
-modifications of the sinulator by fully defining program

, common block variahles, subroutine interfaces and overail
' program'strnctdre. The DYCONDIST package has been enhanced
by the addition of a self standlng input generator program
des1gned to prompt the user for the input data requ1red by
,the s1mulator. A post—processor has also been developed
w1th whxch the user may select from menus of plots for data
from one or more s1mulat10n cases.

Study of the. open and closed loop behavxour of a
'depropan1zer has ‘béen used to 1llustrate the appllcat1on of

‘the 51mu1ator t0‘a‘real1st1c‘problem.'_Szmulat;ons performed
'.in‘the‘conrse of studying columnfdynamic behaviour ipdicated
_inverse responses of some column'éompositions and
. 'temperatnres. Although the phenomenon does not appear to
follow any s1mp1e pattern,.the followzng conc1u51ons were
drawn after s1mulat1on of dynamic responses to feed rate
"distnrbances'and‘to.step changes in reflux rate and reboiler

duty. . T
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The number of column variables displaying 1nverse

[

responses as well as the magnxtude and duration of the

"inverse behaviour are found to depend on the dxsturbance

variable (i. e. feed or reflux rate or reboiler duty), on

. the direction of the step change in the disturbance

variable and on 'the magnitude ‘of the step change in the

disturbance variable..

¢

, , , :

For feed rate disturbances, feed rate decreases are more
, , ' . o

likely to result in inverse response behaviour than are

1

feed rate ,increases.

For the most severe disturbance considered, a 30% feed

rate decrease, every component displayed inverse

i

behaviour at some location in the column. In other'cases

-there 1s no instance of inverse response of the l1ghtest

component ethane. The heav1est component cxsbutene;
experzences inverse behav1our 1n response to feed rate
decreases but not in response to feed rate increases or

to step changes in reflux rate or’ reboxler duty.’

A‘Inverse responses in product stream cbmponent mole‘

‘fractions in- the case of feed rate dlsturbances are

11m1ted to the nght key and llghter components in the‘
\

.llquxd d1st111ate and to the heavy key component 1n the

bottoms. - Th1s agrees with the behav1our reported by

’Stathakl et al. (1985) in wh1ch inverse responses were.

not observed for 1mpur1ty components in the product



‘longer than those for feed rate increases.

streams.

Response times are 'seen 'to be asymmetrlc for Qﬁed rate

dlsturbances. Response §1mes for feed rate decreases are
nr

'
\

Inverse responses are restrxcted to. the key components

for changeg in reflux rate. Further, the light key

. ! ' ' + .
inverse responses ‘occur mainly in the rectification

'section whereas heavy key inverse responses occur mainly

. in the stripping section. The light key‘component shows

increases 1n reb011er duty. P .

more instances of inverse response to reflux rate
O

‘decreases than to reflux y {ate increases, whereas the

opposxte 1s true for the heavy key component.

, /
[

Inverse comp051tlon responses are also restr1cted to the

key components for step changes in reb01ler duty,

although there are generally more 1nstances of 1nverse

response to reb01ler duty changes than to reflux rate

'changeSJ The heavy key 1n the bottoms d1splays 1nverse

'responSe to decreases in reb011er duty wh1le the llght |

key in the d1st111ate dlsplays inverse response to

3
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8. Inverse temperature responses are observed only for feed

-

rate dxsturbances and pot for changes in reflux rate or

’

‘ rebo;ler duty.

9. Inverse responses are dxsplayed regardless of whether-

constant or varlable stage llquxd holdup is assumed

[

Further study of the inverse response phenomenon
involved 1nvest1gat10n of the effect of ‘the number and
"dxstrlbutron of feed‘components on column response to a
10% feed rate decrease. A total of 11 feeds were considered
‘Vith three, four or five components. As a' result of’this

v

work the behaviour can be summarized as follows:

1.'Inverse response behaviour is very sensitive to even

'small differences in feed composition.’

.

2 Nonm1n1mum phase behav1our is often observed in "zonesf
of adjacent trays and the locat1on and size of these

zones depends on the feed comp051t10n

3 Less 1nverse response behavxour is observed for systems‘

w1th three or four components than for systems with f1ve
. Lo *

feed components.

. . “ ' i ' ‘ . : )
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.

Waller and Gustaffson (1972) have Stated that inverse

\
¢

composxtxon responses may, be observed on stages near an
extremum -in the composxt;on proflle for the specxes in
question. Th;s hypothes1s was tested agaxnst the results
for three, four and five component feeds and was found to
represent nexther a necessary nor a suf£1c1ent ‘condition for
the 1nverse response behavlour.

| Control behaviour of the depropanizer’was examined for -
a series of control schemes starting‘with‘a material balance

. )
or inventory control~SCheme‘and,progressing to two advanced
control strategies.z The major‘objective of the study was to
implement and test the control algorithms, but some~‘
‘addltional‘comments.may be made based on the control - ‘

behaviour calculated.

Material Balance Control

Materlal balance control cases 1nvolved local level
T‘control at the accumulator drum and column base w1th the
‘objectzve of ensurlng gradual changes 1n the product flow
trates so as not to upset un1ts downstream. Reasonable
‘.performance was obtazned for changes in 'feed rate and for
”pchanges in. level setp01nts. 'Because the level controllers ‘
are proportlonal only, there was ‘some steady state offset.'
‘Ramp1ng setpoznts would result 1n smoother flow changes than
those result1ng from step changes in setpo1nt ‘and hence is

1

‘desxrable. - ' oy



Single Quality Control

Indzrect (temperature feedback) 'single quallty contxol
was. 1mplemented with sensors located based prxmarxly on
stead§ state-crxterxa. It was found that‘control of
distillate composxtlon wzth temperature measured at stage 6
was slugglsh l;kely due to the lack of Sensxtxvxty of

‘ enrxchlng sectxon temperatures to feed rate dlsturbances.
Control of bottoms comp051t10ns via stage 23 ‘temperature
‘feedback was much more responsive. Detunxng of controller”
constants estimated‘using Cohen and Coon parameters improved
control performance in both cases

Direct single quality control of ezther $tream by

direct measurement of the product compositionrrepresented an

improvement over indirect single quality control.

Dual guality COntrol

'.Interaction was‘observed‘for'both indirect‘and.direct
dual‘quality control with less deterioration experienced'for
the' dlrect control case than for the 1nd1rect control case.'

A
In poth cases the performance 1ndex calculated for thé

T

'@”égatrolled response to a ~10% feed d1sturbance was smaller
for the bottoms compos1t1on loop than the 1ndex calculated
for the correspondlng single quallty case. Dlstlllate |
composxt1on control was, not as satzsfactory under multxloop
operatlon as for only s1ngle composzt:on control for both

feed rate increases and decreases.. Performance also

deterzorated 1n the multzloop case compared to bottoms

t
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‘ composition control for a feed rate increase.
Interaction analysis usiné steady state operabilit&
‘measures was attempted to determine the usefulness of these
measures for analyzing‘the contrbl behaviour'of the
depropanizer; It was found that nelther relatxve gains norl
relatlve disturbance ga1ns were very helpful since the
relatxve galns calculated depended on the dxrectxon oﬁ the
perturbations used to‘calculate the stead&‘state gains. The
conclusion'which‘somelother‘wbrhers (e. g. Thurston, 1984;‘-
~Ralston, 1983) had drawn frcm this “degeneracy" result‘is ‘
that dual quality control should not be attempted where the
relative gains depend on perturbatlon dlrectlon.- In thls‘
case direct dual QUality control provided reasonable
response to feed rate increase and decrease dlsturbances
~and indirect dual quallty control prov1ded osc1llatory
control for a feed rate decrease and unstable rontrol for a
feed‘rate increase. Although the fact that these results
vere obtalned w1thout an attempt to opt1mally tune the p
;controllers may have an effect on the closed loop ‘ h‘ﬂjm
51mulat1ons,ﬁthere is l1ttle correlatlon between the
.51mulat1on and interaction analy31s results for thls case.

~ , I . P

Feedforward Control

v

Control performance ‘was evaluated for two szmple

o

'feedforward schemes and was found to Jmprove performance

s1gn1f1cantly over the cases w1thout feedforward act1on

. | . :
-y . '
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Self Tunxng Control "
) f

Cases were run to Amplement and test the self tunxng
lcontroller but, as for the other cbntrol cases, little t;me
was spent on optxmrzxng controller parameters Control
performandb for the best self tunrng control case was
comparable to the conventional dual quality control cases.
It seems lrkely that this could be further 1mproved atter

1
experimentlng with control l:mxts and wexghtrngs as

lrterature reports consrstently cite sens:t;vrty of

self-tuning control performance to algorithm parameters.

A}
|

6.2 Recommendations for Future Work

It has not been possible during the course of this work

' to 1nvestlgate all of the avenues of potentxally 1nstruct1ve

study whlch have. been encountered The.recommendat1ons for

future work conta1ned in thxs sect1on have been divided: 1ngo S

three sect1ons. the f1rst deals w1th poss1ble mod1f1catzons
to the s1mulator, the sgcond with further d15t1llatlon
dynamxcs stud1es, and the th1rd w1th further stud1es of

control behav1our.,

[

A7 ‘ ‘ ‘ oo : ‘
~6.2.1 Dyconnis'r Mod.i'fications o L S
“As has been emphas1zed throughout thls the51s the
51mulator 1s des1gned to be . a general purpose package for
dynamlc multlcomponent dzst1llat1on column 51mulatzon.“,Th1s

. objectlve should be kepfﬁzn m1nd as modlf1cat10ns are

conszdered. It is suggested that 1£ a change cannot be

“

"

»
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handled convéniently by replacing or médifying fewer than
about ten péogram modules, or if it is a change Ehgg::ff>
requires that the basic solation proceduré‘be modified, then
>
develqpment—of a paral%el program nather than revision of
the existing.program.should be considered. For exaﬁple,
feplacement of the integraiion routine would require
replqcemént of a large portion of code, but woqld not

violate the solution procedure and so could be handled quite

convenjently within the framework of the existing simulator,

Study of azeotropic.or extrgctive distillation, on the other

hand, would require changeéisiithg routines involved in the
" equilibrium ééuatiéng as well as changes to the déta

structures to accéunt ﬁor‘two'liquid phases?‘ Such a change
might be better handled in a pé;ailel program in'yhich many
of the pefipheral subroutines from DYCONDIST could be used.

. A further shggestion“for those who may modify the
programs in the future is that-the user's maﬁual will be
useful oniy if Updatéd'to tefiect changes id'available
oﬁfidns and requifed simulator input. Further, the programs
struc}uré’diagram,and tables of common block and interface
Ydefin?tions contained iﬂ ;he ménﬁé} shobld be updated’

- regularly to reflect the current stucture of the simulator.

“ A
t

£ !

(a) Modificatibh of ASIRK integration algorithm;

L

‘Prokopakis and Seider (1981) stated that t:;hé, estimate
. ‘ o aY § , |
of the derivative 5?L used in the estimation of the
. 8 ) .
pSeudo-eigenValue'oﬁlthe stiffest equation should be of

L3
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'

higher order than the simple~first order estimate used in
DYQQNDIST. To date no apparent probleﬁs have been causéd by"
using the lower order estimate, but a more conservative R
approach would be to Qse a higher ordeg estimate. Since the
use of the estimate procedure suggested by Prokopakis and
Seider involves more computation, the alternative could be
made avgilablé as an option for comparison with results

calculated using the'simpler approach.

;o b

- (b) Dynamics of control elements: LR

The dynamics of control elements have not béeh included
in the present‘simulatoru "Addition of this. feature would
require integrqtion to solve the differential eguations
written to model theltrue dynamics of each lé>op,.e WhiLé
adding considerably to the complexity of the model”and‘
detracting from the generality of the simulator, it may be
‘nécessary to incorporate at least an approximation of

control loop dynamics in order\to match plant data.
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(c) Reboiler dynamics:

Since many different reboiler types exiéﬁ, it may be
necessary to model reboiler dynamics more accurately for
some applications than is possible with the options now

incorporqted in the simulator. The options which are
currently aQailable'are:
1. constant heat input
2. heat'input cglculated as a>function of an overall heat

transfer coefficient with optional cérrection of the heat

transfer coefficient based on the. bottoms temperature 7
Adding a model to account for a specific. reboiler
configuration would be possible, but a smaller integration
time step\could,be forced for the entire column {f the

reboiler dynamics resulted in greater rates of change of the

' column base variables than of the overall column hydraulics.

(d) Application of 16ads'during transient period:

1

The current version of the simulation is designed so

that up to five di;turbances may be applied at time t=0.
'For cases of pure dynamics this offers sufficient
flexibilit¥ since any case canfbe stopped at time t=t, then
restarted with application'bf'é load at time t=0 of the
continped run to simulate tﬁe effect of a single transient
with disturbance at time t=t,. For column control studies
this apprdaéh is not poésible unless the brogramyis modified
so that the restart data file contains the values of

controller'errbr integrals. Greater flexibility would be
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provided by making it possible to apply'disturbances at
times other than t=0. Load application times could be -
restricted to multxples of the sampling 1nterval to avoid

undue complexxty

(e) Setpoint ramping: ' ¢

A small modification similar to that described in
part (d) would provide the capabllity of ramping setpoints.
A limited number of setpoint changes could be specified, but
this number would have to be sufficiently large to ensure

that ramps could be made over a reasonable length of time.

(f) Independent integration of local control loops:

The integration of local controller differential
equations s currentl; tied to the integration of the column
ligquid hydraulic eqdations. lIn order to allow a smaller
time step for controller ODE 1ntegrat10n, an addltlonal.
1n§ggratxon would have to be performed to solve for the
dynamlcs of the local control variables from. the beglnnxng '

to/the end of the time step used for the liquid, rates

calculation. ‘ : !

{g) Efficiency correlations: ~/“

It is appropriate for many columns to assume. a-

,.

d1fferent eff1c1ency for each column sectlon. For these

cases it would be useful to be able 'to specify efficiencies»

"7 °6n a stage-by-stage basis as is possible for the stage heat -

.loss correlation:.

o

A
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6.2.2 pistillation Dynamics

(a) Verificatioh of open loop data:

The sxngle most important recommendatxon for future
work is that every attempt be made to obtaxn dynamxc tést
data for an operating multxcomponent column in order to
ve;ify.the open loop‘dynamic behaviour predicped by the
simul;tor. Experimental verification has beeh perfofmeq
(Wong, 1985>vfor a binary column, but it is the inverse

-~

response behaviour predicted for multicomponent mixtures
‘ R
which is of the greatest interest.

»

(b) Alternative thermodynamic behaviour representation for

5

the depropanizer:

Although'the polynomial correlations used for component -
enthalpies and equilibrium fhtios check well against NGéA
ﬁandbook data, simula;ion results bésed oh these
correlafions could be compared with results based on a
- nonideal component behaviour model. This change should have
litﬁle effect since lérge interaction effects are not A

expected for the components in the system.
o / , v
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(c) Depropanizer feed point location:

Since the depropanizer rectification section
temperatures show only a very small variation from.stage‘to
stage 1t would be ‘more efficient to remove some stages,
effectively moving the feed p01nt up the tower. This mxght

have ‘an effect on the column dynamxc behaviour as more

separatxon would occur on each stage.

(d) Development of reduced models:
. # By simulating column pulse tests, DYCONDIST could be
used to develop teduced distillation models such as would be

suitable{fo; some advanced control applications.

. ' I
(e) Automatic identification of inverse responses:

Given the limitations (cited in Chapter 3) of the
routine used to identify inverse‘responses id'this work, it
is desirable that alternative identification,procedures bé[
. considered. . Fot example, to'avofd missing an inverse
'response that beglns after an initial lag, the routine could
be de51gned w1th the followlng loglc. If the 1n1t1al'
transient value of a var1able vis the same, as the 1n1t1al
value (or effect1vely the same) then the second trans1entt
value should be checked and so. on. The problem with th;s
log1c is that some varxables m1ght hot vary 51gn1f1cantly
from the 1n1t1a1 value throughout the trans1ent. A |

"reasonable" lag could be speczfled.to avoid excessive

‘computation. This procedure could still be-expensive and it

R

[V



may be worthwhile to restrict the number of variables to -be

checked.

-

(f) Depropanizer inverse response:

‘ Changes in feed and reflux rate and reboiler duty have
been seen to cause some 1nverse‘temperature and component
mole fractnon responses depend1ng on the type, magnltude and
direction of the dlsturbance, as well as the number and
distribution of feed stream components. Simulation of
column responses to other dxsturbances, such as changes in
feed temperature and/or compos1tlon would provide a more |
complete understanding of dynamic column behaviour and the

conditions under which inverse response might be expected.

(g) Depr;pan1zer asymmetric response times:

Wong (1985) concluded that the depropan1zer dynamlc
response tlmes dlsplayed little asymmetry and little
i attention has been pa1d to response time in the course of
th1s-work The +30% feed dlsturbance cases did have product
‘comp051tlon response tlmes dependent on the d1rect1on of the
load.\ Th1s phenomenon could be con51dered in relat1on a
study . (Stathak1 et al _1985) in which slower dynam1cs were
observed for transxents toward'a steadY‘state representing
greater segarat1on of the . key components than_for cases. in -
‘whxch a dxsturbance forced operat1on away from a steady 1

'state wlth greater separat1on.
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(h) Mechanism for inverse response:
| The inverse temperature and composxtxon responses‘must

be caused by at least two opposing driving forces with onel‘ N

action.initially dominating until it is overcome by thé

second force. Slmpllfylng the dynamlc dxstlllatlon problem

by consxderxng a system with as few components and as few

stages as possible may be helpful in identifying the drxvzng

forces responsxble A ternary feed mixture could be used 1n\;

such a study since inverse responses haye not been obseryed :

in binary systems, but have been seen to exist for some |

three component systems dependlng on the d{sturbance to

wh1ch the system 'is sub)ected

6.2.3 Distillation Control

(a) Seif—tuning COntrol study:

S1nce the contrlbutlon of the szmulator to th field of
process coqtrol 1s llkely to be in experxmentatzon with | .
. advanced control technlques,.fsgure work could 1nvolve | '
'further study of the self tuning control algorlthm used in
fthe depropanlzer control study.' In part1cular, it is 11ke1y
'that control perfdrmance could be greatly improved by'
‘opt1m1zatxon of the Q, R and P wetghtlng polynom1als.

(b) Interaction analysis: . o IR

Frequency domain interaction analysis methods may
prov;de a better 1nd1catlon of 1nteractzon than d1d ‘the

_steady state methods exam1ned in thlS work. If,frequency

\'\
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~

domain technlques suoh as the inverse Nyqulst array methods
\vwere to be studied, then simple transfer functxon models
,would.be-requxred (see part (4) of Sectxon 6.2.2).

-

{c) Feedforward control schemes.

The feedforward control results presented in this work
d1d not represent an extensxve study of possible feedforward
schemes. Comparxson w1thnother feedforward strategxes would
be useful. Algorlthms comblnlng feedforward and feedback i
action on a single manipulated varlable hayg,not~yet been’

considered; nor has any form of dynamic feedforward

compensation.

)

(d) Measurement delays and no1se.

Prov1sion has been made for. these optxons, but their
‘effect has not been considered in the/control results

. { )
presentedxhere. Measurement delays ai{ect/the~results

,show1ng the superlorlty of d1rect over 1nd1rect control
schemes.‘ ‘They would llkely also have a greater effect on
conventlonal schemes than on ‘the advanced strategles based ]

on delayed analy51s 1nformatxon.

. (e) Temperature sensor location and inversefresponse:d\

o The temberature*sensor locafions used‘in this work‘did,
not co1nc1de thh stages predlcted as- dxsplayxng ‘inverse
‘temperature response to feed d1sturbances. ' The effect of

. 1nverse response of a controlled var1ab1e on. control

performance could be studxed by exam1n1ng use of a tray w1th
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inverse temperature response as the control poiht for

[

temperature feedback control.

(f) Pressure control:

 Examinaﬁi6n of column pressure control sifategies cbula
be worthwhlle, espec1ally as a means of determxnxng what‘.r
1ncent1ves ex1st for changlng column operating conditions.
For the. depropanlzer case thls would nguirecomponent'
equilibrium ratlo,coprelatlons whxch»afe quctioﬁs of both
temperature énd_pressure instead of the cufrent correlations
which are fuhctgons of temperatdfé‘only: o

.

{q9) Levelvconffol 6ptions£

| _The level control options impléménted in the present
version’ of DYCONDIST are 11m1ted 51nce each: optlon requxres
-'d1fferent modlflcatlons of the Jacoblqn ‘used in the
1ntegrat10n of the column mater1a1 balance equatlons. " The’

wnumbet of optlons should gradually be expanded to prov1de

gteater flex1b111ty 1n de51gn1ng an overall control bystem.k 
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Appendix A: THERMODYNAMIC DATA FOR DEPROPANIZER '

'Liquid Enthalpy Correlations

h; = a, + a,,T ' (h, in kJ/kmol, T in K)

)

Component . ae C < oa, .

Ethane . +3.0507 . 0.0401130
Propylene 0 -3.5076 0.0459864

. propané . -5.4807 " 0.0538260 ‘,
Isobutane Ci7.7433 | 0.068%§40,’
‘Cfsbutené “‘ - -3.8991 0.05%5890

>
. Vapour Enthalpy Correlatlons

-

o

‘“COmponent': _ bo e y. ~b3-“9.[ i-',bzﬂ‘f

—

8462 .j. ?b5o199386L7;"-o 42279

"Ethanéi

propylene ' glke2s 04 018567oi;f}j 0. 62658 p

'"v.,propane ‘f"',10,5£2~;4jgjﬁf0 0138070"' 2 0643
4»}Isobutane fffﬁéfazs}ﬁf*?ﬁf?o 0094772'\ 4. 3614

7. 347ﬁj5*;jf,;0 0022533 .:7» 4—
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-~

Equilibrium Ratio Correlations

. C Cz" ' : . ' .
1n(K,) = co * T4 o (T in K). |
Comiponent 60 " cy . C2 .
Ethane- = -3.9690 4.21544 " -0.88222
Propylene ~0.70564 T.86111 - -0.53390
Propane -0:76958 . 1.92822 ~0.56053
Isobutane = 2.2268 ~0.167722 = -0.25249
. Lisbutene 1.9634 ./ -0.174340  -0.31756
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