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« ABSTRACT ' ; ) ”

.wnen designing andiimplementing control stbategies for
the distillation column, a model is often very ysefu] in
evalueting those strateg1es A nonl1near model which was
based on "the tota]‘and component materxal and energy balance
d1fferent1al equat1ons was used to predict the dynamic’
behaviour of the distillation column. Two variations:of the
mode| were compared to expertmental-bottom and top‘
composition responses for step disturbances in steam, |
reflux, and feed flow rates. One variation.of the model
assumed constant heat toss and eff1c1ency based on the
initia) steady state. The other.variation of the model used
a variable heat loss and efficiency based onythe_initia1 and
final steady states. Both variations ofjthe'nontinear méde 1
assumed constant'mass holdUp based on the initial steady
. state. The constant nonlinear model pred1cted exper1menta1
column behaviour for bottom and top .composition adequately
‘for the transient and final steady state values. However
the variable non]ineat'nodel_proved~to be superior as it
predicted the final steady state exact]y for bottom and top '
compositions. | |

To-aid in the desibn of'the multivariable control
strateg1es for the d1st1llat1on column, the direct Nyquist
array method was used The direct Nyqu1st array'method*is’a
"mu1t1var1able frequency . doma1n me thod that employs a | ~

compensator to e11m1nate 1nteract1ons benween control loops

o



A lineer medel in the form of transfér funct1ons was”®.
obta1ned by pseudo randbm binary sequence and open‘loop
testlng ?n thead1st11Jat10n column. This linear model was
used in the desibn"efhthe eompénsators. Static and dynamic

eompensaters were designed using the diFect*Nyquist array

.method and later evaluated through sxmulat1on stud1es using

the constant noniinear model for $20% .feed flow

d1sturbances ‘The proport1ona1 plus 1ntegral plus

nder1vat1ve controller sett1ngs for the 1ﬁ%1v1dual control

~ loops were establ1shed using the Z1egler -Nichols method of

tun1ng Improved control over mu1t1loop control case was

not ‘achieved unt11 the decoupler compensator was used,

'although the stat1c plus time de]ay compensator seemed

adequate fqr simplicity of 1mplementat1on.

2
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‘ .Chapter 1
C o INTRODUCTION
:
The obJectlve of this work has been the development of

a suitable nonlinear distillation column model then use of
the model to study the control behavior of the d1st1llat1on )
column. Both linear and nonl1negr models were developed to
describe the dynamic behaviour of distillatiOM column. The
nonlinear model developed in this work was bgﬁed‘on a o
previous mode] developed by‘Simonsmeier (53). - Si&qnsme%erfs
~nonlinear model was modified in order to achievela better
representat1on of “the distillation column. dynam1c behaviour .
The modifications were based on experimental tests carrxed
-out on a methanol-water pilot plant distillation colum.
The main assumptions used in the nonlinear model were
-constant tray'efficiency,'heat loss, and-liquid holdup. '
. Through slmulation'studies.’the mode1 performance was
compared to experimental open'loop data’for steam' reflux
B and.feed disturhances These tests prov1ded suxtable
ver1f1cat1on of the model to justify its use.in evaluatlng
-vcontrol strateg1es for the distillation column

| Convent1onal proportional plus integral (PI) control
works well for controll1ng the term1nal compo$1t1ons ]
separately Because of the 1nteract1on between the
man1pulat1ve and control var1ables, use of the same PI
control sett1ngs-€or dualvcontrol usually results_Jn .

. degradation in control perFOrmance of the_two'lnleidual



.loqu. The direct Nyquist array method, a frequency domain
technique, was used to design.compensétors to;help‘heduced
the interacfion that>exists inlthe dual controi'system '
This method was 1mplemented by Kuon (23) as an extension. of
the work performed by Rosenbrock et al (48). This method
uses a plant precompensator to reduce loop 1nteract1on and

. causes the system to behave a wo 1ndepend¢nt loops.
Different types of compensators along with conventional
proportional plus integral pluéfdefiVative control were
evaluated thrbugh simulation studies. For the design of the
compensator, a ffansfer anction model between manipu]ative'
and control variables was obtained by dynam1c testing of the
column us1ng pseudo random binary sequence dlsturbances

The Iwnear model identification was performed by Mozel (38)

using a set of identificagion progréms.



Chapter 2

DEVéLOPMENT OF THE DISTILLATION COLUMN MDDEL
.;5.1 ' Introduction

Most of the ‘research work on distillation'column
modelling has been carried out on blateAtype columns for
blnary systems.v The type of models-used to describe the
dynamic and steady state'behaviour of distillation columns
can be classed as transfer function models, linear}zed
mooels and nonlinear models. Numerical solutions to these
‘ modelst along wlth-sbme experimental work have been carried
out in the freqUency and time domain using both analog and

digital computers. In most cases, such studies on modelling

 aided in des1gn1ng control schemes for distillation columns.

No extensive review of the publ1shed literature deal1ng with
modelling will be presented here since the tOplC has been
covered adequately elsewhere (57 8 34;41, 53 27), with the
‘most comprehens1ve review of d1st1llat1on dynam1cs be1ng -
_given by Rademaker et al (44).

A great deal of research on dlst1llat1on column )
modelling has been carrled out at the Un1versvty of Alberta
The dynamic behaviour of the column was first studled by
Svrcek (57) with a br1ef summary of the results publlshed by
Svrcek. and R1tter (58). Column dynamlcs were pred!cted by
E?f,u51ng the total materlal balance component material

.'balance,'and energy balanceadifferentjal equatfons.':Later‘



McGinnis (34) tried a linear state space mode) with the
states be1ng the l1qu1d enthalp1es and flow rates based on
the energy balance differential equation. McGinnis offers
an excellent review of the .literature up to 1968 in which he
presents the dlfferent models and assumptions used by the
‘various authors. In a later study Liesch l27) evaluated a
tenth order enthalpy model and also a concentration model

based on the component material balance differential /

eq&§t1on » o

Besides assuming instantaneous vapour dynam1cs,‘
constant liquid holdup was generally assumed. Svrcek
calculated new liquid mass holdup values based on the
relationship between composition changes and density. In;a,v
study by Distefano (10) a holdup correlation was determ1ned .
empirically. This correlatwon was similiar to the
relatlonsh1p developed by Rademaker et al (44) S1monsme;er
(53) used the‘model,proposed by Svrcek and made changes in
the numerical methods used }o solve the three sets of - i
differential equations. SimOnsmeien carried'out both |
experlmental and theoretical studies on column dynamlcs?
Also he evaluated'the model using three-types of holdup
equet%onsl |

The model used in this study evolved from the nonlineer'
model used by Simonsmeier (52) DIfferent numer1cal -
'techn1ques have been applled to the model 1n order to
1mprove the model s prediction of the exper1mental 4

.behav1our. It also'has been modjf1ed in order to compensate



(S

for physical chandes to the column. In the following
: sect1ons. a descr1pt1on of the mode 1 usg% in this study will
be presented-aaong w1th a detailed 11st of changes that were

made.

2.2 Mathematical Model |
_—

To descrihe the dynamncs of the dtstil]at;dhfcolumn,
the fol]oWing set.of oifferentiaJ equations were considered
'mfor each stage, that is, | H
BEY total material balance

f(é) component material balance ~

(3) total enebgy‘balance , |
The component mass balance is usually expressed in terms of
the more volatile component in the binary mixture. The .

stages of a columh include the number of trays, plus the

‘condenser and rebo1ler sectlons

i

The major assumptions used to reduce the complexity of

the oynamic model are:’ _ '
(1) The columntoperates at constant atmosphenic pressure

which is maintained by manipulating the cooling‘water flow.
(2) Both liquid and vapour entrainment are- negl1g1ble
(3) AVl l1quid and vapour on a stage are well mixed.

Thxs assumpt1on means that the temperature, dens1ty. and

,compos1tjon throughout the}l1qu1d and vapoun_phases at a

C



stage will bé uniform‘

(4) the holdup in the. downcomer is negligible compared
to the hdidup on the trays.

- (5) The heat capacity of the meta1 and glass of each

stage is negl1g1ble =

~(6) The feed and reflux'enthalpy are constant.

With these preliminary assumptions, theibasic differential

_'equations for a general stage can be statédvas

d(WTn + VTn)/dt = Ln+1 ""Ln + Vn-l - Vn * Sn 2.

o

d(WTpXy + VIpYp)/dt = LpsiXnsy - LpXp + VpetYnot |
= VnYpn * SpXsp : 2.2

d(WTphp + VTpHn)/dt = Losihner - Lphp + ViepHgog
' - VpHp

On * Sphsy 2.

where; WT, - liquid mass holdup (g)
| VT, - vapour massihdldip‘(g)A

* Lp - liquid mass flow rate (g/s)
Vo - vapbdr mass flow rate (g/s)
S, - side stream mass flow rate (g/s)

Xn - 1:qu1d composition (wt. fraction)
Y

n - vapour compdsitidn'(wt. fraction)



Xs, - liquid composition of side stream

hn - liquid enthalpy (J/g)

Hny - vapour enéﬁa]py (é/g)

Qn - heat loss per stage (W)

hs, - enthalpy of side stream (J/g)
.Ifqthe vapour dynamics are considered to occur /
_instanténeously and-aﬁe'small cdmpared'tb the liquid
dynamics, thé equations can be further simplified. The

following equations are written for a column with no side

~stream withdrawal and only one'feéd stream ehteﬁing'thé

tower..
 d(WTp)/dt = Lp+y -~ Ln* Vnei - Vn * Fn 2.4
d(WTnXh)/dt = Ln+#1Xn+1 - LnXn + Vn-1Yn-1~ ‘ |
- - VpYn *+ FpXfn ' 2.5
d{WTphp)/dt = Ln+i1hney - Lnhn + Vn-1Hn-1
. - Vp¥n - Qn* Fphfn 2.6
where;  Fp - feed flow rate (g/sy;fff .

Xfp, - feed composition (wt. fraction)
hfn - feed enthalpy (J/g)
L

For all trays other than the feed tray, the right most term

4
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" in all of the above equations is deleted. The equations
! . ‘ . :
describing the reboiler and condenser sections will be
treated separately. | »
Designatihg’the'reboiler as the first stage and
assuming the rehoi]er liquid holdup is constant, the model
equations for the precess side are:
e Y
’ _ v
WTid(X1)/dt = LoXp - LiXq - VqYg o | 2.8
WTid(hg)/dt = Lohs - Lihg - ViHy - Q1 *+ QR 2.9

o

where; QR - heat to reboiler (W)’

The analysis of the steam side of fhe reboileri(57) assimes |
zero heat loss ~and that the temperature of the. rebo11er
11qu1d is a funct1on of the bottom 11qu1d comp051t1oq\ W1Q25
. the steam condensate under level control and. neglectlng the _
;steam dynam1cs, the ?ollowwng equat1on can ‘be used to

character1ze the steam s1de. that is,
St(Hs - (a + bTs)) = UA(Ts - Tq) - g0

‘where; *?ttFisteam”mass flow rate (g/s)



Hs:F steamkenthanpy (d/d):

' l a' - intercept for heat capacity (J/g)

'b - heat cap ity for steam (d/g;'C)
Ce

Ts - steam témperature (°C)

UA -'pr ucfﬂof heat transfer.times area

(W-7C)

2

. The above steady”state equation is considered to be
app]icabJe because the steam.time constant is appro 1mate1y
,one thousand t1mes smaller than the liquid time constant on
the reboiler process s1de 157) L \

With the prev1ous assfmp¢1ons of perfect m1x1ng, vapour @

holdup’ neg11g1ble and 11qu1d 1eve1 under control, the

condenser process equations can be expressed as

Vg =yb10 + Re L . | 2.11

WTod(X ) /dt = Vglyg - (Lio * RelXyo 2012
& | . . . ’
where; Re - refluX'massqflowdrate
 The heat transfer dynamlcs are assumed to be negligible
7) so the energy balance s1mp1y reflects the fact that o
the coollng water used to control pressure removes the

v.}latent heat of vapour1zat1on

In~order'to simulate the dynamic'response‘oftthe» -

¢
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distillation column, the followihg'functtonaf relations are

required; )
(1) liquid enthalpy, hp = f(Xp) o - 2.13
(2) vapour enthalpy, Hp = f(Yn) : . [ 2.14
, . - o .
(3) equilibrium relationship, Y, = f(Xy) - 2.15

]

To ohedict the actual yapoUr cohposition. the efficienCy of
» the ‘trays must be wncluded The Murphree p1ate eff\ciency
',(E) expressed in terms of the vapour compos1t1on is

4

CEgeE (Ypop - Yo ) /(Y 1 - Y;_) . T 2.16

?ﬁmﬂ

Thls equat1on was used to predict the actual vapour _‘ : h

_oompos1tion for each stage of the column W1th the

preced1ng set of equations. the liquid composition for“each5f5¢f~;'
f stage was - s1mulated for reflux steam, and feed flow step_' ﬂ )
‘;fdisturbanges 3" L o

From Simonsme1er s work (53) 1t w;\\found that by

i a-

'ff7ho1din0 the effrcjency nnd'heat ]st.constant hu

Ariryoe

§1mulatlon, the'ftna :



from the experimental. results. Simonsmeier believed the
experimental effic1enc; and heat loss of the final state
shouid have d1ffered from the initial state. Therefore by
:slmulatlons, the 1n1t1al and ftnal eff1c1encies and heat
loss per. stage were chosen to match the exper1mental bottom
and top llqumd compositions of the 1n1t1al and ftnal"steady
states. Stmonsmeier'used a scheme'whereby the heat loss and
efflctency were varied in a linear manner between the |

.in1t1al (i) and" f1nal {f)- steady states, relat1ve to a

reference (r) compos1t1on, thatwis,*

o

Qn = Qip + (Xr = Xri)/(Xrf - Xri)(Qfn - Qin) o207

m .
> B
"

Etgt+"(Xr'f Xrﬁ)/(er‘; Xp{){gfn “Eln)l - 2.18..

‘ - . .

v’The reference compos1t1ons tried\were bottom feed and top

_compos1twon w1th top: composrt1on producang the mostw‘r??;~*5”

“.\7...~- P I S HPIRPCIN

wconsistent results Stmonsme1er found that a separate

M e e s e L ae e W

feff1c1ency for the strfpp1ng‘and rectwfywng section was
_"»necessary to match experimental results .‘Further, a largefﬁ
‘;d1fference 1n heat loss was needed to match the 1n1tial and
final steady states Based.on those results,'1t seemed |
'necessary to perform experimental tests,on the column to
verify the. model for use in subsequent control studies
)From the experimental tests for steam. reflux and feed flow

5t

w e ! B



rate disturbances, it was necessary to modlfy the mode 1.

With the mod1f1cat1ons, the constant heat loss and
efficiency simulated the column dynamics well. Further, the
large_difference in heat loss between initial and final
steady states was not required. The efficiency var1ed 2% to

5% between initial and final states.

2.3 Solution Procedure I ' -

“The original‘solution prOCedure'used by Simonsmeier was.
-altered toiobtayp a more stable numerical sojution at larger9
.integrationaintervals (i.e. 64 seconds). As.in_

Simonsmeier’ s orlg1nal work, the simulation used in this

-thesis ‘is based on the 1ntegrat10n of the l1qu1d comp051t1on o

only Once the l1qu1d comp051t1on 1s Known..the l1quid
enthalpy and equ1l1br1um vapour compos1tlon are determ1ned
Based on the chosen eff1ciency. the "actual vapour
compos1tlon can be calculated and subsequently the vapour ‘
enthalpy W1th this 1nformat1on determ1ned the l1qu1d and‘
: vapour flows are calculated and then the 1teratlon is |
repeated , The ma jor changes toqthe model developed by 1}»
S1monsme1er Wl]l NOW . be outl1ned e o
N Instead of assumnng the“rebo1ler l1qu1d temperaturegii“
;totbe.constant 1t was allowed to be a functlon -of the

“Viquid composition. The program employed a’ l1near -

el



interpolation to determine the temperature based onliiquid
_ stage compoSition.
(2) The use of the first order Euler method of

integration to determine the change in the liquid enthalpy

per stage, that is,

d(hp)/dt = (hy - hy_q)/ At - | 2.19

-

i

instead of uSing the total derivative form of

<

dlhy)/dt = (d(X,)/dt) (d(h,)/dX,) - 2.20

6

n;}Th1§5éhAﬁ§éfihprovéd,thefstability of the soiution and

;vallowed the use of a longer 1ntegrat1on 1nterval

(3) The use of a cubwc spl1ne (12) funct1on 1nstead of a

ug_llnear 1nterpolat1on to determine values ‘between data .
i po1nts. ,Th1s techn1que was used for the 11qu1d-vapour
' equiItbrium data, liquid;composition enthalpy data,and

“vapour- composition enthalpy data (appendix A). }Using'this

technique, the nonlinear regions in the three curves can be

’ r1bed more accurately |

(4) Usvng the total materJaI and energy balance
1fferent1al equat1ons (2 4 and 2 5) ‘on each stage. a system
‘_of simultaneous equations in the form of A X =B ‘was

obtained: The nonlinear d1fferent1al equat1ons can be
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represented in a lTinear form because of the constant nass
holdup aesumption: - This eystem of equations was used to
'solve-for liquid and vapour flcw rates by taking the inverse
of matrix A._ Examination of matrix A indicates that the
determinant is often near to being singular when compared to
the working preclston ofhthe computer. In reccgnition of
this fact, the method that is used to solve for liquid and
vapour flow rates now employs Gaussian elimtnatjon with
partial pivoting and gives some estimate of the condi tion
(12) of the matrix. On each iteration, the condition
(CON{A)) of the matrix is determined byjueing the followindA
method. | |

COND(A) = [lANHA-*N o - 2.21

Using this method, if the‘condition'cf the matrix is greater’
than 10'5 ~ the matr1x will be cons1dered s1ngular accordxng
to the work1ng prec1s1on of -the computer and the solut1on
will be terminated. ‘ :

(5) The heat loss was determined experimentally‘and the
 heat loss per stage was determ1ned as a percentage of the-
total Experimental heat loss based on. the d1fference between;
»tray l1qu1d temperature and amb1ent temperature on a |
~weighted basis.. ' B ' } |

(6) Finally, the vapour enthalpy relat1onsh1p for a

saturated methanol-watep system was changed to reflect the e



’ ;.

rstudy of Plewes et al (43).
| With the above ment1oned changes . s1mu1at1on of the

_tran51ent and steady- state behav1our of thevcolumn was more
accurate when compared to the experimental results In |
obta1n1ng a suitable model of the column it was decided to
base the model on as much experimental data as poss1b1e

The only experwmental data not obtainable was the efflc1ency
of each tray. The requ1red data was obtatned from the mass |
and energy balance program (DASS1) on the column |

The liquid composition was the only d1fferent1a]

equat1on which was 1ntegrated us1ng a mod1f1ed Euler method
-1n matrix notation. Using the-component material’ balance

d1fferent1al equat1ons for each stage. the follow1ng form
diXy)/dt = HeXx . . 222

The matrix H is a tridiagonal matrix (Append1x B) and the

'was obtained

condit1on of the matrix indicates that 1t 1s non- s1ngu1ar.

Now the mod1f1ed Euler method of the above equat1on 1s»

s = il /AL = ,‘.’l?"‘,—’,ﬁk"i’._"‘?‘vf-’i/»'?dtx.é)f/f&‘ft“: 233

S (x k+1 k)l AL 1/2k!kﬂ!>k»1 + 1/2Hk..k»224
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It will be assumed that the coeff1c1ents of matr1x H will
not change substant1ally for the 1ntegrat10n 1nterva1 that
is) Hias ?*ﬂ N g

~ therefore, eolleeting>likeiterms yields -~ ;
Xps1 (; - At/2__|j_k)"(_l_ + At/‘?ﬂk)lk o 2.»25

To solve for tﬁe'iidufaiandbvépeur flow rates the total ' -
mater1a1 and energy balance d1fferent1al equat1ons were o
used Hr1t1ng the equations for each stage resu]ts in a

18x18 matrix of the form shown below.

A, A L, Eln '

=1=2 1= | & : 2.26
43 4, || ¥y Flm

) BN

Detailed entries of.the'matrix are given in Appendix B; ‘The
liquid and vapour-fates are solyed fer'by~usfng Gaussian'
“elimination with partjal‘inOtipg_to decompese the matrix
into :n upper}triangU)#f:matr{x. then back substituting to

_solve for the flow rates. . . . . -

BN
. ‘s
- R
. M - - - ’
Y P .
0 ra Do . :
R e o o
. K o .
PR . -
\ . - . >
EN - - ., .
e T LA - .
z -
i - o
0



_ ;Chapter 3
EXPERIMENTAL WORK

3.1 Introduction

Originally, simulations using the dynamic model

t ydeveloped by S1monsme1er were to be used in helping to

select the contro]ler constants for subsequent exper1mental

;’Q'evaluat1on of dual control. S1nce ma jor mod1fjcat1ons_to

the model were implemented, it Secame neCessary3to verify N

the performance of the mode1 through experlmental work The

simulated results were compared to exper1mental work for

‘step distunbances[jn feed, ref lux ano_steém flow rates.

| _Initially, the assumptions of constant heat loss and
efficiency based on the»initial steady state we}e.usedg

| Later, variable heat los$'and'effi§jency was tried. The
firstlcase will be termed as the constant nonlinear mode 1

while the secondsWilT be the veriable‘nonlinear~model.

’Expefimente]'data was used as input for the theoretical

>mode1 in order that the compar1son have some bas1s w1th1n.

the theoret1ca1 framework

|7 i3.2.7 Experimental Equipment

R
R R :
N SR S

-~ THe pi lot ‘plant di§tiation column originally built by. -

v
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Svrcek (57), has been used by various co-workers throughout

the years. The column has eight bubble cap trays that are

o used to separate a 50% methanol-water feed entering the

fourth tray. | The trays are- spaced 30.5 cm apart and conta1n~

L four bubble caps. positioned in a square conflgurat1on w1th

centers at 5.40 cm rad1us from- the centre of the tray

Further descr1pt1on of the des1gn can be obta1ned from

Svreek (57)0 | o |
" The tower has a thermosyphon reboiler and a total

condenser w1th their respect1ve liquid Jevels be1ng

. controlled by manipulatwng the bottom and top product flow

rates. The tower_pressure‘was maintained'by adjusting the

cooling water flow through the ‘condenser . - To maintain

3

constant feed and refiux enthalpies, two steam preheaters

under PID analog control were pOSItioned on. the.. feed and R

reflux streams (F1gure 3 1) Both l1qu1d levels ahd column ;‘
pressure are. controlled by PI analog controllers -

Steam, reflux. and feed flow rates can e1ther be

controlied by a standard DDC Toop on the IBM 1800 or by

analog controllers. Usually the fhree_flow loops were under

~ @ supervisory type of control with the output of the DDC

: ’. L. The top: compositlon was - measured by a capacltance probe- Jf:

loops be1ng used as the setpo1nt for the analog controllers

A list of DDC and data acqu1s1t1on loops is presented in

)

Append1x C ‘ The procedure used for the calibration of flow -

rates and the analog controllers are” also found in Append1x

Th1s callbratlon procedure and result1ng chart is aga1n ¥
R N A

-
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~Figure-3.1 | S'chematic .dj..a_gxf,a,in"_o:f‘ the .distillation column,

t
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given in Append1x C. o T

The bottom compos1t1on ‘was analyzed using a Hewlett?
Packard \5/02A) gas chromatograph equ1pped for 11qu1d
sampT1ng ' Top compos1t1on values could be co]lected at one .
second 1ntervals if desired, but the compos1t1on of the -
bottom stream could only be obta1ned at 128 second
intenyals, .The analysis of the bottom composition has
historically presented'problems when modelling or '”n
. controlling the distiilatton column. Thetprevtous'gas
chromatograph sampling system had a 256 second sample time

withvabout 16 minutes‘dead time due to transportation time.

' Numerous hours were spent in decreas1ng the ana]ys1s t1me by . .

one-half. Also, the accuracy was 1mproved by using a

, d1fferent co]umn pack1ng The samp11ng system dead time was':w

-‘dreduced to approx1mate1y 10 seconds Deta1led 1nformat1on

'regard1ng the gas chromatograph system 1s glven in Appendxx

3.3 Experimental'brocedure~

' .In'performinévthe open loop eXperimenta1"uork a ;A
“procedure ‘was addpted that would ensure cons1stency in a]],
runs, First, the exper1menta1 'work was performed at
operating cond1t1ons that would produce a top compos1tion’of

about 96% methano] and. a bo't tom composition of about 4%
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‘methanol .. These operating conditions are summarized.in
Table 3.1 and'are'average values of the 1nitial steady state
,'vaers for the ftrst six experlmental runs.

| At the beg1nn1ng and at the end of each expertmental
rdn, the feed compos1tton was analyzed to ensure no change
had taken place in the composition In all runs, the |
initial and final feed comp051t1ons were identical. Once
the feed composition had been analyzed,.the bottom sample
system pump was started and gas chromatograph automatic
sampling was 1n1t1ated Before any d1sturbance was B
':ftntroduced the gas chromatograph was 05ually operated for

about 30 m1nutes to ensure proper operat1on and steady state |

: compoSition : Durtng this tlme values of steam feed and

| *ireflux flows were obta1ned _ Th1s was to insure that all

three var1ables were also at steady state and to obtain an

‘Vaverage current value for ‘the’ var1able o be- dwsturbed -The’ |
mass and energy balance program DASSl’ (see Append1x E)

‘ was also 1n1t1ated at the beginning-and end of each
exper1mental run. Using the program ‘DISTB’ and the steady

‘state values, the magnitude of each d1sturbance was entered
and the time of»the d1sturbance was recorded on the

'teletypet The program DWL44' pr1nted the top and bottom

lcompos1t1on values at 128 second 1ntervals The top and |

o bottom compos1t10n values were also collected’ by the data

accumulat1on loops .



Table 3.1 Steady State Operating Conditions

reflux.flow

steéh flow

feed flow

feed composition
bot tom composition
top compos1t1on
 bottom product flow
top product flow

- _steam temperature

. reboilér'temperatube |

tray ‘temperature ‘1
S_Iray.temperafuﬁé
'.;Iréy‘tehbehafﬁée
tréy tempefaturg
' tray temperatur;'
tray temperature
tray temperature
tray tempehature
_condenser temperature
feed enthalpy‘
steam enthalpy
ref lux enthalpy
‘heat transfer

‘heat loss

- 2683,
1521 .
 2438.9
8234,8

R

—t

12.
14,
18,
50.

95.

" 108.
93;
83,
77,
73,
71,
69.
64,
63.
61,
59.
229,

— e

A B O W .0 W O O O

U W O OO W W W

g/s

g/s a

) o/s
g/s

% methanol

% methanol

. g/s

Q
~
7]

.

O 0O 0O 0 o0 0o o0 o0 o0 o0 o0

J/g

J/g
J/g
w-'C
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'3.4 Sjmu]atio Procedure o %

yA\simulating the experimenta] column dyhamie behavior:,
the expeﬁtmental steady'state data was usedgfor eaéh run;
Values foroflow rates and entha]ptes for'steam feed -and
reflux and also. methano] percentages for feed bottom, and
top compos1t10n were obtained from the output of the mass
'and energy ba1ancg program. The product of the heat
‘transfer coeffiéiehf (U) and area (A) was calculated by
using equatiOn 2. 10 ) It uas assumed that the reboiler would

have an eff1c1ency of 100.0% and the condéﬂser wou id have an
o

[ovd

=

eff1c1ency of zero . o ' -
anthe basis of the bottom sahp]e lToop flow rate andv
the resulting‘temperature'drop; the heat loss of the ‘
reboi]er‘was~esttmated to be apbroxiﬁate]y-equa} tpu300 W.
" An extra 200 W-was added in order to allow for the SN
pdssibi]ity'of\extra heat~1oss in the rebbiTer section. The. .
_rema1n1ng exper1msnta1 heat loss was d1str1buted among the
trays as a funct1on of the difference between the tray and
room temperature, (25 C) on a weighted. basys:> The . —
fexper1mentah l1qu1d mass ‘holdup was measured at the steady
state operat1ng conditions using the procedure descr1bed in
Append1x F. - The eff1c1enc1es for. all the trays were assumed
to be constant and at the same value for both the. str1pp1ng
and,rect1fx1ng sect1ons. The eff1c1ency was the iny
variable’fdr which no experimental value was availabte. The -

-efficiency'was chosen in such a way as to ensure that the
2 o N
' AN - . *’;— e

i B . B

}vf_ o «

—~——
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simulated bottom and top compositions matched the

‘experimental compositions.

3.5 Comparison Between Experimental and Simulated Results

The crucial test for any mode 1 is compar1ng the
s1mulated results to exper1mental data Step d1sturbances '
- in steam, reflux, and feed flow rates were 1ntroduced 1nto
the p1lot plant column The behav1our of top and bottom
'composlt1ons was’ monltored In all the graphs to be
presented only the top and bottom compositlons will be
-shown for the step d1sturbances The: 1ntegrat+on wntgrval
for all of the SImulat1ons was 64‘seconds, unless otherwise
- stated The exper1mental values for top and bottom
' compos1t1dn were obtalned every 128 seconds (gas | |
‘zchromatograph cycle) The steam( reflux and feed flow rates
were d1sturbed in such a way as to ftrst cause an .ncrease
jln bottom and fop compos1tion Next the variable was
. returned to its orxglnal steady state value.: ’The'

"d1fferent1al equat&pn model does not predict the t1me delay .

Cin e1ther the top- or bottom.compOS1tmons§f herefore the

PR

'~’s1mulat1on results were shifted by an amount equal to the
.t1me deldy“nbserved in the experzmental résponses (Table

G ‘l% l'he tim? 's‘ft. was thus equal m "the difference
"between the time of disturbance(arrowﬂbn f1gures) and when

Sty e o-x“.ljé" ' Lo B S e .
R S o v e . . - . .YA'?a- >y . X /
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the s1mulated response changes from its 1n1t1al value " The
top compos1t1on t1me delay. was at about 36 seconds for all
‘”d1sturbances The dead time in the bottom composxt1on was
'lthe measurement ‘time' delay 1128 seconds) plus the process‘:va
‘tjme delay' The process t1me delay varied dependtng upon
the var1able being d1sturbed : : i .
The model used was a constant l1qu1d holdup model w1th
- the option of either a constant or variable heat loss’ and
efficiency. Both the heat loss and eff1c1ency had to be
adJusted in order to match the simulated top and bottom
compositions to experimental values. F1gure 3.2 compares

the s1mulated trans1ent response for bottom and top -

- composit1ons to the experxmental response for a 7. 5%

- decrease“1n‘steam flow-rate.. - The- s%mulated results- are
shown for both the constant and the variable heat loss and
efficiency;models; For this graph the bottom simulated .

results were shifted 5.40 minutes from the time of

v d1sturbance while the top s1mulated values were sh1fted 0. 601; -

m1nutes " The bottom compocwt1on uas sl1ghtly under the

f1nal exper1menta steady state value wh1le the top

,compos1tton was abov ﬁhe flnal experimental steady state
value for the constaqt nonl1near model . Using the varlable
'nonl1near model the f1nal steady states are ldentical to

Pthe experlmental values ' The simulated response of the'

':»bottom compos1tion behaves ltke a first order system wh1le ;‘— |

the experimental response deflnttely has the character1st1cs

'~7of a,second‘order system. The-transient-response difference'Ty;g

: Cme -
: -
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Figure 3_2 Comparison of simulated constant and vartable -

model responses to experimental data for a

. =7 5% step. disturbance in steam flow rate. ’_H.
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between simulated and experimental top composition was
greater than that of bottom composition’ |

Figure 3.3 shows how the‘integratlonuinteryalgaﬁfects
the translent behaviour of the top composition. The
integration interval was decreased to two seconds. ’lhis
brought the simulated results closer to the experimental
results. This figure also shows that the top composition is
‘more sensitive to the integration interval than the bottom
composition The bottom compos1tlon did not d1ffer from
that of the 64 second 1ntegrat1on interval case. The
integration interval was halved five times from 64 secondsH
to 2 seconds with improvement being noticed in the transient
behaviour of the ‘top composition until the 2 second interval
was reached. Thejcomputer-cost for'using an interval of 2 |
seconds was approximately $42.00 compared to $2.50 uslng a
64 second interval. Therefore to conserve on comput1ng
funds, the 64 second interval was chosen

\

. Append1x G contamns the computer mass and energy
balance summaries for the data presented,ln this chapter.

In fhe case of a decrease in‘steam-rate, as can be seen'fromv
| Figure]G.S.vthe steam. temperature does vary during the
disturbance. Consequently the steam ‘temperature (Ts) was

- varied in the mode 1s accord1ng-to equation 2.10. S1milarly
‘the changes 1n reboiler temperature durlng the d1sturbance
‘were’ related to the change in liqu1d composltton Both
condenser and ‘reboi ler level control loops were tuned to

’allow about 10% overshoot without excess oscillations of the
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’

' man1pulated var1able (see Figure G.4). FigUre 3.4 shows the

top and bottom comp051t1on behav1our hen the steam flow E

data was compared to both the constan“ and var1able
nonlinear models and again, the COnstant nonlinear model is
Very close to the exper1mental data Located 1n Appendwx G

-

is the computer pr1ntout for the f1nal steady state values

for the increasé 1n the steam’ flow case. o
F1gure’3 5° compares the constant and variable nonl1near

model responses to experImental results for a 15% 1ncrease .

: in reflux flow. The constant case shows the s1mulated top

*,comp051t1on govng above the flnal exper1mental steady state

"value while the opposite was true: for the s1mulated bot tom
compos1t1on By varying heat loss and efficiency, the,-
'V[s1mulated values were brought nearer to the: final
‘exper1mental steady state values. Decreas1ng the

1ntegrat1on 1nterval "to two seconds (F1gure 3. 6) 1mproved

_the top composition trans1ent response Aga1n plots of the ‘

steam flow rate, tower pressure, feed,.and reflux flow rates

durfng the run are located in the'Appendix_G. Figure 3.7

compares:the simulated-transient- esponse to the-

-exper1mental response when the sy, tem (3 reflux flow rate-wasgv

returned to its normal steady state value

F1gures 3. 8 and 3. 9 show the responses of an increase'

and a subsequent decrease for a 20% disturbance in feed
flow. fThis was probably the most critical test for the

model, .in that the experimental results showed that the top

4 B

v

he exper1mental

sssss
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composition remained virtually unchanged despite.the changé\\\\_//

in feed flow rate. The simulated top compos1t1on response

‘for the constant non11near mode] at both the 2 and 64

integration intervals compares well with the expertmental
responses. Since the'too compositioh does not chahge; the

variable nonlinear model.would produce the same results

because it is based on the top composition. For the feed

disturbance'studies, the reference composition could have

. been changed to the bottom composition so that the variable

non]inearfmodel_WOuld.have an effect. on the bottom

case of bottom composition, as can be
seen from Figurey/ 3.8 and 3. 9 there was some d1fference'
oetWeen the e er1menta1 and s1mu]ated responses in the

fina]_stead state for‘the increase in feed rate. This

differencef was smatier'for’the decrease case. Plots of

steam, tgwer pressure, reflux flow and feed flow rates are
located/in Appendjx G for this feed flow disturbance.
Fygures 3:10 and 3.11, 3 12 show duplicate results for

decregsing steam, and increasing reflux and feed f]ows

" Both he constant and the var1ab1e nonl1near models are

comp red to exder1menta1 data for ‘steam and reflux

distyrbances. Only the constant’ heat loss and eff1c1ency s
mode was used for the feed flow°d1sturbance The top and
composition match closely the exper1menta1 data for

the onstant'nonlinear model. -The duplicate runs show

."results similar to‘the initial experimental runs.

Figures 3.13 and 3.14 show the transient behaviour ‘when

a
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the reflux and feed flow rates were decreased-below their

normal operating values. The constant heat loss and

© ., efficiency model predicted the bottom experimental

‘composition well for the feed disturbance only. However,

there were large deviations between the predicted r&sponse
and theﬁexperimental response for top'composition The most,
drastic differences in predicted versus experimental
responses occurred for changes in the flow rate of steam and

feed for top composition A 7.5% increase in steam flow

rate_above_normai operating values is not shown because_the

' top composition response was out of the range of the

analyzer. When in this operating region; the column has
reached._a phy51cai constraint that.is, with the'bottom
solution being v1rtualiy methanol free, the additional heat
input to the reb011er continues to vapourize the solution.
This results in more water being driven up the coiumn which

continues to lower the top compOSition

, — ;
The major shortcoming of the constant nonlinear model

is its inabiiity to predict the"final top composition steady
state ‘values for steam and reflux disturbances. and bottom -

composition in thé case of an. increase in feed flow rate’

| The variable heat ioss and efficiency model did well for L

b'_
', s e
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reflux and steam disturbances but was not completely
satisfactory for feed disturbaans because of . the reference
'composition chosen. Since the top comp051tion was
1nsensit1ve to a feed disturbance, that is,,it remained the
same, varying heat loss and eff1c1ency w1th top comp051tion
-would have no effect. The constant nonlinear modef
predicted the_oottom composition well for decreases in steam
and reflux flow rates. In the case of the duplicate open
Toop runs; simulations using the constant nonlinear mode 1
'predicted small deviations when compared to results for
experimental top and bottom comp051tion (Figure 3.11).
However. the model did not satisfactorily predict the top
" and bottom composition for increases in steam (Figure 3.10)
and feed (Figure '3:12) disturbances respectively
Experimental tests were conducted in which the reflux,
~ feed ‘and steam flows were changed to cause a decrease in the
top and bottom comp051tions below their normal oﬁérating -
values._ The constant nonlinear model predicted the final
steady state. quite well for the reflux (Figure 3. 13l
‘disturbance however values ‘for both top and bottom |
experimental responses were slightly below the- simulated
"final values. _In the case of a feed disturbance(Figure
3.14) to 20% below its normal value the constant nonlinear
'-model satisfactorily predicted the bottom composition but
the predicted top composition response exhibited a large
final steady state deviation The same situation occurred

. o
with. the steam disturbance. howeVer the deviation was even
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more pronounced This phenomenon can be explained by the
fact that for a g1ven heat input to the reboiler for a
’decrease»1n feed rate all the meghanol will be vapourlzed
Thus, when the bottom solut1on becomes depleted in methanol'
as indicated by F1gure 3 14, the rema1n1ng energy 1nput_goes
toward evaporating more water, thus lower1ng\the
concentration of methanol in the top product.

The same analysis tan be applled to the: steam
d\sturbance with more drastic results Attempts were made
to use the var1able nonlinear model for these casesl but
unrealistic heat losses and eff1c1enc1es were necessary in
order to match experimental values for top and bottom
- composition. As long as the methanol compositlonE?ema1ned
above -0.2%, thevconstant heat loss and efficiency model
 predicted the}fﬁnalsstéady state quite well. In all
' simulated resdlts, the heat loss had to be reduced to
"between 65% and 75% of the exper1mental values ‘lhe :

v procedure used was to take about 60% of the total
exper1mental loss value and d1v1de 1t on a welghted basis of
the difference between the tray and room temperatures dv
'starting wmth stage 2 to stage g inclusive. The resultant
" heat loss value for stage 9 was ‘then multipled by 2. 25 ‘The
temperatures for the different trays can be obtained. from |
the mass and energy balances for each type of disturbance
whmch is located 1n Appendix G The heat loss for stage 1 |
and 10 was 500 0 w and 0. 0 w respectively Table 3 2 shows

the 1n1t1al steady state heat loss values for stages l
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Table 3.2 Distribution of Heat Loss for Disturbances

Stage  Steam - Refiux‘  . Feed
W W oW
. 1 500.0 500.0 500.0
B 2 694.7 760.5 . 714.5 .
3 622.8 683.9 638.9
4 577.4  633.3 591.9
5  551.1 607.4 564.8 ~
6 528.4  582.7 - 543.6
7 4474.6 *“f525.s’; 485.4
8., - _456,7  506.2 473.0
9 1025.2  1112.9 1138.9
Total 5430.8  5912.5 5151.0 -
Experimental 8266l1 "8315.1_1 6121.1

~ .
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through 8 for steam, reflux and feed disturbances. The

va1ues for each d1sturbance are not the same because each

“bancﬁ was treated separately

type of dﬁfjw' .
~ - e ﬁ"’ .
Table 3.3 shms the changes in heat ,,loss %‘éjﬁcrency

required to use the varlabqé heat loss” and effwc mode 1.

B
In all cases one eff1c1ency ‘was used for all the trays and .

‘only the top tray heat loss requ1red adJustment in order to

match the f1nal steady state valués to the experlmental top

.and bottom compos1t1ons The largest heat loss d1fference

was for the feed disturbance, while the 1argest change in

_‘eff1c1ency between 1n1t1al and final states occurred for the’

reflux dlsturbance Table 3. 44$hOWS the model’ s sens1t1v1ty; '

in terms of the product composit1ons to small dev1atlons 1n
the model parameters and process inputs for. top and bottom '

compos1tlons of 95.985% and 4.267% methanol respect1ve]y

_The greatest change occurred for +2% changes in the steam -

~ flow rate, .wh1le the feed and reflux changes of +2% showed

the next most s1gn:f1cant effect The sensitivity of the

" model clearly shows the importance of accurate experimental

work. . : o -



Table 3.3 Tray S Heat “Loss and Efficiency Values

for the Var{able Nonlinear Model

steam disturbance

heat loss(W)

efficiency

. réflux-disturbancé-

heat loss(W)

, efficiency
, f

)

- feed distﬁrbaﬁce'

¥

\e

" heat loss(W) -

initial

1025.2

89.1

TR
A
P

1112.9

‘82.4 °

1138:9 |

- 80.5

final

1070.2

86.0

1132.9

88.1

838.9

. 84.0

SR

RS
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Table 3.4 Model Sensitivity to Changes in Process

~ Inputs and Paramefer Values

% Change
f . +2
F (18.055 g/s/.
_ -2
- _ : v 42
Re (12.087 g/s)

. ‘ -2
r““//a\ﬁvf'\véz; ' 2
- (St (14, g
- | | - _2

* +2

Xf (50.012% meth) !

’ : e : -2

. S o5
Hfe (231.963 J/g) é
+5

-re (154.129 J/g) .
-5
| o s
‘UA 1 2468.038 ¥-"C) _57

(' - the value'in'barentheses is tﬁe stéady'state valbé

P

\\g Methanol,

Bottom

(4.

wm

S OODB D B DB WW OO N W U W

267)

.465
234
061
.630
.520
651
.962
124
672
.981
.069
.516
141
435

(95T8§5)'

96 X
95,
~ 96.
95.
95.
96.

96

95.
95
" 96,
95.
96.
g5,
96.

008

927
168

771

662

228
086
787 -
868
084

923
047
867

007 |
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- 4.2 Transfer Punctlon Model

Chapter 4
NTRANSFER FUNCTON MODEL

Y

4.1 lntroduction~

Interaction exists between the top and bottom N
compos1t1on control loops which presents problems 1n -8
multiloop control scheme -Three different. compensators were
evaluated in order to determzne which was most effect1ve in
reducing this 1nteract1on The dtrect Nyqu1st method was

used to design only the plant precompensator. Before the

-~

.plant precompensator could be des1gned it was necessary to

obtatn a transfer funct1on model of the column

o

Pseudo random b1nary sequence (PRBS) tests were carrved“
out on the d1st1llatton column to obta1n a transfer functlon“

model._ PRBS tests were conducted on top and bottom

'ncomposit1ons by manipulat1ng reflux and steam flow rates one

at a time. The input output data collected was then

analyzed by Mozel (38) (flow rate versus composit1on) us1ng

a set of 1dent1f1cation programs fhe three d1fferent

"methods used to obtavn the parameters of the pulse transfer

functlon were the generaIIZed least sguares, 1nstrumehtal h -

49
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variables, and max1mum 11Ke11hood techniques. For a
\ .
deta1led descr1pt1on of the thrgé identification techn1q%es

used refer to Mozel (38). The pulse transfer funct1on model

obtained has the following form, that is,

Ryl

The parameters of the pulse transfer fuhction Were
determined using‘the following sequences, that is, a double
31, 63 and 127 with atsampling interval of 128 éecdnds The
“sampling interval of 128 seconds was based on the minimum -

'samp11ng 1nterva] of the two compos1taon analyzers Also,

the sampling interval of 128 seconds was chosen 1n order to
identify the quellat the same sampling interval that would

be used in_the cohtre}.studies.

J . i .
%":.y)tgn .

2t 2%, e
ﬁ:’. 3 J.ﬁ_

B,
W

[

4.3 Exbérimenta]'Pbocedure ;

" The d1fferent b1nary sequences were §tored on d1sK
5before the start of the exper1mental run. The program
“PRBS1" (Appendix H) was queued and thecnecessary )
1nformation entered us1ng a teletype attached to the IBM
1800. The steam and reflux flow rates were adJusted _

accordlng to a predeterm1ned percentage of the steady state
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values. The flows were adjusted by chang1ng'the output of
the<DDC . loop wh1ch in turn changed the setpo1nt of the
analog flow control]er This ' 1nvolved operat1ng the DDL
loop on manual while the ‘analog flow controller was on
automatic control. Before the change in refJux»or steam §
flow-was introduced the current values of top and bottom!-
; oomposttTOn and etther reflux or steam flow were recorde;k
This procedure was cont1nued until. the b1nary sequence was
finished. Dne sampl1ng interval, that is, the heasurement
time delay (128 seconds) was removed before the data was
analyzed The el1m1hat1on of one sampl1ng 1nterva1 was done
in order ‘that the parameters of the pulse transfer funct1on
_would represent on]y the process dynamtcs )

| The operat1ng cond1t1ons of the dtst111at1on co]umn
were chosen as follows: |

1) Steam and reflux flow rates were operated at- 14 75

g/s and 11.85 g/s respectlvely

N\

- (2) Top and bottom steady state compos1t1ons were 95, 89%
methanol and 4.23% methanol respect1ve1y

(3) The magn\tude of d1sturbance for steam and refIUX'

f low rates was 7, 5% -and +15% respect1yely

. : -

~.

4.4 Results
Figures 471 to 4.4 show the behaviour of ‘the bottom apd - -

~

%
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top composition for a double 31 PRBS for reflux and steam .
respectively Figure 4.5 shows the resulting pulse transfer
functons for the distillation column from the analysis of
| the double 31 PRBS. The parameters of the pulse transfer
function are, the average values estimated using the )
instrumental variable and maximum likelihood techniques
The results from analysis of the data using the generalized
least. squares technique differed significantly from the
other two methods and therefore were not used. On the/same
figure, the~corresponding transfer function model in the s
domain is shown (See Appendix I to-convert from z to gﬁ
Uhen qprforming control studies, the min{mum sampling
interval would be 128 seconds. therefore the model of the
column was obtained for those circumstances Because of thei
large sampling interval used the analysis of the data ) '
showed no delay in. the transfer functions between top
composition and reflux and steam flow rates respectively .
In reality. there is a delay of approximately 32 seconds for,
both transfer’ functions | | e

| Figures 4 6 to 4 9 shows the response of - bottom and top

: composition to 4he use of a 63 length PRBS for reflux and
| steam flow respectively . Figure 4 10 shows the pulse ;
| transfer functions obtained from analysis of this data ,'Thé=w'

parameters of the pulse transfer function were obtained from ;o

averaging the results obtained using the instrumental

"- variable and maximum likelihood techniques (38)

Figures 4 ii to 4. 14 di}play the bottpm and top
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o | rates The pulse transfer functions shcwn 1h Figure 4 15
‘._are based on analysis of the 127 PRBS but in thls case. the
'parameters are average velues from the generalized least

- squares. instrunental var'iable and maximun likelihood

st

| techniques (38) AT IR o o -
4 5 Discussion of Results | B
' n determining the trensfer function model of the -
column by PRBS studies. only one magnitude of dlsturbance-_;;__ H-";'f:
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" transfer function between top composition and raflux flow
rate, The longest sequence.‘127 was approximately equal to
five hours of operation to complete the sequence.f Reliable
data was not obtained in using longer sequences because of -
ioperational problems with the liquid sampling- system for the'
~gas chromatograph that is. thS filters became plugged and

require cleaning R Lo

The. inability of the identification programs to

dndetermine the transfer functions more accurately can ‘be
.fattributed to the short sequence length large sampling
:.interval and the possible nonminimum phase response
'_jbehaviour of the column The time delay was the only
'tparameter determined accurately by the identification
:_programs when comgered to the experimental values obtained
';from open loop testing | - : o
| _“. The transfer function model that was used consisted offp
iﬁthe gains from the open loop tests and the time constants |

t(ii:used were average values from the. continuous approximationsfliff:;fY
:t;iof the pulse transfer functions obtained from the,dQUble 31;1" |
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Chapter 5
CONTROLLING THE DISTILLATION COLUMN :
A (' . | v‘ )
5.1 Introduction a . L
The 1nteractlon between the top and bottom composltlon
- control loops presents problems in a mult1loop control
| system w1thout compensatlon Three types of compensators
were evaluated dn order to determ1ne whlch was most

effect1ve in reduc1ng interact1on. The direct Nyqu1st array

method was used to deslgn a plant precompensator The

Ao
1nd1v1dual loops were controlled us1ng the convent1onal PID
controller. . - - . , \\

Most control strateg1e§/for dlstIllatlon columns are
des1gned to hold the product comp051t1ons at some deswred
7setpo\nts In most-cases, the manlpulative varlables chosen
for controlllng the top and bottom compos1tlons cause A"
"fundeSIrable 1nteractlons between the two loops
; .Convent1oqap PID control may work f1ne when the controllers
. are operated 1nd1vldually but when operated together the ‘
'?~control performance 1s decreased when compared to the
L.1ndiVIdual control loops Therefore the control strategy
!Tfused should have some means of compensating or ellminat1ng

;fithe 1nteractions between the two loops

ithe O[hericontrol variable.. This tdea was Tfﬁi:tff
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tried by Luyben (29) where he compared 1Qeal deooupling to
51mplifed decoupling for a binary distillation column: he:_
used a linear model in the frequenCy domain. to obtain the
: decoupling elements Other techniques were used in attempts
to seduce interaction between the control loops Rosenbrock
. used the sum of and the diﬁférence between the values for
the two terminal comp051tions to. manipulate the reflu;/and
'vapour boil up rates respectively RlJnstPp proposed a
ratio control scheme ‘between reflux and tOp vapour ?low
~This type of control ‘scheme was tried by Liesch (27) on a
.IB%nary distillation column. Berry (2). de51gned a decoupled
system based cn a- linear transfer function model Another
method tried by Pacey (41), was to use feedforward control

on the disturbance variiple

5.2 'Theorylfor.Design;of”Compensators o ,,"fn3 .

L - ;‘.: Jo .’?&’ _ \;.

| Due to the work of Rosenbrock et al (49) the design of s
,'fvcontrollers for multivariable systems using frequency chain

:huftechniques has ‘increased substantially in the past:few . ;_;:%Ej

';;_years Single;vaiiable design techniques have beep extended

fj@?to handle multivariablevsystems The most important single 'flf
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that is. the frequency re$ponse data can be used

tly

)

The. desxgn techniques that .can. be used for controller .

-._des1gn are the direct Nyquist array (DNA) method the

inverse Nyquist array (INA) method or the Character1stic

" Locus kCL)_method. - To aid in the des1gn. a transfer!
function modelqwas obtained (see Chapter 4).  Although the‘

time delays contained in'the distillation colbmh”trénsfer ‘

funct1on matrix can be handled us1ng the INA method

'type of d1agrams that result make the procedure somewhat

‘awkward so the INA method was not used, Faced with the:

choice of ‘the DNA method and the CL method, the DNA was

chosen because of_its_ea3e~pf§use and"interpretation'for

design decisions.

For the schemat1c representat1on oF .the mu1t1var1able

system shown in F1gure,5 i, the return rat1o (T(s)) and

t’d1fference (;(s)) matr:ces are def1ned as _Q,r :
I(s) .= Gls)Kis)H(s) 5.9
E ‘%.:1' ‘. ~ '\
-and ) . B

RN
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difference matrices will become the open loop (Q(s)) and
closed loop (R(s)) transfer function matrices respectively.
-Before the stability criteria of single variable frequency

domain techniques
!

can be applied to multivariable systems,
the return difference matrix hust be diagonally dominant.
Using a plant precompensator, the-open loep transfe;
function matrix (Q(s)) can be made diagonally dominant and
‘inherentTy F(s) will also be diagonally dominant. This open

loop transfer funétion matrix is‘és‘fo1lows

Q(s) = Gls)Kis) | . 5.3

where G(s) is the p]antztransfer function matrix and Kis) 15
the controller matrix. To determine diagonal dominance for
the open-loop transfer function matrix, Gershgorin circ1és
‘were used. The Gershgor%n circles have the\aanhfage Qf
being independenf of the controller gains and therefore can
be used in the design procedure. The centre of the circles
lay dh'themNyquist locus of the diagonal element at =
specified freqﬁencies. The magnitude of the radius for th?
Gershgorin circles.is the summatigé of all the off diagonaT
_elements. The return difference matrix is diagonally
dominant if-the Gershgorinﬁcihcles do not include the point
.(51,0). “For a more‘aetailed discu§50n of Gershgorin ciréles
-and their.respective equations see Kuon Ph; D thesis (23)}'

When F(s) is diagbhally_dominant.,ihe Cﬁosed loop
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system.is stable if and only if

.é?ti = -fo | 1 5.4 -
1= ) . ) ’

where nt; is the net number of clockwise encircliements that
the Nyquist locus of the diagonal element t; of matpix\i(sﬁ
makes of the crffical point (-1,0). The symbol Po denotes
” the number of roots of the open loop character1st1c

’polynom1a1 that are in the right half of the complex plane
The open loop character1st1eﬂhb]ynom1a1 is the least common

denominator of all minors of the open loop transfer function
N

matrix. ' | oA

5.3 'Evaluation of Contrq] Systems

Dr1g1na11y it was planned that only proportxona] p]us
integral (PI) control act1on would be used for controlling
both the top and bottom compositions. However, it was found
necessary to add derivative action becaOse‘8f the poor PI
response on the bottom composition due to the large time
>delay'and time constant. The followiné control law was used

in this study, that is,

, uls) = g(s)(g(s)'f yls)) o 5.5°
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where Kb(s) is initia]iy the identity matrix until diagonal
dominance has been achieved and Ke(s) is the plant pfe-
compensator and is designed by co lumn operations. Now the.
open loop transfer funétion matrix becomes | . ‘ -

Q(s) = G(s)Kc(s) ' . 5.7

If Q(s) can be made diagonally dominant; then Kb(s) can be

designed gsing single frequency domaih techniques.

| The precompensator was designed using'fhe direct
Nyquist array (DNA) method és described in the Gemscope

‘User’s manual (62) at the Univefsity of Alberta. The

| Nyquist array method was é]so used to choose thé pairing of

-mahipulative and control variables. :Anothgr method géh the

pairing of variables is Bristo]”sdfelative Qain approééh:

Both methods were used to détermige the pairing as a check

)

éf each‘othen: ’

"The first step in the design procedure.using the DNA 2
method was the pairing of variables (25). Figure 5.2 shows
the .Nyquist plots for each element of the open loop transferl

fﬁnction,matrix shown on Figure 4.17. The Nyquist plots are

.
4
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Flgure 5.2 Nyqulst plots for elements of the plant transfer
function matrix G(s)
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representing Equation 5.7 and in the case of Figufe 5.2 the
precompensator matrix (ﬁc(éﬁ) in the identity matrix
initially. The frequency used for ali Nyquist plbts,is from
'0.5 to 3.0 radians/second. For each element, tHe cross oyér
frequency and the magnitude at that freqﬁency is determined
for each transfer functidn.‘ The magnitude'of each axis is
_indicated on the axis. The lower Nyqﬁisf-plots on Figure
5.2 are both first order éystems wi}h,no tﬁme dqlay. The
control variables fbr the distiilatién column are the top
and bottom composftions."whilé the;possiblelmanipulative
variables are reflux and steam flow rates. Figure 5.3 shows
the pairing of steam flow with bottom compos1t1on and reflux ’
“flow with top compos1tlon as t;é man1pu]at1ve and contro]
variables in each pairing. Th1s figure shows. the Nyquist
locus of the diagonal elements along with the Gershgorin
circles which are uéed as a measure of interaction between
. the chosen pairingvof variables, Figune’5.4 is é similar
figurg;but for the revérse pairing; thét is, éontr&]ling top
comp051t1on with steam and bottom compos1t10n us1ng reflux -
" flow. Comparing the above two f1gures clear]y 'indicates the
former pairing of var1ab1es is a better. choice as 1nd1cated
by the sma]]er Gershgor1n circles overall. In control
terms, this would mean that there is more 1nteré¢tioﬁ if the
latter paiEing is chosen and therefore would be more
difficult to.control. _ | -

As mentioned earlier, Bristol’s re]at;;é gain matrix

approach (4) was also used to verify the pairing of control



Figure 5.3 Nyquist plots of diagonal elements for G(s)
plus Gershgorin circles for Xb-St and Xd-Re
pairing of variables: ’
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Figure 5.4

Nyqulst—plots of'dlagonal elements for st)
Plus Gershgorin circles for Xb Re and Xd-St
pairing of variables.
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and manipulated variables{_'The'méthOd is based on the

steady state gains; that is, when s=0. The steady state
: 3 : - o v
gains (wt.%/g/s) for the column are

-8.841 4.218
6(0) = ,‘ | 5.8
©-0.631  -0.542
If B is defined as follows
B = (g(0)-1) 1 - 5.9
therefore, :
-0.254  -1.980
Bt | i | T 50
0.296 4.150 | . T
. . )

with the relative gain matrix beihgwpéfihgd*%s‘
£33 = Gl0)33B45 or



2.25  -1.25 .

-1.25 2.25

-

Based on the relative gain matrix, top and bottom
compos1t1ons should be controlled by reflux and steam flow
rates respect1vely Both methods agree on the pairing of
variables. Both are based on a meaéurémeﬁf of stéady-staté‘
interactions only. )
The next step was to design a plant precompensator to
" reduce the 1nteract1on between the two control 1oops | fhe
magn1tude of the Gershgorin c1rcles is an 1nd1cat1on of the
, degree of 1nteract1on The key to .the se]ectlpn of the
;compensator'1s to minimize ﬁhe magnitudé of the Gershgorin
>circ1es. The smaller theAradius of the Gershgorin circles
indicates less ihteractioﬁ. ‘%hree different C6hpensators
were'designed, that is,
(1) static only

1.000 ~ 0.477

1.164 1.000
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(2) static plus time delay .
o , 9 ,
£.000  0.477e-256s .
Kcols)=. ) - B -~ - 5.13"
1164 1.000 |
- . | (\ ._ -
C0.)477(1037s + 1)e-256S
_ (11198 + 1) |
Keals)s | . 4 ) 5.14
| 1.164(369s + 1) 1.000
BT AR

For the stat1c§compensator (Equatwon 5.12) which 1s‘
shown in Figure 5.5 the 1nteract1on was reduced in the steam
1oop but.1ncreased in the reflux loop The above conclusion

was arr1ved at by compar1ng Figure 5 5 w1th Figure 5.3.
' This occurﬁed due to the fact that the or1g1na1 system ’
(F1gure 4.17) is an upper triangular matr1x fhe contro]ler'
matr1x can be designed w1thout a precompensator because the
system is 1nherent1y decoupled. For this reason the static
precompensator did not substant1a]1y improve the system in
compar1son w1th no precompensator as shown in Figure 5.3.
It is not unt1l ‘the time detay (Equatlon 5.13) is added to

o« ) 7 v
~ the preécompensator that there is a significantvreduction in
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- Figure 5.5
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‘Nyquist plots of diagonal elements for

‘Q(s)Ko1(s) system plus.Gershgorin c1rcles
_how1ng column dominance.
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interaction between the two loops as shown in Figure 5.6;
Finally,_adding the dynamics to the precompensator (Figu?e
5.7) completely reduces the interaction or decouples the

loops. The absence of the Gershgorin circles is the

indication that the two loops are decoupled...

-

5.4 Implementation of Control Law™ -

_ The different compensators were evaluated through
~swmu1at1on studies us1ng the nonlinear d1st111at1on column
model for +20% feed d1sturbances ~The Z- transform of the .
-compensator was taken and the resulting form 1mplemented in
the computer. For each of the follow1ng equatlons up” and us
‘denotes the‘ohange in the steam and refiux flows o

) respect1ve1y, wh11e the pr1me symbol (‘) associated with up 3
-vand u2 is the change determ1ned by .the PID a]gor1thm for the :
mahipulated>var1ab1es._ For the ~static compensator the
following two'equatjons were used, |

uylz) + oi477p§¥z>. 5.5

upfz)

. uz(z{. ].164uf(z);4 uglz) ’ O mE.

-

.’a ' - ,\) :
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Figure 5,6

0 n20

NqulSt plots of dlagonal elements for'

Q(s)ch(s) system plus Gershgor1n»¢1rc1es

Ehow:mg cqumn dom:mance.

n




Figure 5.7 Nyqulst plots of dlagonal elements for
S Q(s)ch(s) system plus Gershgorln c1rc1es
‘ Showing column domlnance. ‘
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The static plus fime delay. compensator used the'fdllowing

equations =
uqlz) = uylz) + 0.477u’%(z)z-2 - 5.17
U2(Z) =

1.184u'(z) + ub(z) : 5.18

~ And finally, the form of the decoupler (Equation 5.13) used

"is as foltows

uylz) + 0.892(ujlz)z=" - uflz)z-)

uqlz) =
+ 0.442u%(z)z-2 - 0.391u%(z)z"3 " 5.189
A
up(z) = uhb(z) + 0.928(up(z)z-1 - uhblz)z-1)

+ 0.500uy(z) - 0.417ub(z)z-3 5.20

In all the above expressions u is the delta change to be
added to the manipulated variable while u’ is the outhf°of

the PID algorithm as defined by Equation 5.21.

Up = Kplep + Pt/Tik§;8k+ (Td/Pt)(en - eni) .. - 5.21
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The éboye equation is the PID algorithm based on the time
domain form. | _ : "

Before simulation studies were carried out on the
differént compensators for dual control, studies on”the
individual loops were conducted. Proportional p1us integral
(PI) control was less than successful in controlling bottom
composition because of time delay and the large time
constant. Pl was successfully used on the top compdsition
because of the smaller time constant and the absence of a
time delay. The crﬁteria used in;determining the’Eest
gontro]]er constants was to minimize the Integral of
Absolute Error (IAE) value. Therefore,_{nqthis study when
control performance is said to increase or decrease, it is
in relationship to the IAE value. Thus, a lower IAE value
wou]d mean better control performance for the control loop.
However, the IAE criterion does not penalize control
behaviour for -oscillatory effects_and foq that reason‘it»may
be less than optimal as a'ériteribh to use. Tables 5.1 and
5.2 summarizeY%he contro]1é; setéings used to control the
bottom and top'compos{tions with the control behaviour shown
in Figures 5.8 to 5.16 inclusive. Table 5.1 shows
cohtroller settings for single variable control that isl top

~and bottom composition control.



Table 5.1 PID donstants Uséd For Figures 5.8 - 5.13-

J ,
- ///'

Figure——  Kp T3 ' T4 Pt
5.8 (1)-Xb  27.0 658.2  164.5 128
“{2)-Xb  27.0 8000.0 - 164.5 128
(3)-Xxb  27.0 8000.0  164.5 64
5.9 (1)-Xb 5.1 1497.6  374.4 128
| (2)-Xb 5 1 2995.2  374.4 128
(3)-Xb 6.6 2995.2  374.4 128
(4)-Xb 6.6  2995.2  374.4 54
5.10 (1)-Xb 3.1 2074.1  518.5 128
(2)-Xb 5. 1 1497.6  374.4 128
(3)-Xxb  27.0 658.2  164.5 128
5.11 (1)-Xb 3.1 2074.1  518.5 128
(2) - Xb. 5.2 2074.1  518.5 128
(3)-Xb 6.0 2074.1  700.5 128
(4)-Xb 5.2 2074.1  518.5 64
5.12 (1)-Xxd  24.8  1000.0 . ~----- 128
(2)-Xd  24.8 1000.0  ----- 64
(3)-Xd  24.8 1000.0  ----- 32
5.13 (1)-xd  24.8 1000.0 | 128
(2)-Xd  33.0 600.0  150.0 128
(3)-xd  95.0  3000.0 0 32



X . { '
Table 5.2 PID Constgnts Used For Dual Control

S
(A) -20% Feed é;éfﬁrbance
| ~
~—
Xb . xd
Kp 6.0 33.0
Ts . 2074.7 600.0
Tq 700.5. 150.0
Pt "128.0 128.0
(B) +20% Feed Disturbance
| Xb - - Xxd
Kp 10.5 - 33.0
T, 1573.2 600.0
T4 ~ 393.3 150.0
. o
Pt 128.0 128.0

97
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5.5 'D%scussidn of Results

~ The individual loops were tuned using the Ziegler
Nichols (Z-N) method. Figure 5.8 shows the PID Z-N
controller constants if the bottom composifion:contro] Toop
had no time delay. If the integral action was reduced or
the sampling interValadecreased by one half, the control
behaviour improved as indicated byrghe lower IAE values. It
should be remembered that the Z-N method for tuning
~controllers is for continuéus systems, but as indicatedAByv
Figure 5.8, the methéd does perform quite well as an initial’
guess for sampled data systems.{,FiguEe 5.9 displays bottom
composition control for a time delay of one sampling
interval (128 seéonds) using PID control action. The
controller settings were determined again by using the Z-N
method as the initiaa guess. In this case, the Z-N
controfler settings had to be modified more than in the
_brevfous:Case,-that is, the integral action reduced and the
proportional action increased before the IAE value was
reduced. Again, decreasing sampiing‘interval by one half
rédﬁcés the 1AE value considerably. Figure 5.10 indicates
the decreasing control performance of a PID controller (Z-N
fynea).as the time delay is imereased.. The largest decrease
-in control performance Ybr inérease in the IAE value)
occurred when the first time delay of one sampling %nteryal

was added. The addition of the second Sampling interval to -

the time delay (256 seconds) was not as significant in
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decreasing the cohtrol behaviour. This is tHUe until the.
béint isﬂreached at which the sysq8p becomgs unstable. ’The
basis of comparison for all three curves is the use of the

- Z-N method of tuning. Figure 5.10 illustrates th5t for
systems with large time delays, PID control per formance
decreases when compared to systems wfth no time_de]ay.
Figure 5. 11 éhowé an aftempt to improve the control

per formance, that is by redUcing the IAE value. For 5 256
second time delay it was necessary to use the ultimate gain
as determined by Z-N.methbd,_a decreaégg value for infegral
time and also increase the derivative action. This result
provides a good example. of how derivative ac%ion can improve
control performance of systems with timé delays. I; should
bé—hoted'that reducing the sampling interval in the above
case has a lesser effect (IAE being reduced) . than when the
sampling period was reduced for the cases of 128 second time
deléy and no timé delay.

Negt, the top- composition control loop was tuned.
Again, the loop was Z-N tuned using a sampling interval of
128 seéonds. Experimentally, the sampling interval of .one
second was possible for the top loop because a capééitance
probé Qgs used to measure top composition. Figure 5.12
shows that Pl control can effectively be-usea‘for the top-
coﬁposition. The sampling interval was halved two timeék
from the origina1'128§sec06d$ énd thé peﬁformance improved
substantiafly each time. -This shows clearly that the Z-N ’

method is definitely more accurate when used for continuqéf
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systems, that is, es the‘sanpling interQal becomes
contwnuous. control performances 1mproves It is
1nterest1ng to note that the bot tom compos1t1on behaved as.
1f only a feed d1sturbance was exper1enced Th1s indicates
that the reflux has 11tt1e 1nf1uence on the bottom
compos1t10n during a -20% feed dlsturbance F1gure 5.13
- shows the differences 1nycontro] behav1our between ?I and
PID Z-N tuned contro]ler settings using a sampling interyelé-
of 128 seconds. With the addition of derivative action, ‘the
IAE’value.wes almost halved indicattng better control. The
»ffnal curve shown on Figure 5;t3 ehowsythe control behav;our
of a tith]y tuned PID loop using a sampling intervat of 32

“

seconds. And finally, tight tuningfthe”controller gave no
' z
deviation from the setpoint. =~ ; : : {

: Forrmultivariable'control systems; if it is a mu1t1loop
case (that is no compensation,for 1oop interactions) then.
different samp]ing times for each control. loop are
%cceptablé. AS‘soon as the loops are connected in an
interacting ccntrol system {(use of a plant precompensator).»
thenlthe‘sampling interval must be the same for a]i"TZSEE,f
.otherwise the syétem becomes unstable. The above beh9v1our
was encountered wh1le performing control s1mu1at1ons In
. this study, the smallest sampl1ng interval is the max1%um
'sampling»interval of the two loops of Which the gas
| chromatograph is’ capable (128 seconds ) .

The follow1ng three f1gures show results for the cases

when the two control loops are compensated for the
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resbective effects on each other. Figure 5.14 makes a
“comperison between the multiloop case and the three types of
ebmpensators~des}gned by the DNA method for dual control.
For the*muititoop.case, the two control loops deteriorated
in control perfermance when compared to their individual
loop performance , that iswrthe topucontbol 1oop IAE value |
increased from 7.5 to 17.3 and while the béttom control loop |
IAE value 1ncreased from 63.7 to 105.0. TJE top per formance g\\\
improved for all three types of compensators trled The4
decoupler was the only precompensatoq“to achieve an I[AE
value less than the IAE va]ue for bottom composition in .
cqmpartsén to the mutttoop case. The top contrelv]eop lAﬁ
value increased from 7.6 to‘15.4 but.remained less than the
mutiloop case. Attempts to retune the‘contrql teops for the

_ _ . |

multivariable control system lead to better control :

behaviout but the IAE values for single loop contro] could
not be reached. The reason for the 1éss than opt1ma1
results for the compensator that i s} stat1c and static plus
' ~time delay, is the fact(that the system is a dominant
system. The steam flow determ1nes the performance of the
top centrol loop and has a greater effect on the column-
operat}on than the reftux flow. The system is an uppe#
tr1angular matr1x and the contro] strategy for the |
d1st1llat1on column can be des1gned using PID contro]
without compensatien.

| Figure §i15 present results that are similar to.Figure

-5.14, except that the sampling interval has been reduced by
ot ' '
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one ha]f.for both control 1§ops andtéonseqyently the
performance has improved. The results shown for the PID‘

| Qontroiler of.128 seconds were similar except the overshoot
of bottom combosition was reduced significantly while the
top composition performance stayed ébout the same.

Table 5.3 summarizes static gain values used ajong with
the resulting IAE values when‘éttempts were made to fmprove
the overall control performance. In Table 5.3 the differeﬁt'
combensétors are represented in the following manner, that
is, "t1" for thé static, "2" for the static plus time delay,
and "3" for the decoupler. The effects of changes in the
compensator gain values were investfgated since.if was felt
that this would have the greatest effect on the performance
of the interacting controi system. Therefore the static
gains Ki.and Kz were varied by *10%. Decreasing the static
gains individua]fy and simultaneously did impﬁove IAE values
when compared to the first two casés. Uéing the.controf]er,:
PID cbnstants for the tight top composition control the IAE
values decreésed»for bot tom and top locps with a greater
percentage for the top.

Figure 5.16 shéws~the controﬁ per formance of the
mutiloop and three compensators fér a +20% feed disturbance.
Since an increase in feed does not affect the tdp loop
(Figure 3.8) the segg controller settings as were used ‘in
the -20% disturbance multiloop case were again chosén} The
bottom control loop PID constants had to be retuned for the

+20%vfeed disturbance to the values shown in Table 5.2. For
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Table 5.3 Effect of Compensator Gains Ki and Kz on Control

Per formance

Compensator Type

1 2 3

Ky Ky IAET  IAE2 15é1 IAE2  IAE1  IAE2
0.477 1.164 137.7 14.94  125.5 7.6 91.5 15.4x
0;475 1,164 131.0 4.7 124.6 3.1 B87.6 5.1x=
0.525 1.164 159.4 17.2  .131.6 7.9 96.1 16.3x
o.4§9’ 1.164 123.4 12,9  120.1 7.3 89.4 14.6%
0.477 1.280 _162.0 19.0 135.3 9.6 90.4 13.5x
0.4%V\ 1,088 117.8 13.0  118.0 7.1  93.2 17.5
0.428 5 113.4 6.8 - 89.8. 16.5%

T
.429\\1.048 110.1 11,
\

-- PID constants used for -20% feedvdistqrbanbe
| *x -- PID constants using tight top control with

\ bottom loop constants unchanged.
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the increase case, it is interesting toAnote that the IAE
value for the bottom lqdp was not improved over the
multiloop case,.aithough the top loop performed better for
all three cases. Performance again would {mprer if the

samp]ing.interval were decreased by one half.



 Chapter 6
CONCLUSIONS

Cdnc]usions can bevdrawn from the three phases of this
work. The first phase was to develop an accurate nonlinear
hodel té describe the dynamic’behaviour of the distillation
column. The second phase of the thesis work was to develop
a linear model in the form of transfer functions relating O
the chosen controlled variables to manipulated varﬁablesll
The lihéar model was used to help design'compensators to
reduce the interaction between controlled and méﬁipqlated

'Jvaniables. The final stage was to design the compensators .
u;ing the‘difect Nyquist array method and then to compare
‘ -,thefdiffefent'compensators in dqal control étudies usiné the

‘{_noﬁlinearimOdel. The following conclusions were made;

(1) Experimental data for the bptfom and top
~ compositions cllose»ly matched the simulated results for the
"nohiinear distillation column model for steam, reflux, and

feed flow disturbances. Thé nonlinear model used  in this
case was a coﬁstan;‘holdup, efficiency, and heat loss baSed,
on the initfal steady state operating conditions. |

{2) The nonlinear model using variable éffﬁéiency and

heat lbss proauces values‘for'the ffna] steady state_bottom
and top compositions which match identically to the
' experfmehtal;results. The variable model worked well fbr

both stgam,and ref lux disturbance but was not useful for the

114
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feed disturbance because the topipompositﬁon which was the
reference compdsition used was iH;énsitive to feed flow
increases. As expected, the heat loss and efficiency
between the initial and final éteady states dfd not vary ‘
significantly.

(3} Significant imprermenF was accomplished in the
analysis of the bottom composition using the gas
chromatograph. The sampling interval was reduced by one
halve to 128 secdnds. The long transportation delay which
was experienced by previous co-workers was completely
éTiminafed. Finally, the accuracy of medsuring low
concentrations (less than 1.0% methanol) was'improved by tﬁe
use of a different column pack1ng for the gas chromatograph

(4) A procedure for determ1n1ng the liquid mass holdup
on the trays more accurately was developed '

(5) The PRBS identification technique used was very
accur in determinind the time delay of the transfer
functions considered.~ The identification technique gave
some coinst nt results for the parameters between the PRBS
sequences tried, but the gains were not close to the
L\éxpepimental results obtained from the open loop responses.
(6) The. results between the open loop responses and the
" PRBS studies differed due to the use of the large sampling
interval and only one magn1tude,of disturbance.

(7) A non-interactive control'stfategy for the
distillatpn column doeé slightly improve dual ‘control when
compared to the multi-loop case for dominant‘mujtivariable-
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systems,

(8) A non-interacting cofitrol system only reduces
interactions in control loops for the mulitivariabie system
and does not improve loop performance when compared 10
single loop contro] per formance. |

(9f Significant improvement. of the multivariable
control performance was achieved by reducfng the sampling
interval. |

(10)- A non-interacting control structure has a greater
effect on systems that have éimi1ar effects on each other’s
control loops than for a dominant multivariable control
systems. /

(11) If the dynamic elements of each control 1oop‘are

similar in the precompensator, then improved control

per formance can be obtained by using only the static gains.



- NOMENCLATURE

A - constant of pulse tranfer function

léz - materfal balance equation matrix
-A.

.~ energy balgnce equation matrix

Y] t? @P

- intercept for heat capacity at 0°C (J/g)
B - constant of pulse tranfer function
b - constant in heat capacity (=4.184 y/g-°C)
Cs 5 ~~re]ative gain matrix |
E - tray efficiency
Ef - final efficiency , " N
Ei - initial efficierncy . ///’//
- e - error = (setpoint - measurement) \ | <«

' AN

N~
\\

F - feed flow rate (g/s)

Y

E(s) - m x m return difference matrix
ET - hight,hand side of matrix é ' : ‘ ﬁ f\
'G(s) - m x t plant transfer function matrix - j

H - 'vapour enthalpy (J/g) v ~ , /
2,4 tridiagona!fcompositidn matrix

Hfe - feed flow enthalpy (J/g) o : ‘ ' T
Hre - reflux flow edthélpy (J/g) “ u

Hs - steam ehthalby (J/g)

H(s) - m x m measurement transfer function matrix

h - liquid enthalpy (J/g)

hf - feed gnthalpy {u/g)

hs - liquid enthalpy of side stream (J/g)

L - identity matrix
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IAE1 and IAE2 - integral of absoiute error for two }oops
Kb(s) - controller matrix

Kc(s) - precompensator matrix

Kp - propdrtionél action of PID algorithm-

K(s) - t x m overall precompensator matrix

K1 and K2 - gains of compensator matrix:

L - liquid mass flow rate (g/s) |

f‘_Pg - roots of open loop characteriétic polynomigl
g(;Y\T\Eéro\onggguhold

Pt - sampling interval ‘ ’

Q - heat loss per stage (W) <

Qf - final heat loss (W)

Qi
QR - heat to reboiler (W)

initial heat loss (W)

Q(s) - m X m open loop transfer function matrix
Re - reflux mass flow rate (g/s)
R(s) - m x m closed loop transfer function.matrix

r(s) - m x 1 vector of setpoints
S - side stream mass flow rate‘(g/s)
St -'steam mass flow rate (g/s)

s - Laplace operator ’

Te -.time'constanf_for cont inuous tfansfer functién form
Ty - derivative action of PID algorithm

Ty - integral action of PID algorithm

Ts - steam temperature (°C)

I(s) = mxm returh,rafio~matrix-

T, - reboiler or first stage temperature (°C)
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A5

t; - number of encirclements of the origin for I(s)
UA - product of heat transfer times area (W-"C)
u{s) - m x 1 Qectdr of,hanibulative variables -

~uy - overall chanée in steam flow rate N

u; - change in steam-flow as a result of PID control

u, - overall change in reflux flow rateA

119

u, - change in refiux flow as a result 6f PID contré]
Vo - Vapdur mass flow rate (g/s) 

VT - vapour mass holdup of a stage (g)

WT < liquid mass ho]dup of a sjgge (g)

X - liquid composition in wt. £saction

>
o
1

bottom composition % methanol
Xd - top'compositon % methanol

feed composition in wt. fraction (methanol)

>
-+
'

Xr - reference 1iqUid;composition wt. fraction methanol
Xrf - final referencé.composition

Xri- - initial refeﬁenée composition

Xs - liquid composition of side stream in wt. fraction
y(s) - m x 1 vector plant5”output i

Y- vapoﬁr composition.in wt. fraction

v¥ - equi lbrium vapbur composition k

z - pulse transfer operator

Subscripts
.k - integration interval for model

~n - stag number - : | -
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APPENDIX A

A.1 Physical Properties for Methanol-Water

The’folldwing physical relationships are taKen'directiy
from the M.Sc. thesis of Pacey (41) but are presénted here
"in SI units. These functional relationships are used when
-pefform{ng’a mass and energy balance on the distillatﬁon
column. ' The qesiénations of -the fuhctionslafe as used in
computer programs. | '

‘}(a) déhsity of- liquid water -

" DENSW(T) = 1.0050-0.2142E-03+T-0.2508E-05+T2 A
B L . Range: 40 < T < 120 ‘ N
Units:  DENSW(T) - g/cms
' T N -.‘ . C » -

:(b) density of methanol-water mixfure

© DENS(T,X) = 1.0201-0.5123E-03%T-0. 1512E-05+T2
| -0. 1519E-02%100. 0*X

-  -0.8106E-05%(100.0%X)? - ; {M . i"A-é
Bangef 40 < T'< 120
N 0 <X < 1.0
Uﬁits:”.v"DENStTiX)'?‘Q/ch3"

=T B v

..‘_1218 R
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X - - wt. fraction methanol

(c) heat capaéity of liquid methanol

CPML(T) ='2.3305+ZzB241E403*T+37.5978E-06*T2A

Range: 0 ¢ T <120

Units: CPML(T) - dJ/g-" C
. T -t C
Y ‘ : : |
(d) heat capacity of liquid water

CPWL(T) = 4_.1882-5.6‘902E-04*T+8.'4935E,—06*T2 _

/7

Range: 35 ¢ T < 100 )
Units:  CPWL(T) - J/g-" £
- e

(e) heat of vapourization of water

" HEATW(T) = 2510.35-9.27E-01*T-13.06E-04*T2

>

Range: 150 <. T < 300
i . »
Units: HEATW - J/g

T -°cC

>

- {f) enthalpy of saturated methano}-water‘vapour

ENTHV

2657.4-1424. 8+X

Rangé: 0 <X < 1.0

e

A-3

-
t
E-N

A-5

A-6
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Units: ENTHV - J/g
‘ X - wt. fraction methonal
The equ111br1um data shown in Table A.1 was taken

directly from the Ph.D. thesis.ef Svrcek (57) except for oﬁe
value. The one value(*) was replaced by an. estimated value
after the curve was hand_drewn. Figure A.1 is a blot of the.
values as generated by use of the,spTine function (12f fof
increments‘of 0.001 inf]iqUid éompositidn.. Similaf]y, Table
A.2 contains the liquid enthalpy data and Figure A.2 shows
the Eepresentation using values'generated by the epline
function for liquid composition Versus enthaipy while Figure
A.3 shows the generated values u51ng the spline funct1on

corresponding to data values from Equatwon A-6.
]



Table A.1 Liquid Vapour Equilibrium Data

"X
“wt.

I eYelel=leleleiolelelololalololelalofolo elelelele)

¢

COMP Y COMP

fraction methanol
.0000 0.0000
.0350- 0.2158
.0689 0.3469
. 1020 0.4372
. 1338 0.5055
. 1650 0.5609
.2026 .. 0.6143
.2388 0.6556
.2739 0.6870
.3078. 0.7100
.3405 0.7331
.3722 0.7500
.4028 - 0.7652
.4325 0.7793
L4612 0.7927
.4882 0.8043
.5162 0.8154
.5665* 0.8300
.5926 0.8449
.6400 - 0.8624
L7273 0.8934
.8058 - 0.8224
.8767 0.9504
.9412 - 0.9759 .
.8713 . 0.9881
.0000 - 1

0000

TEMP i

.00
.39
.61
.39
.05
.50
40
.28
.70
.67
.25
.61
.78
.00
17
.60
.80
.80
.06
122 B
33

.44
.94
11
.44
.70

<

131
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- 100:0

800 |
5600
40+0 |

20.0]/

VAPOUR COMRDSITION(PCNT MEOH)

: [)n(j .. |
| o 0 eo 0 40 0 50 0 BO o 100 0

LIOUID EDMPDSITIUN(PENT MEOH)

_ Figure A.1 Liquid vapour.eQuiiibrihm'curve.



‘ 133
Table A.2 Liquid Enthalpy Data
X COmp : ENTHALPY
_wt. fraction methonal : J/g
0.00 : 418.39
0.05 399.56 " b
0.10 " 378.64 :
0.15 _ 355.63
0.20 ’ 331.46
0.25 305.43
0.30 280732 ~-
0.35 256.38
0.40 - 235.46 - o
0.45 221.75 ) S
0.50 \ : -203.85
0.55 o 191.583
0.60 182.93
0.65 =~ - 177.82
0.70 ' 173.63
0.75 . 170.61
0.80 - 168.52
0.90 S 165.50
1.00 - . ~ 163.17




[~}

. 4(%3”()4-‘~. ‘
3500 |

300:0 |

»’EESC)°[)JT‘

'LIOUIDENTHALPY(JDULES/GRAMI

2000

9S00 e
- o0 eo 0 40+0 B0:0 0- 0 100-0 -

LIQUID EDMPDSITIIN(PENT MEUHiﬂ'

Figure A.214Liquid enthalpy curve.
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2700.0 +

2400.0 +

.

* VAPOLR ENTHALRY (JOULES/GRAM)

2100.0 1

1800.0 +

1500.04+ = -

. 1200.04——
" o ‘ 0.

] .
o

© VAPOLR CONPOSITION (PENT WECH)

2 .

o "lvFigb_ure ‘A_.3 Vapour enthalpy curve. "

- °



APPENDIX B
B.1 'Differential Equations

This section outlines the development of the entries
for the H matrix as defined in Equation 2.22. The entries

for the H matrix are established in the following manner.

Substituting Equation 2.4 into 2.5 yields
Win{dXy/dt) = Lyyg X nt1- bnXn * Va1 Yn-1 - Vn'n

- Xnllney = Lp * Vpoy = Vo * Fp) + FnXfn B~

Thejequations presénted will be for a general tray inclﬁding.
the feed stream. The feed stream will be deleted when not |
applicabie. To eliminate the vabour\compositioh from
Equatiorf B-1 an equi lbrium constant (K) is defined as

follows

_ , . v .
whichH is performed for each stage. The feed composition is:

eliminated %rom the feed stage by using the following ratiq

RR = Xfn/Xp o o  B-3

136
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Using the above two equations .to eliminate Yn and Xf, from

Equation B-1 and collecting like terms yields

dXy/dt = X (Lpgg /WTo) % Xp (Vo (1<Kn) - Lnst - Vel
+ FLRR - Fp ) /WT, + Xn-1.{Vh-1 Kn-1)/WTy

Wrifing the equations for each stage results in a 10x10

B-4

tridiagonal matrix H shown in Figure B.1. Each element in

the matrix is multiplied by At/2 with blank entries being

zero. For the special stages the' following equations will

apply that is,

al =
ag = ag + (RRFS “F5)/WT5
ag . = 4V9(1;9?~ Kg) - Re -

aipg = 'Vg/WTio'

cg = Re/WTg

(Vg 61.0 - Kg) - Lp)/WTy

B-5

" B-6

B-7

. B-8



- where;

&

Figure B.1~

] | b9189 >09.
| , / bio ato |
e ; : - 2

a1 ¢1
by az c2
| b3 a3 ¢c3
- by ay cy [,
bsg as c5' é
b6 a6 6 |
by ap/ e7
'b/ asg c8‘

Ln-‘-l“/w-rn s ns 1 i 8 .
o

Cn.

4

= Vpe1Kn-1/WTn,n=2, 10
.\\

= (Vp(1.0 - Kp) - Ly - Vneg ) /NT 2,8

¢
“
l

" The tr1diagonal matrlx H used to solve for |

liquid composit1on
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The follow1ng analys1s was used totsolve for the liquid
and vapour flow rates as defined by Equation 2. 26 The

‘follow1ng equation can be obtained by rearranging Equation

2.4.

]
o Lln#1 - Ln * Vpoy - Vp o= d(WTp)/dt - Fpy ~ B-10

"~ Using the above equation for the first 9 stages,';he upper.
two partitioned matrices A; and A, are forhed. At this.
point the effects of changing holdup can,Pe studied by
having a method to evaluate fheAChange 6F3holdqp. In this

dl;tudy, since constant liquid mass Hbldup was assuéed, the

term d(th)/dt is not retained. Substituting Equat1on 2.4

1nto Equation 2. 6 and rearranging y1elds

Ln+1 (Pn1-hn) + Vnlhp-Hn) + Vnog (Hne1 - bg)

@ .
1

11

/e equation for each’étage, excluding the

condenger{, the lower two partitioned matrices A3 and A can

be generated. The complete matrix shéaing all the entries
{s shown in FiguresrB 2 and B 3 The: resultant matrix is a
18x18 matrix that" is used to solve for the 11qu1d and vapour
flow rates on each iteration. Not all of the entries on the

right hand side are non zero. They are as follows



Fig

and

FTm

‘ FTlO

FT18

o

-Re v

|

Wi,d(h,)/dt + Q,  n=2,9, mm+9,18 |

j
.

WTyd(hq)/dt + Q; - QR /
Flyy - Fihfs - hg) -/ |
. ;o ) : ,// |
L ‘J

FTug - Relhre - hg) /
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[ -1.0 +1.0
1.0 +1.0
1.0 +1.0
1.0 +1.0
+#=1.0 +1.0
-1.0.+1.0 v
-1.0 +1 0
=1.0 +1.0
-1.0
/ﬂ
-1.0 | v
£1.0 -1.0 ) |
+1.0 -1.0 .
+1.0 <1.0 |
- +1.0 -1.0 -
| +1.0 -1.0
L +1.0 -1.0
Cs0-100
+1.0 -1.0 |

__Figufe-B,Z

Entries for: the upper two partitioned matrices ,
-Aiandéz ‘



- ho-hq

1 hy-Hp

_Hz-hy

Hi-hp ha-Hp.

142 -

h3'h2

h3-H3

HyhshgHs
" Hghg hg-Hg
Hehg rrtr

-~

F1gure B 3 Entries for ‘the lower two partitioned matrices .

>
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B.2 Programs Used for Simulation of Mode 1

_ The s1mulat1on of the model is’ performed by us1ng a set
of subroutines des1gned to carry out specific tasks Figure
B.4 shows the order of executing each subroutine. Along
with these subroutines are a few system subroutines plus
programs from Forsythe (12). iA short description of each
subroutine will be given here;

(a) INII -sets up the 1n1t1al conditions

(b) PRINT pr1nts desired var1ables at time e&hal zero

(c) -next the program checks if it ‘is time for the open .
or close loop disturbances | oo

:(Q) COMP -.éa]cuiates the iiquid temperature and the
_equiTibrium vapour’ composition baséd on the liquid
COmpositioh. first uéing SPLINE (12) and then SEVAL {12).
The actual'vapour composition is calculated using the
Murphree vapour efficiency. | ’

" (e) ENTH -calculates the liquid and vapour enthalpy

“based on the liquid and vapour composition. |

(f) VFLOW -calculates the 11qu1d and vapour flow rates
using first DECOMP (12) and then SOLVE (12). DECOMP
decomposes the matrix into an upper'tr1angle matrix énd
SOLVE,baéK substitutes to determine the individual flowé.

_ (g) PRIN2 -prints top and'bbttom éompositioh at

. specified 1ntervals ' L‘“ | v

(h) PRINT -pr1nts out deSIred variab]es at a spec1f1ed

pr1nt 1nterva1
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© e e o e e < S ey

Figﬁi_-e ‘B.1l ‘ éo‘mput".e_-rfflow. diagrém of annlinear model.} .
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C THIS PROGRAM USES MASS, ENERGY AND COMPONENT - BALANCES 10
C SOLVE FOR COMPOSITION TRANSIENT stponses FOR A 10 STAGE
C DISTILLITION COLUMN.THE ASSUMPTIONS ARE
NEGLIGBLE VAPOUR HOLDUP
PERFECT MIXING :
CONSTANT LIQUID HOLpuP
VARIABLE EFFICIENCIES ANp HEAT LOSS PER TRAY BASED ON TOP COMPOSTION

REAL LT(10),DIST(3) CHAN(2)-CHAN1(4) CHAN2(2)
INTEGER ISTRN(3),ICHNG(3),JACT(2) .

COMMON T,MTT,XT{10),YT{(10),LT EF(10),VT(10),WT
1,HVT{10),0WT (10 10),05P(10),DXT(10),HLTO(.1
COMMON E(10).EE QLP{10) ,qRP{10) XF(3),FE(3
COMMON X5(26),Y TLS(25) xsT(19},vsT(19) ,H
COMMON HSI, UA,T HR'QR, K,XIN XIF,IDT,
COMMON B1(26).¢ }.B2(1 ).c2(19) D2(19

I RE: s FE, ’ STI
ITEST

1,03(189) . .
DATA ISTRN/.

ICHNG -
DIsT

READ(5, 10
ITYPEIICON LF.MTT NI

OOOOO

(
0
)
X

MOMO—‘O
W wO—

(1 1
)' ( )l
(10), S
5{26) S{
R,DY, TS
1(- ) ),

B 1,c3(19) .

~
©:
—
n»
~ -

. READ!{
X1

FEI'REI STl
HF  HR,NSI,UA
XFI,DT

1EQ. UM, N

b md wh b b id wh -
[elalele elele) -]
S WHBWN WO
—— v~ s o i el S et e

JM=JM/DT
JN=uUN/DT
IN=0
I11a0-
N1=60*NI/DT
DO 10 1D=1;3
. IF(ISTRN(ID)-ITEST)10,1 10
10 CONTINUE
1 G0 70" (2,3,4),1D ‘ ‘
2 D0 20 1x1,3 .
~1cn~e(1)=so:1cn~e(1)/or . -
XF{1)=XF1/100.0
FE(I)=FEl
ST(I)=sTI -
RE(I)=DIST(1) .
20° CONTINUE. , ‘
GO T0 5 : : ’ ’ y
-3 DO 30 I=1,3 ) -
ICHNG(I)’SO*ICHNG(I)/DT . ‘

- XE(1)=XF1/100.0
“ST(1)=ST!
RE(1)=RE! - , . o
FE(1)=DIST(]) . , :

30 CONTINUE o] . _ -
GO T

05 i
4 DO 40 [s=t,3
ICHNG(I)'ICHNG(I)‘SO/DT
- RE(I)=REI
FE(I)=fFEI
XF(1)=XF1/100.0
ST(I):DIST( )
40 CONTINUE
5. CONTINUE

c .



O0O0O0O0

OOOOO0O0

12

13
14

» ST(IDT)*ST(IDT)+CHAN

201
16

60

70

1DT=1
CALL INII

7=0.0

CALL PRINT

DO 80 KK=1,NI
T=KK=DT/60

DO 50 Ju=1,3

IF (KK-ICHNG(uJJ))50,6,50
IDT=dy

CONTINUE ;

GO 10 (16,12), ITYPE

1TYPE=TYPE OF SIMULATION IE.

1 -- OPEN LOOP _—
2 -- CLOSE LODP .
CONTINUE '

CALL PI(XT,DT,KK,NI,ICHNG, ICON, IACT CHAN1, XB)
CHAN(1)=CHAN1{1)

CHAN{2)=CHAN1(2) |

GO TO -(15,15,15,13), ICON

ICON=TYPE OF CONTROL IE.
1 -- BOTTOM CONTROL ONLY
2 -- TOP CONTROL ONLY
3 -- BOTTOM AND TOP CONTROL WITHOUT COMPENSATION
4 -- BOTTOM AND TOP CONTROL WITH COMPENSATION

CONT INUE - )

. IF(KK-ICHNG(2)) 15,14, 14

CALL NICMP{CHANT, KK ICHNG IACT CHAN2)
CHAN(1)=CHAN2(1)

CHAN(2)=CHAN2(2)

CONTINUE

(
RE(IDT)=RE(IDT)+CHAN(
WRITE(14,201) KK,RE(1
FORMAT ( 1X, 14-2(2X F6.
CONTINUE
CALL COMP

| ,CHAN( 1) ,CHAN(2)
6))

. DO 60 N=1,MTT

HLTO(N) =HLT(N)
CONTINUE -

CALL ENTH ~ °

DO 70 N=1,MTT ' .
DHL(N) = (RLT(N) - ~HLTO(N) ) /DT

CONTINUE

CALL VFLOW

I1211+1

INsIN+1 .

IF(11-UM)7,8,7

110

7 IF(IN-UN)S, 11,

" 80

100

CALL PRIN2(JM KK MTT, XT,LT,VT, ST(IDT) RE(IDT) ITYPE,XB)

IN=0
CALL' PRINT
CONT INUE
CALL INTGR
CONTINUE
FORMAT (42)



101
102
103
104

10
202

203

20

o
O

30
205

147

FORMAT(515) - A
FORMAT(2(1X,F8.6))
FORMAT(3(1X,F6.3)}
FORMAT(4(1X,F8.3))
STOP
END
SUBROUTINE INII
REAL LT(10) , - ,
COMMON T.MTT,XT(10),YT(10).LT,EF(10).VT(10).UT(10).HLT(10)
1.HVT(10).DHT(10).TL(10),QSP(10).DXT(10).HLTO(10).DHL(10)
COMMON E(iO).EE(10).OLP(10).QRP(10).XF(3).FE(3).ST(3).RE(3)
COMMON XS(26J.YS(26),TLS(26),XST(19).YST(lQ).HXS(19).HYS(19)
COMMON HSI.UA.TR.DT,LF.HF.HR,OR,KK,XIN.XIF,IDT;TS.IEQ
1cggv(aog)a1(26)_.c1(2s).u1(26),82(19),c2(19).02(19).83_(19).c3(19)
v 1 '
. READ(S, 100} (XT(N)},N21,MTT)
READ(5,101) (LT(N) ,N=1 MTT)
READ(S,101) (VT(N),N=1 ,MTT)
READ(5, 102} (WT(N) ,N=1,MTT)
READ(S, 103} (QLP(N} ,N=1,MTT)
READ(5,103) (QRP(N) ,N=1,MTT)
READ(5, 104) (E(N) ,Nx1,MTT)
READ{5,104) (EE(N),N=1,MTT)
READ(5, 104) (XS(N),N=1,26)
READ(S, 104) (YS(N) ,N=1,25)
READ (5, 105) {TLS(N),N=1,26)
WRITE(13,200)
FORMAT(//, 11X, ' wenwunasEQUILIBRIUM DATA®®sssnns’ )
WRITE(13,201) i i ' .
FORMAT( 11X,’ LCOMP’ ,8X,‘ VCOMP’ ,8X,’ LTEMP' ,//)
DO 10 N=1,26 : :
WRITE(13,202)XS(N),YS(N),TLS(N)
CONTINUE N )
"FORMAT(11X,F6.4,7X,F6.4,7X,F6.2)
CALL SPLINE(26,XS,YS,81,C1,D1)
WRITE(13,203) . ‘ :
FORMAT(//,2X,’ INTERVAL’., 10X, «&YSx#’ 12X, ‘' «%B1nn’
1,15X, ' «=Clas’ 15X ‘saDins’ //)
DO 20 I1=1,26 -
WRITE{(13,204) 1,Ys11),Bt(1),C1(1),D1(1) o
CONTINUE T : .
FORMAT(5X,12,13X,F6.4,9X,E12.5,8X,E12.5,9X,E12.5)
CALL comp :
READ(S5, 104) (XST(N),N=1, 19)
READ(S5, 105) (HXS{N),N=1, 19)
DO 30 I=1,19 :
YST(I)sSEVALtzs,xsr(p).xs.vs.at,c1.D1)
HYS(I):2657.4-1424.angT(1) ‘
CONTINUE ) : : v
WRITE(13,205) . \ %
FORMAT(//,10X,’ s«=«ENTHALPY COMPOSITION DATA=#xs’ )
WRITE(13,206) o
FORMAT(IOX.‘LCDMP’.4X.'LENTH',4X.'VCOMP’.4X.'VENTH5,//)

206

40
207

DO 40 N=z1,19

WRITE€13,207) XST(N) ,HXS(N),YST(N),HYS(N)
CONTINUE =
FORMAT(10X,F6.4,3X,F6.2,3X,F6.4,3X,F6.1)
EF(MTT)=0.0 . .
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%

> YT(MTT)=0.0 o
HVT(MTT)=0.0
CALL SPLINE(19 XST.HXS,B2,C2, p2) _
© WRITE(13,208) :
208 FORMAT(// 2X,' INTERVAL’ , 10X "'HXS'*’ 12X, ==B2mw’
1,15X,  =#C2x%’ , 15X, " »eD2ex’,//)

0 50 1=1,19
175(13 209) I,HXS(I), 82(1),c2(1),02(1)
50 CONTINUE
~ 209 FORMAT(5X,12,14X,F6.2,9X,E12.5,9X,E12.5,9X,E12.5)
CALL SPLINE(19,YST,HYS,B3, c3.D3) P
WRITE(13,210) '
210 -FORMAT (77, 2X, 'INTERVAL',10X,"~HY5-~’.12X."-B3“’ vy
1,15X,’ s#C3a%’ , 15X, “seD3ns’ 1) :
DO 60 I=1,19 .
WRITE(13,211) I Hvstt) 33(1) €3(1),03(1)
60 CONTINUE
211 FORMAT(5X,12,14X,F6.1, x,E12.5.9x,£12.5.9x.s12.5)
CALL ENTH . ~
- DO 70 Ns1,MTT
HLTO(N)=HLT (N) ,
QSP(N)=QLP(N) - ’ C ‘
DHL(N) = (HLT(N)~ HLTO(\U)/DT
70 CONTINUE _
AHLO=0.0 . : ,
BHLO'4 18 . e
TR=TL(1) .
TS= (ST(IDT)'(HSI AHLO)*UA*TR)/(UA+BHLO*ST(IDT)) -
QR=UA=(TS-TR) ‘
NYT=MTT- 1
Ni:zMTT-2
DO 80 N=z2,N
DHI(N)zLT(N+1)*VT(N 1)- LT(N) VT(N)
80 CONTINUE .
o DWT(1)=LT(2)-LT(1)-vT(1): _
OWT (LF)=DWT(LF)+FE(IDT)
DWT(NTT)=RE(IDTJ+VT(NL)-LT(NTT)- VT(NTT)
. DWT(MYT)=VT(NTT)- LT(MTT) RETIDT)
100 FORMAT (10(1X,F8. s))

a

k=
I

MMM me
‘Nb?‘NU\
—————
— e e

c .
: SUBRGGTTQF PI(XT DT ,KK, NI ICHNG ICON‘IACT CHAN1 XB)
c 5

REAL ER(2}\RES(2),PK12), 71(2) DELTA(Z) CHAN1(4) XT(10), PT(2)
$,SIAE(2),XNT(128) ,ERR12) ,DE
{grisfa)xx ICHNG(S) 1CON, KCNT(2) xtln(z) IACI(Z)
= 1 B
IF (KK-ICHNG(2]) 14,1,2 - N SR
1 RE (4 101) xasp xosp o : L. R

ER(2) . PT(1). PT(2)
1) _

m-—-

K 1).PK(2
.2),201X,F8.
: 1), 1TIM(2)
.- 103 FOleT

=N

@

.y



DO 10 I=1,2

-10

20

OOOOOO0O

OO OOO

18

19,

21

22

30

" JACT(1)=KCN

1
2
.DER(1}=0.0
0

SIAE(1)=0.0
RES(I)=0.0
ER{1)=0.0
IACT(1)=0

.KCNT(1)=0

ITIM(I)=ITIM(1}/DT

"CHAN1(1+2)=0.0

CONTINUE
IDEL=(ITIM(1)e2)
NUM=IDEL+]

DO 20 I=1,NUM
XNT(1)=XT{1)

CONTINUE .
GO TO (18,19,21), .IMODE

IMODE=CONTROL MODE
1 -- PROPORTIONAL |

2 -- PROPORTIONAL 4. INTEGRAL "
: 3 -- PROPORTIONAL + INTEGRAL + DERIVATIVE

CONTINUE
TI{1}%0.0
T1(2)=0.0
DER(1)=0.0
DER(2)=0. 0
GO TO 22
CONTINUE
TI(1)=PK(
T1(2)=PK(

DER(2)=0.
GO TO 22
CONTINUE
TI(1)=PK(1)/TI(1)
TI{2)=PK(2)/71(2Z)

CONTINUE

GO 10 12

DETERIINE WHEN TO TAKE CONTROL ACTION FOR BOTTOM

(IE. EVERY 128 SECONDS) AND TOP(IE. EVERY 32 OR 64

THE ONLY RESTRICTION IS THAT THE INTEGRATION
INTERVAL BE EQUAL OR SMALLER THAN THE SMALLEST CON

SECONDS) .

!

@&

ACTION. THE INTEGRATION INTERVAL MUST BE A MULTIPL

~2 NOT GREATER THAN 64 OR LESS THAN 2.

CONTINUE
DO 30 I=1,IDEL
XNT(1)=XNT(1+1) -
CONTINUE :
XB=XNT(1)
XNT{NUM)zXT(1)
KCNT(1)=KCNT( 1)+
KCNT(2)=KCN;2¥;*
IF{IACT(1)) 4,3
IACT(2)=KCNT( )
KCNT{1)=0
KCNT(2)=0 -\ : .

TIN(2)

‘GO0 TDZ g

1
1
ITIM(1) .
3
1
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OO0

194

aO0O0n

OO0

8

9
11

12

13

000

14

15

17

201
202

150

DELTA(1)=0
IACT(2)= KCNT(2) ITfl(Z)
IF{IACT(2)) 5,6
DELTA(2)=0.0 .
GO T0 9
KCNT(2)=z0

GO 10 8

CONT INUE

bOTTOl CONTROL PART

CERR(1)=ER{1) s
ER(1)=XBSP-XNT(1)
RES(1)=RES(1)+ER(1)ePT(1)
SIAE(1)=SIAE(1)+ABS(ER(1)»PT( 1
DELTA(1)=PK(1)*ER(1) + TI(1)eRE

$=(ER(1)-ERR(1))
CONT INUE

TOP CONTROL PART

ERR(2)=ER(2)
ER(2)=XDSP-XT(10)
‘RES(2)=RES(2)+ER(2)*PT(2)
SIAE(2)=SIAE(2)+ABS(ER(2)=PT!
DELTA(2)=PK(2)=ER(2) + TI(2) 53(2) + (PK(2)'DER(2)/PT(2))
$={ER(2)-ERR(2))

CONT INUE " e

GO 70 (11,12,13,13), ICON :

CDNTINUE

- BOTTOM CONTROL ONLY
CHAN1(1)=-DELTA(1) .
CHAN1(2)=0.0 , '

GO TO 15 - ’ N o
CONTINUE . . : .
" TOP CONTRDL ONLY

CHAN1(1)=Q D -

i

))
ES(1) + (PK(1)‘DER(1)/PT(1))

CHAN1(2) =DELTA(2) ' e _ e
GO TO 15 SRR . e
CONTINUE -

BOTTOM AND TOP CONTRDL WITH OR ﬂITHDUT COMPENSATION :

.CHAN1(1)=-DELTA(1)
CHAN1(2)=DELTA(2)

16070 15 N

CONTINUE : "

CHAN1(1)20.0 | -

CHAN1(2)20.0 S

CONT INUE ;

IF(KK-NI) 16,17,17 . C o

WRITE(6,201) ICON, SIAE(1), S1AE(2) - . :

FORMAT(' TYPE OF CONTROL= ’.12,’ IAE{(1)s" F8 3 ' xAE(z)- *',F8.3)
Elfuel '

.FG 2 TI(1)¥ *,F1.5

WRITE(S, 202) PK(1),TI(1),DER(1),PK
FDRIAT(/ 'BOTTOM CDNTROL LDOP B
s,/ DER(i): ‘.F7.2




00000A0O

1

16

$./' TOP CONTROL LOOP PK(2)= ‘' ,F6.2," TI(2)= ', F7.5

$,’ DER(2)= ' ,F7.2) .o

CONT INUE : :

RETURN . : .

END o .

SUBROUTINE NICMP{CHAN1,KK, ICHNG, IACT,CHAN2)

* REAL CHAN1(4),CHAN2(2),COMP(2), DALE(4),CHIP(2)

01

INTEGER KK, IACT(2) 1CHNG(3) 1COMP

IF (KK-ICHNG{2)) 1,1,2

1 READ(4,101) ICOMP, COIP(I) COMP(2)

FORIAT(I3 2(1X,F6.3)) -~
DO 10 I=1,2 R
CHAN2(1)20.0 - ’ ‘

DALE(1)=0.0 _ . -t

. CHIP(1)s0.0
10

wn

o2}

¢ N

1

20

12

30

CONTINUE
DALE(3)=0.0
DALE(4)=0.0

GO 7O 8 :
CONTINUE
IF(IACT(1)) 4,3,3
CONTINUE

GO 70 6 .
CONTINUE
CHAN2(1)20.0-
IF(IACT(2)) §,7,7
CHAN2(2)=0.0

GO 70 8

CONTINUE

COMPENSATION PART IS ADDED TO THE MANIPULATIVE VARIABLES{

- 1COMPsTYPE OF CONPENSATOR 1E.
1 ~-- STATIC
2 -- STATIC PLUS TIHE DELAY
3 -- DECOUPLER

GO 7O (9,11,12), ICOMP ,
- CONTINUE

CHAN2 (1) =CHAN1( 1)+COMP (1) *CHAN1(2)
CHAN2(2)=CHAN1(2)*COHP(2)~CHAN 1(1)

GOTO 8 : -
CONTINUE ‘ i :
DO 20 I=1,2 : A
DALE(I)=DALE(I*1)

CONTINUE

‘DALE{3)sCHAN1(2)
CHAN2(1)=CHAN1(1)+COMP(1)*DALE{1)
ggA¥2(29'CHAN1(2)*COMP(2)‘CHAN1(11
CONTINUE
DO 30 I=1,3
DALE (1)=DALE(I+1)
CONT INUE ,
DALE(4)=CHANI(2) = - .
CHIP(1)=CHIP(2) : /
CHIP(2)=CHAN1(1)
cuAN2(1)-cuAN1(1)+o 8919 (CHAN1(3) - cnxp(1))

151



TOoo00no

{
201 FORMAT(1X,14,2(1X,I

152

*+0.9268=COMP( 1)*DALE(2)-0. 8187‘COIP(1)‘DALE(1)
CHAN1(3)=CHAN2(1) .
CHAN2(2)=CHAN1(2)+0.9282%(CHAN1(4)-DALE(3)]

*+0.4300+COMP(2) »CHAN1(1)-0 3582'COIP(2)‘CHIP(1)
CHAN1(4)=CHAN2(2)

GO 70 8
7 CONTINUE
GO 1O (13,13,14), ICOMP
13 CONTINUE
CHAN2(2)=CHAN1(2)*CDIP(2)'CHAN1(1)
GO T0 8
14 CONTINUE
DO 40 I=1,3
DALE(I)!DALE(I*1)
40 CONTINUE
DALE(4)=CHAN1(2) : :
CHAN2(2)=CHAN1(2)+0.9282+(CHAN1(4)-DALE(3))
CHAN1{4)=CHAN2(2)
8 CONTINUE
WRITE(14,201) KK

: 1ACT(2),CHANT(1), CHAN1(2) (CHANT(3)
$,CHAN1(4}, CHAN2 (1 2)

{2 P
1X,F12.6)) : N
RETURN : : /

END : )

SUBROUTINE COMP

-REAL LT(10)
DIMENSION YSE({

1
) T
1,HVT(10) ,DWT{ 10
COMMON E(ID) Es
T
C

IACT (1
), CHAN
) 3).6

_~A) —

COMMON XS (26 ]
COMMON HSI,UA.
COMMON B1(26),
1,03(19) o -
NL=MTT-2 = | | S
DO 20 N=1,MTT - |
DO 10 U=1,26
IF(XS(J)-XT(N))10,10,1

10 CONTINUE

1 KSJ‘!'

L=d -
“TL(N)= ((XT(N) -XS(K) )% ((TLS(L)=TLS(K) )/ (XS(L)- -XS(K))))+TLS(K)
20 CONTINU _ .

EF(1)=E(1) '

YSE(1)=SEVAL(26,XT(1),XS,YS,B1,C1,01) -

YT(1)=EF(1)#YSE(1)

DO 30 N=1,NL

J=N+1

IF “IEQ’ EQUALS
1 ~- CONSTANT EFFICIENCY PER STAG = .
.2 -- VARIABLE EFFICIENCY BASED ON TOP COMPOSITIDN

\
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8),C3(19)

\

))ADT/(WT(N)*2.0)

LT(2))DT/(WT(1)#2.0)

1)%2.0) . . .
RReFE(IDT)-FE(IDT) )*DT/(WT(LF)*2.0)

))-LT(J)-VT (M
WT(N)#2.0)

N
{
-

T(1))-

O A0\
U= -
V) e ()
FOOFrRONGO

-

(LF)

0.0

VAL(19,XT(N),XST,HXS,B2,C2,D2)
+NL

DO 20 N=1 ,NTT
M=
=0.0

1

HVT(N)=SEVAL(19,YT(N),YST,HYS,B3,C3,D3)
10 TA(N,M)\

20 CONT.INUE
FT(N)sYT{N)/XT(N)

DO 30 N={,M1T
30 CONTINUE

‘RR=XF (IDT)/XT
DO 40 N=2

SUBROUTINE INTGR
TT(N,M)=0.0 -
MzN-1'

SUBROUTINE ENTH
DO 10 N=1,MTT
DD 10 M=1,MTT

HLT(N)=SE

10 CONTINUE
“DO 20 N=1,MTT

YSE(J)=SEvVA
YT(J}=EF (y)
30 CONTINUE
NTT=MTT-1
NTTaMTT-1
NL=MTT-2

RETURN
COMMON E

END
1,03(18)
RETURN
END

" 1,D3(19)
TSU(N

20 CONTINUE



- TT(NTT NTT)S(VT(NTT)°(1 0-FT(NTT))-RE(IDT)-VT(NL))*DT/(WT(NTT)

1+2.0
TT(NTT NL)=VT(NL)*FT(NL)*DT/{WT(NTT)»2.0)
TT(NTT ,MTT)=RE(IDT)*DT/(WT(NTT)=2.0)

~ TT(MTT,NTT)=VT(NTT)*FT(NTT)sDT/(WT(MTT)*2.0)

50

60

70

" YST(N)=0.0

-t
W —= O

200 F

201
- 202

~ YST(N)=YST

20

o~ o

TT(MTT,MTT)=-VT(NTT)«DT/(WT{MTT)*2.0)
CALL GMPRD(TT,XT,DXT,MTT,MTT,1) :
DO 5Q N=1,MTT

TA(N,N)=1.0+TT(N,N)
TSU(N,N)=1.0-TT(N,N)

CONT INUE

DO 60 N=1,NTT -

TA(N,N+1)2TT(N,N+1)
TA(N+1,N)=TT(N+1,N)
TSU(N,N+1)=-TT(N.N+1)
TSU(N+1,N)=-TT(N+1,N}

CONT INUE

CALL MINV(TSU,MTT,D,FX,FT)

CALL GMPRD(TSU,TA.TT,MTT,MTT,MTT)
CALL GMPRD(TT,XT,FT ,MTT,NTT,1)

DO 70 N=1,MTT

XT(N)sFT(N)

CONTINUE

RETURN

END

SUBROUTINE PRIN2(dJM, KK, MTT XT,LT,VT, YM1 YMZ, ITYPE XB)

REAL LT(10)
DIMENSION XXT{10),XBT(10),XT(10),VT(10), YST(10) YRE(10)
NTT=MTT-1

IF (KK.GT.JM}) GO TO 1
DO 10 N=1;MTT
XBT(N)=0.0 #
XXT{N)=0.0

YRE(N)=0.0
CONTINUE . =
IF(KK-JM)2,2,3 .o ' . [
NN' 0 . : ) . j?‘\.
CONTINUE - :

N1, MTT)

) ,Ne1,MTT) -
.N-1 NTT)

DO 20 N=1{,N
XBT(N)sXBT{N+
XXT(N)IXXT{

YRE(N) = YRE (
CONTINUE
GO TO (6,7),ITYPE
XBT(10)=XT(1)'100 0

G0 TO0:8 : ’
XBT(10)=XxB=100.0 = . .. %
CONTINUE - : -
XXT(10)=XT(MTT)‘100 o

-'YST(tO)-Yut S o o

15k
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YRE(10)2YM2
NN=NN+1
IF (NN-10}5,
4 WRITE(8,203) (XXT(N),
WRITE(9,203) (XBT(N) .Nx1. 10)
WRITE(15,203) (YST(N},N=1, 10)
WRITE(16,203) (YRE(N) ,N=1, 10} - o
NN=0 e -
5 CONTINUE
203 FORMAT(10F8.3)
RETURN
END

SUBROUTINE PRINT ‘ ‘ ’

REAL LT(10)
COMMON T,MTT,XT(
1,HVT(10) .DWT{10)
~ COMMON E(10),EE(
COMMON XS {26}, YS
1

4,4
(XXT(N),N=1,10)
(XBT(N
J(YST(
} (YRE{

COMMON HSI,UA,T
COMMON B1(26).C
,1 D3(19)
WRITE(12,200)T .
200 FORMAT(38X,’ TIME=' ,F8.2,’ (MIN)’) ,
- WRITE(12,201) - . o v
201 .FORMAT(/,2X,’ STAGE' ,2X,’ LCOMP’ , 3X,’ VCOMP’ ;3X,’ EFFNCY’ ,3X,' LFLOW’
- 1,3X," VFLOW’ , 2X, 'HOLDUP'.2x.'LENTH‘,3X.'VENTH’.Sx;‘DUT’,Sx.’LTEMP'
" 2,3X,"HLOSS’ ./)
.. DD 10 N=1,MIT
=" WRITE(12,202)N,XT(N),YT(N),EF(N), LT(N), VT(N) WT(N), HLT(N) ,HVT (N)
= 1,DWT(N), TL(N),QSP(N) .
10 CONTINUE ,
202 FogMgTééS ?x F7.4,1X;F7.4,1X,F7.4,F8.2,F8.2, F8.1,F8.2,F8.1, F9.4
1,F
e WRITE(12 203) FE(IDT)
203/ FORMAT(/, 15X,' FEED FLOW= - ‘ ,F5.2,’ G/SEC')
WRITE(12, 204) RE(1DT)
204 FORMAT(/, 15X,’ REFLUX FLOW= ' ,F5.2,' G/SEC’)
“WRITE(12, 205) ST(IDT) - :
205 FORMAT(/,'15X,’ STEAM FLOW= ‘' ,F5.2," G/SEC’)
WRITE(12, 206 TS,QR" . »
.206 FORMAT(/, 15X, STEAM TEMP= * ,F5.1,’ DEC-C',5X,’ HEAT DUTY=
1F7.1, d/SEC’ /1) ‘
RETURN : :
END

SUBROUTINE VFLOW

~ REAL LT(10) ' -
COND, conop1 -~

REAL TT(18,18),FT(18),WORK(18),

INTEGER IPVT(18),MTT NTT,NL NNT ‘

COMMON T,MTT,XT(10),YT(10),LT,EF(10), VT(10) WT(10),HLT(10)

1"HVT(JO).DUT(10),TE(10).05?(10),DXT(!O) LHLTO(10) ,DHL (10)

COMMON E(10),EE(10),QLP{10) ,QRP(10) XF(3).FE(3).ST(3).RE(3)

COMMON XS(26),YS(26),TLS(26],xST(18]), YST(19), HXS(19).HYS(19). -
COMMON HSI,UA,TR,DT,LF,HF,HR,QR,KK, XIN X1F, IDT.TS.IEO-'
gg?03)31(26).c1(26).01(26).82( 19), C2(19) 02(19).83(19).C3(19)

1 1 P :

NTT:HTT 1



.

O0O0O0O0O

owN

40

-

60

O7°

200

201

“TT(M,M-1)=HVT (N-1)-HLT(N) o R
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NLz=MTT-2 “

NNTzNTTe2 : '
DO 20 J=1,NNT :

DO 10 K=1,NNT

TT(K,J)=0.0

CONTINUE

AHLO=0.0

BHLO=4.18

TR=TL(1)

‘TSe(ST(IDT)=(HSI- AHLO)*UA-TR)/(UA+BHLO‘ST(IDT))

QR=UA= (TS-TR)
DO 30 N=1,NTT
FT(N)'O 0

IF ’IEQ' EQUALS
1 -- CONSTANT HEAT LOSS PER STAG
2 -- VARIABLE HEAT LOSS BASED ON TOP COMPOSITION

GO 10 (1,2), 1EQ

QSP(N)=QLP(N)
G0 T0 3

0
QSP(N)*QLP(N)*(QRP(N) OLP(N))‘(XT(MTT) XlN)/(XIF ~XIN)
CONTINUE

- CONT INUE

FT(LF)&-FE(IDT)
FT(NTT)=-RE(IDT)
DO 40 Nx2 NTT =
NN=N+NTT
FT(NN):UT(N)~DHL(N)¢QSP(N)

CONTINUE

FT(MTT)RHT(1)‘DHL(1)+QSP41) QR
NaNTT+LF '
FT(N)=FT(N)~FE(IDT)»(HF- HLT(LF))
FT(NNT):FT(NNT)’RE(IDT)‘(HR =HLT(NTT))
TT{1,1)=-1,0
T7{1,2)=1.0 '
TT(4, NTT*1)= 1.0
00'50 N=2 /NTT
TT(N,N+NTT)=-1.0
TT(R,N)=-1.0
TY{N-1,N)=1.0.
TT(N, NL*N)!1 0 ‘
CDNTINUE

DD 60 N=2,NTT : .
MsN+NL : ' o S )
TT(M N)tHLT(N) HLT(N-1) . e ' : _ 3
CONTINU ) . S, SRR : :

D0 70 Nt2 NTT: -

M=N+NTT- - '

TT(M, I)-HLT(N) HVT(N)

e

CONT INUE S -” Lt o

CTTIMTT, lTT)-HLT(1) HVT($) °
_CALL DECOMP (NNT,NNT, ,TT,COND, 1pVT, wonx)

WRITE(11 200) COND . ——

FORMAT(/,’ CONDITION or “TT* HATRIX xs ! 515 5) AR . L
CONDP 1=COND+1 - R S o :
IF (CONDP1. EQ. COND) WRITE(S,201). . o :

FORMAT (1X,* MATRIX. *TT" 1§ SINGULAR TO UORKING PRECISION’)'

IF(CONDP1 EO COND) - STOP

.



80

90

" OWT(MTT)a

<

CALL SOLVE(NNT,NNT,TT,FT,1PVT)
DO 80 N=1,NTTY
LT(N)=FT(N)
M=NTT+N
VI(N)sFT(M}
CONTINUE ’
LT(MTT)=VT(NTT)-RE(IDT)
DO 90 N=2,NTT . ,
OWT(N)=sLT(N+1)+VT(N-1)-LT(N)-VT(N)
CONTINUE - ,
DWT(1)=LT(2)-LT(1)-VT(1)
OWT(LF)=DWT(LF)+FE(IDT) *
DUT(NTT)SR%(IDT)*VT(NL)-LT(NTT)'VT(NTT)

VI(NTT)-LT(MTT)-RE(IDT)
RETURN B
END - '

-
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} (i) INTGR -intergrates the conponent material balance
'd1fferent1a1 equation using a modified Euler method.

\‘ﬁ\f/mally the program either stop gr .co‘ntinues‘
depending on the run time.



APPENDIX C
C.1 Calibration Procedures

Before experimental data Qas collected, al the flow
rates and analyzers were calibrated and the analog
’ controllers were retuned The calibration procedures
followed were close to that of Pacey (41). The design of
_the sampling system used 1n this study and callbratlon of
the gas: chromatograph,used in_analyzing the bottom 4
Compositioh will be presented.in AppendjxiD:

C.2 Flow Rates

The flows were measured using ortfice plates connected
to standard Foxboro d1fferent1al pressure (d/p) cells. All
l1qu1d flow rates were cal1brated uswng water at 15 C and
the follow1ng equat1on ‘ .

\\\)t\\ . ' i . . . . ‘

_,:))

Flow/(sg) -H=lk(sz)é o 'c et

'During the callbration procedure, it was assumed that the ‘
'e-fspecif1c gravity (sg) of water was. unity " The flow rate was

L neasured using a scale and a stop watch and the pressure
s S U5 S

g . . -
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drop (AP) was measured in percent of the chart recorders.
Before the flow rates were calibrated, the d/p ce]]s were
checked for air locks and then. zeroed The methanolfWEter
flow rates were determined using equation C-1 and the |
density eqﬁafion A-2 for methanol- water mixturesf The
steam flow was calibrated by measuring the condensate flow
at various chart readings; - The condensate d%écharge'was
under level control and the line was surﬁounded by an ice
bath to insure no vapour remained. Points for all

‘ calibrations'here chosen to cover the operating range and
then a féast squares regression methéd waéiused to fit a
straight line through the‘poihts. Fig"u'r'és;CJ through C.6 » °
are the calibratioﬁ cufves,for feed, reflux, bottom,product,
top product, steam, and coolfng water flow rates _ ‘
respective]y.' Table C. 1 summérizes thé;measurement #evicéc
.paﬁameters or the type and size of orifice plate used for

each flow calibraﬁion.

hd

-

C.3 Top Composition

' The brocedbré used to calibrate the Dynaloé‘dapaéiianbe t
analyzer is outlined in the Foxboro manual for the
.instrument In order to determ1ne the relatlonshtp between

’capacitance and methanol concentrat1on. samples at var1ous

. chart read1ngs were taken The methanol concentrat1on of
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Table C.1 -Suﬁ%}ry of Measurement Device Parameters’
Orifice Oriffce | quﬁ
Size . Type ]  A "B Type Units
(cm) ' o -
feed fl%w 0.254 quadrant "2.42° 0.0 1 ; a/s
4,refiukéfnbw : 0.229 -quadrant 2.57 0.0 1 ‘g/§
ste;m'ffow | .0t762j sharp': _4.25' 0.0 1 . g/s
top flow  0.254 quadsant .57 0.0 f a/s
" bottom flow  0.254 quadrant 1.50 0.0 1 g/s 9
cooling flow " 0.889  sharp 52.16 0.0- 1 g/s
tpp‘éompdsftion- S - 13.26 88.85 2 %methanol
. tower pressure | -" | _4&981"2.4§?'2_-:Kba » |
condenser level-;: S | 82.74 20.68 2  KPa
reboiler devel . 82,74 20.68 2 Kea
Equation types "1 Y = AX % +B .
'J\f“’-':mpaSurement : | K
X - _%;chért . )
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the samples was determined by measuring'thefspecific gravity
using a Christian Becker specific gravity balance (Mode -
. j

SG1). Figure C.7 shows the,relationship b%tween chart -

percent and the methanol concentration in/the top product.
| _ [

C.4 -Analog Controllers

.The feed, reflux, and steam flow a _og.controllers

~-were tuned to give the minimum oversh t and osClllations
for step d1sturbances in set point. The reboller and '
condenser level controllers and the tower pressure |
controller.were tuned to have virtuallyfno'oVershoot._ This
was necessary t0-compr with the aSSumptions of,constantv
tower'pressure and' constant reboiler andlcondenser'levels.

" The controller settings for the feed and reflux temperature
'control were chosen in such a manner as to mainta1n a
f‘relat1vel9 constant temperature for all d1sturbances The
feed and- reflux enthalptes were controlled by mainta1n1ng
fsl1ghtly lower temperatures than the flow temperatures on

| thOSe trays to ensuré that nc flashing occurred Table C.2

IVsummarizes the controller settings used
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 Table Cl2'hénaloq'Contfoller Settings

Variable . ~ Pb{%) _’Re‘set(.min') Deriv(ihx‘n)_

Feednow | 110 02 0.01
. h¢¥v1ux .F,l‘p'w‘ 1200 .o;z'; o1
Z:Sféamfflqw'  '.' :.‘ 150 ' ;' 6.2
.‘Rébdi.ier iﬁ?vevl o _iz'o\ s
o ot 0 5
T e prasere SLom e ea

Feed Temp - - 50 - 0.6
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~ C.5 DDC and Data ‘Accumulation Loops

- Table C. 3 summarizes the DDC loops and their

r_corresponding variable names used fn the experimenta] work ,

Table- C.4 shows the hfxadecimal words used to specity each L

' ~of the loops 1isted in Table C.3. Jhe meaning of each word
* is described in.the DDC manual located -in the DACS Centre of
'fhe'Department'of‘Chemicat‘Ehginéehingf" |
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Teble C.3 DDC and Data Accumlation Loops

Leop,ID ,

. 0601
0602
0603
0604
0605
06.06
0607
0608
0609
0610

° 0611
0612

- 0613
0614 -
0615
0616

. 0617
0618
0619
0620
0621
0622
0623
0624
0625
0626

0627

0628

. 0629
. 0630
0631
- -0632
' 0633
-~ 0634
0635
0636
0637
0638
0639t
. 0683

feed flow 

reflux flow

steam flow

'top composition

top product flow

bottom product flow

bottom filtered composition
bottom raw composition
steam, temperature

tray 1 temperature
tray 2 temperature
tray 3 temperature
tray 4 temperature
tray 5 temperature
tray 6 temperature
tray 7 temperature
tray 8 temperature

condenser temperature

reflux inlet temperature

feed inlet temperature

cocling water inlet temperature
cool1ng water outlet temperature

tower pressure -
differential. pressure
reboiler level
cooling water flow

reboiler 11qu1d temperature'

,Data-Accumulatioh Loopsj

reboiler level.
-feed flow

reflux flow R
steam flow = A

top composition” .. .
bottom raw composition =~ -
‘bottom filtered composition .
reboiler liquid temperature,.

steam temperature

*bottom product - flo

product. flow

.‘differentia1 pres re ff."‘j}?,

T -

reboi ler vapour. temperature

S -0
~

DDC Loops Units

g/s -

g/s .
/s
methanol

g/s

- 3
methanol

-methanol

.5:

. * ' L]
0OOO0OO0NOOONNOO0

XXX o ¢
o e o lino)
)

3,

'Om _

Kpa
g/s
- g/s

/s"
methano1

‘% methanol .

% methanol

e

c
g/s

: "ZHKRaQL
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Table C.4 1BM 1800 DDC LoOP Records (Hexidecimal)

A

=z

LOOP RECORD 0601 I i

; 0601 €21B 105C 1006 3800 9F40 12E8 0000 0000 6615
TFEE  TFFF  20DC  T7FFF 0000 2pDO0  T7FFF 0000 2DD0 106A :
528A 0080 0000 71Al-. C840 00oCD FFCl. o

-LOOP RECORD 0602 B ' "

06 E21B 105C 1005 1R00 9E40 1414 0000 0000 . 433C-

~ 7FFF ) TFFF - 000C, 7FFF 0000 0029 7FFF 0000 2110 116A
2663/ 0380 0000 2234 €000 0400 FFFO ,

~ LODP RECORD 0603 R S

0603 E21B 105C 1004 3800 9E40 2134 0000 0000 2D2D
TFFF TFFF 200C  T7FFF OFA4 - 2DDQ TFFF 0000 2000 1 26A
0C28 0080 0000 7TFFF 3B40 0066 FFDB \\ :

LODP RECORD 0604

0604 E21B 114F 100A 0000 2100 OASD 2285 ET29 2AlA
TFFF 7FFF - 255C. 35E8 0000 Op0O - TFFF 0000 0000 0602
9470 2020 0000 810F 'D5cO O0lF FFpB. .. ©

<

o LOOP RECORD 0605 -
0605 .E21B O00SE 1007 3340 9E40 OC4&- 0000 0000, 588F -
TFFF 7FFF 20DC  7FFF 0000 2DDO0 _7EFF 0000 0000 1000

0000 900D 0000 0000. 0000 Oo0p 0000 - SRR :

© '0606 EO1D 205F 1008 1000 9EE0. 0BBS 0000 0000 70E7

- 7FFE TFFF 211C - TFFF 0000 - Al1C
. LOOP. RECORD 0607 . . . _
0607 AO1D. 4OTF 0608 3A00 9180  4E20 0000 04LC 0676
TFFF 7FFF 2110 FF 0000, 2110 .
© LODP RECORD 0608 e
0608 - 8010 - 1007 - 0000 0000 9180 4E20° 0000 , 0406 OES6
TFFE TFEF 2110 TPFF 0008 0000 - . . . oo




¥*

0609
0000

0elo
TFFF

' "
HNell
TEFF

. TEFF.

0613
7FFF1

- 06le

. 1&FF
e

FO10

d

LOnP
FO10Q
0000

LOOP:

FO10

TFFR
.LOQp'
FO10
TFEFR,

LODp

"FO10

TFFR

LODR

TEFR
. LOOp

FO10
TFRR

. poop

061y

- TRFE

0&le

YRFE-

“FO10°

TFER

Loop
ﬁOIOJH

7f#ﬁjf211QfA1FFFL

gt

RECQRD.06Q9

co00 0000 0000

.2110 TFEE 0000

21BF  E083 3800

2110 .~ 7FEF 0000
RECORD b§12

ZIBF, 6084 3800
2110 7FFF 0000
, / .

21BF  E085 3800

2110 7FFF 0000
RECORD'6614

21BF - p086 3806
2110 7FEF 0000

RECORD 6615"_

21BF 2087 3300

e

-

2110

0000 -

AOEO
cooc

ADCO
2110

AOCO

2110

AOCO

AOCO

2110

.

A0CO

2B66

‘2B66
?866
'ZBébn
2366H
“R0CO 2866
. 2110 |

’2865

2110

/Aocoﬁ;

0000

210

FFa4C

FF§C
FFRaC
FF4C
Frac
Frac

,FF4C

-.FEﬁqf:

09

174

' 09DF 0000

/-.‘

F2 0000
>

~0SF4 0000

0Al1A QOQd

09EA .. 0000

'097€. 0000



2110

RECORD 0617 -

21BF EO89
2110 7TFFF:

RECORD 0618

EOBA

21BF

2110 TFFF
RECORD 0619
21BF EOB8B

2110 7TFFF

RECORD 0620

21BF E093

TFEF.
RECORD 0621

21BF E092
2110 .7FFF

RECORD 0622

21BF EO095

. 2110 TFFF .

RECORD 0623

21BF €096
2110 TEFF .

RECORD. 0624 .

204F 100D -
300C TFFF .

3800 AOCO. 2R66 FF4C
0000 ~ 2110 :
3800° AOCO 2R66 FF4C
0000 2110 ’
3800 AOCO 2B66 FF4C
0000 2110 - '
3800 » AOCO 2B66 FF4C °
0000 . 2110 S
3800 AOCO 2R66  EF4C
0000 2110 ‘
3800 AOCO- 2B66 FF4C:
0000 2110 S
3800 KOCO - 2B66 FF4C
0000 2% -,
0000 . 9540 9354" 5Fo1
0000 3060 " U

0940

¥

0976 0000

G974 ‘0000

0000

v

10540

. 0000

0000, %

o

0000
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- : c v 176°
B L e . <, .
. | k“‘;‘? . . . o ' ‘ E . - \-/\ | N ‘ e
| )
Rl . N o
_ P ' ) N
.LOOP RECORD 0625 - - . o | '
. 0625 EOLO 204F 100E 0000 AS540 0677 0OCF E695 0000
7FEF TEFE  300C * TFFE 0000 3000 " N . p
LOOP RECORD 0626 -~ . - ' - . T . . TV S
\ . s ' ; i - ”‘y ) . N '?:‘ “ - . 5 p . . ] . A
0626 EDL0 204F 100C 0000 A540, FY&9 040A E9BF 0000
FTFEF  TFFF - 300C- TFFF 0000 .3000 L ‘ P A
LOGP RECORD 0627 3

07 E010. 205F 1009 3340 AEE0 28BE 0000 0000 .0000. .7
TRFF _ TFFF. 211C - 7FFF 0000 -All1C o \;\ ' .y »

L . . N ".-q I
LOoOP RECORD 0628 e Tl L B

0628 FO10 ~ 21BF anz 3800 AOCO 2R66 FF4C- 09D0 0000 = .° ° &
TFRE. TFFF #2110, TFFF oooo, 2110 . e T a

‘:?"-7 .CORD 0629 C e ‘ ’. . ‘ . . ‘ . ‘vl - i °

0629 -8EMEL°6F04 0626 '00YA. OBAF E112 EAFD  EAOD EA32 "
E9C4 EABY ~EABE EAE1 E9AE EGRO -FAFD EB2A" ESCE E9BA - =~
'EON3  FEAl12 EAFS ;BOE: EA35 --E9BO - EQC4~WE9c4,AE9cE‘ EQ}F“"‘ e
EAQS"'EqAB R o ] A T

LOOP “RECORD. 0630 .  - ,  I

: o El L T 4 Les T IR
. 0630 ‘8620v~eooo 0601 001D 08A§ FFO3 0000 0000 0000 . . >
0000 0000 0800 0000 . 0000 000D , 0000 0008 ,0000° 0000 © .y -
. 0000 - .0000 ;oooo oooo 0000 ocoo , 0000 . 0000 oooo 0000 - . T

cu Apooo'>ooooi;, , .:,DA, U ot L T T e e T

R SR I PRI L

 Loop RECORD 0631 a*-*~ »»-u1g:c';. gﬁgp.fgﬂi:“

_-,.‘, - @

2'0631; 8620 6FO4 0602 1008 . 08AF. El112 0000 ooodv'oooo [ D
0000 0000 - 0000 . 00DO (0000 0000 0000 . 0000 0000 ° ooooo,,,g o
D000 0000 0000 - oooo ooopc 0000“ ogpn oooa ooog oooo

1000 - 0000 ' i . B




0632
0000
‘0000
0000

. 0633
F72E
E710
ET0R

0634

04D6
04D6
04D6

0635
04CC
04CC

04CC

0636
09C8
09n3
N9CB

0637
OSES

"Q9ES8. -

09EE

LOOP .

8620
0000
0000

. 0000

Lo0P

8620
E726
F710
F712

LOOP
8620
04D6

0406
04D6

LOOP

R620
04CC
04CC
04CC,

- LOoNP

8620 _
09E2
09CF
09C B

- . LOOP.

8620
09E?2
09F1
09E6

RECORD 0632

6F04 Q603
0000 0000

0000 0000

RECORD 0633

‘6F04 0604
FT12  ET10
F6FE ET12,

RECORD 0634

6F04 0608
04D6 04D6
04D6  04D6

RECORD 0635

TF04 - 0607

04CC  04CC
04CC 04CC

RECORD ' 0636

6000 0628
09DA  09DF

09E1 09DO

0000
0000
0000

000E
E712
F701

0014
04D6
04n6

noo0s9

04CC
04CC

000A
0904
09D6

RECORD 0637

6F04 0609
09E4 O09E9

@9EC. O9EF

001F

09DF
09DF

"OBAF

- OBAF

0000
0000

08AF
E708
ET728

O8AF

0406

0406

08AE
0%LC
04CC

08R0
0906
09ES

NYE9
09E3

F1l12
0000
0000

E112
E712

| ET71A

FF12
04D6
04D6

FFOE
04CC
04CC

E107
09DC
o9D8

F112
- 09DA

09bC-

0000
0000
0000

E715

E735
E70R

04D6

-04D6

04D6

04CC
04CC

04CC

09CB
09CE
09CC

" 0sDA
09DA
09DC.-

0000
0000
0000

ETI5
E703
ET12

04D6°

04D6

04D6"

04CC
04CC

04CC

0904
09E2
09CB

0SEB
OSEF

09DC

177

0000
0000

- 0000

E717
ET0B
ET17

04D6

"04D6
04D6

04CC
04CC
04CC

09CD
09CD
09CB

09E7
09DF
09E 4



0638
0000
0000
0000

0639

0000 -

0000
0000

0683
E721
ET24
ET726

LoOP

B620
0000
0000

. 0000

LOOP
8620
0000
0000
0000

LOOP

8620

"ET1F

F729
F729

RECORD 0638

6F04 0606
0000 0000
0000 0000

RECORD 0639.

6F04 0605

0000 0000
0000 0000

Y

RECORD 0683

6000 0624
F726 ETZ2E
E726 E721

0000 08B0

0000 0000
0000 0000
0018 08RO
0000 0000
0000 0000
=ik
101A 08B0
E71A [ET28B
E71F E71F

:

2

F116
0000
0000

E116
0000
0000

E107

ET44

E729

0000
0000
0000

0000
0000
0000

ET2E
E729
E733

0000
0000
0000

0000
0000
0000

E71C

3o

S .-
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0000
0000
0000

0000

0000
0000

E735

E721
ET38



APPENDIX D. »

D.1 Bottom and Feed Composition Analysis

A Hewlett Packard (HP-5720A) gas chromatograph
connected to the IBM 1800 was used to analyze the‘bottom
product and feed compositions., The feed compos1t1on was
determ1ned by manual sample 1n3ect1ons whereas the bottom
compos1t1on had an automatic liquid samp11ng valve The
previous gas chromatograph sample system had to be iméroved
for the following reasons;

(1) analysis time was toohlong ie. 4.0 minutes

(2) transportation time was too long ie. 16 minutes.

- (3) difficelty in detecting the methanbi.peak-at low )

concentrations, and |

(4) sampling valve was often plugged
If tﬁe gas chromatogﬁaph was to be used for control studies,
one can appreciate the problems that are'inQolved if all of

the above four problems exist simultaneously.

D.2 Design of Sampling System

When redesigning the sampling system, the object1ve was
to reduce the long transportation and dead time delays

These de]ays were caused by the large pressure drop across

179
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the liquid sample valve which reduced thevflow rate through
it to about 26.0 cubic centimetres per minute. . The sample
line contained two filters since it was necessary to remove
particles wh1ch tended to plug the samp]e valve.l (A |
detailed description and operation of the sample valve is
- given by Simonsmeier (53)f) The filters capacities were 200
cm®¥and 5 cm? respectively, therefore based on the flow
rate, a dead’time of approximately 8 minutes resulted.f
The design of the system is shown in Figure D.1.. Since
the liquid only needs to.flow through the sample valve at
injection time, it was debided to structurevthe system so
that ‘the flow. by- passed the small filter and the sampﬁe
valve. A solenoid valve was place.in the line and was in
'the open state under normal operating condigions. It was
closed shortly before each new'sample»was injected}into the
gas chromatograph for analysts The flow was directed’
through the sampie vwalve long enough so that the line was
flushed with a new sample. After some experimentation, it
was found that about 10 seconds was‘edequate to flush the
line. With this method the oerformance.of the sample valve!
improved: To improve the flow through the system, it was
also necessary to clean the filters in the line from time to
time. Upon 1mp1;mentat1on of the new design of the sampling
system and based on a new flow rate of 30 cm3/s, the
“transportation delay was reduced to 6 seconds . Thts
represents a drast1c reduct1on when compared to the 16

(m1nute time delay which existed previously.

14

ot
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o . : ' HP-5720A
Gas Chromatograph

5]

Liquid Sample
Valve

Fil£e§
(5 cm™)

Filteg '
(200 cm™) Solenoid
Valve

A‘y' g

¥

\

Reboiler

¢ Steam

% Cooling :

Bottom Product

]

1

Figure D.1 Schematic diagram 05 gas chromatograph sampling
system. : :



“{ The heat exchanger in the line was Qsed to cool the‘
liQQid‘down before ip entered the puhp. This was done/ko
predent flashing of the liquid and heating up of the pump.
Under normal operations it was found that‘the heat removed
from the system was quite ]argeuat ﬁaximum cooling water
flow. This affected the selection of desired operating
,cond1t10ns, therefore flow of coo11ng“water was Kept to a,

m1n1mum during exper1menta] runs- ) ' T

oy,
D.3 Gas Chrométograph Operation
| hi

With the prev1ous length of column and type of pacK1ng,
the analysis t1me was 256 seconds. The packing used
resu]ted_in'waterlbeing»the first component to be anaiyseq
and methanol the eecond. At ]ow.concentrations (]ess thah
1.5 bercent) it was difficu]t for the gas chromatograph
packagé program to’ accurate]y determine the small methanol
peak on the back side of the large water peak '

, W1th the ass1stance and advice of derry Moser (Chemical
Technolog1st in the Departme/t of Chemical Eng1nee£2ng,
University of Alberta) a d1fferint_packing‘was developed.

- The pacKing material was developgd to elute methanol before

water and consisted of 3 wt. ] ;' , tained from

bl

Mandel Scientific Co. Ltd., Mohtreal, Quebec)
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v
~

‘Brockville, Ontacio). The packing was prepared by usiog
oil-free, dry airtin a f]uidized.bed to remove the _
'cHJoroform from ghe chloroform-Apiezon L-Chromosorb W. A/W
slurry. The res&]ting a]most chloroform;free packing was
then heated uoder nitrooen/to 150 *C for .16 hours to remove
a]i traces of chloroform The packing was s1eved in a Tyler
sieve arrangement to yield the 80/100 mesh fract1on The
use of th1s new packing materlal gave good separat1on of
water and methanol in one half the previous analysis time.
Secondly, the order of elution was reversed,lthatr}s, the
methano! peak now was'aha]ysed first. This method
facilitates more accurate ano consistent analysis by the gas
chromatograph. Final]y, the gas chromatograph was later
found to be accurate for both the bottom and feed
compos1t1on analys1s at s1m11ar operating conditions. The

. Jogic of peak detectionvby the gas chromatographvpackage is
based on the firét:and second‘derivatiQes.' Figures D.2 and
:D.é show the behaviour of the first and second derivative
for a methanol composition of 5.0% and 50;0%. It can be
seen that the gas chromatograph package on the IBM 1800 was

easily able to analyze the behaviour.

D.4 Feed Compbsifion

Since the feed composition remained constant, it was
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not necessary to have an automat1c sampling system. The
feed composition was analysed" by_manua] samp]e injections.

The response factor seemed to change from day to day,

‘therefore it was determined before each feed compositjon‘wag

~analyzed. Gas‘chﬁomatograph job #72 was used'for the

analysis of the feed composition. - The operat1ng cond1t1ons
of the gas chroﬁa‘ograph for the bottom compos1t1on are

&~ . :
listed in Table D.1 and are the same for the feed

composition.

TabJeJD'1 Gas Chromatograph Operating Cond1t10ns

sample flow N 1.286 cm3/s
oven temperatufe ' ‘ g8 °C
detector temperture v g 200 °C
sample valve tehperaturev 150 'C
reference flow 0.366 cm3/s
Adetectohhcurrgpt o 156 mA
sample size 1yl

D.5 Bottom Composition

The resbonse faptor for the bottom composition, unlike
that for feed composition, was more consistent on a day to
day basis. The responsg factor for methanol is defined é§

follows;
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RFmeth=wt. fraction=AH20/Ameth=(¥.0-wt. fraction) D- 1
where RF<- is the response factor for methanol
AH2Q - area of water peak‘
Ameth - area of methanol peak

wt. fraction - wt. fraction of the methano!

sample

Gas chnomatograph job #73 was used to calculate the résponse‘
factor of methano] Tab]e D.2 summarizes the response

factor of. methano] for- compositions rang1ng from 0.5% to

15.0%. Three injections were analysed for -each compos1t1on.
The aveeage,reponee factor was 1.0245 which was‘close tO\Fhé
-theoretical value of 1.033/75). The elution time for |
methanol was about’ 15.5 seconds and. for water it wae abou |
40.0 seconds. . : ]

Gas chromatograph job #74 was used-as the inline
'fsahpljng program. This job was used to control the sample
vé]ve and soTeheid valve action. On the first second of the
au£ematic sampling, the so]eno1d valve was closed to allow
liquid to flow through the samp]e va]ve Eleven sechds
later the sample ve]ve injected a 1 0 m1cro]iter sémp1e~into~
the.gas chromatograph. Th1s process: tooK ‘about 2 seconds
and one second later the so]eno1d valve reopened. Gas ‘
chromatograph job #74 was used only to calculate the peak

areas and the elution time. Program DWL.44 was used to

ca]culate the composition on a percent mé&thanol bas1s

X ~ £
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‘Table D.2 Response Factor for Methanol

Wt. Fraction °  Response Factor

.9938%
.9983
.9983

0.1109 ©1.0002
v 1.0024
1.0023

- 0.0830 o 1.0061
~ 2T 1.016%
. 1.0054

0.0465 o 1.0119
| ‘ ' 1.0076
170131

0.0273 1.0075
- 10192
10133

0.0185 - 1.0297
~ ‘ 1.0356
1.0252

0.0100 ' 1.0519 . .
‘ ; 1.0606 ST
1.0646 »

0.0054 " 1.0786
| 1.0101
¢ ~  1.0856

0.1401

OO0

J
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and put the regﬁ1§ into DDC loop 0608. The listing fof each
of the Gas Chromatograph jobs is given in Tables D.3 to D.5.

&
1
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5
Table D.3 Gas Chromatograph Job Number 72
28 JUL 78
< 22/42 HRS

*% GAS CHROMATOGRAPH JOR LISTING *=x
#*t§tr#ttt‘\tt&t*“####t‘t‘l#‘

72 CALCULATION OPTION

JOB NUMBER = a6
GC NUMBER = 7T TOTAL PEAKS = 6
FINISH TIME = 100

NORMAL IZATION CONST. 100.

* REFERENCE PEAK DATA *

LOW TIME OF REF PEAK 10.

HIGH TIME OF REF PEAK 2R, -
CONCENTRATION OF REF PEAK Ne
_RESPONCE FAGTOR NF REF PEAK , 0.

* TIME BAND DATA *

LOW TIME HIGH TIME CONC FOR STND FACfOR JTYPE COMPONENT

10" . 28, O. 4+ 1.000 1 METHANOL
1. 284 100. 0. . 1.000 1 WATER
COMPONEN T SEONO . IPLUS INREF IFCGO IREST UNITS
METHANOL 1 0 9 0 0- WT. %

WATER - 2 - 0 o - 0 . 0 WT. %

* PARAMETER AND CONTROL ACTION DATA =
& | memcmeccrreccceccecacc— e el e e e

PARAMETER ACTIONS . - - B

ACTION TIME KNDTM ISTS TRATE THIGH ~ ILOW [IHARD ISOFT .IEXP1

0 AB 11 8pPPS 750 . =750 8 8 1
10 AB 1 16PPS 100 -50 6 4 1
100 - AB 20 . - 8PPS 500 -500 . 6 4 1
6 4 1

100. - RL 19 8PPS 500 '-500

ECO ACTIONS

. .7 -
NO ECO° ACTIONS SPECIFIED
JOB COMPLETE '
o )

Wt .

1EXP2

NN N



- Table D.4 Gas Chromatograph Job Number 73

-

*x GAS CHROMATOGRAPH JOB LISTING %=
TP P PRSP L LT 2 S I L L S

JOR NUMBER = 74 CALCULATION OPTION = -8
GC NUMBER = 7 TOTAL PEAKS = 6
FINISH TIME = 90

NORMALTZATION CONST. = 100.

* REFERENCE PEAK DATA *

LOW TIME OF REF PEAK 22.
HIGH TIME OF REF PEAK 37,
CONCENTRATION OF REF PEAK 0.

RESPONCE FACTOR. NF REF PEAK : 0.

% TIME BAND DATA *

.

LOW TIME WKIGH TIME CONC FOR STND FACTOR. JTYPE COMPONENT

22. 37. 0. 1.000 1 METHANOL
37. 105. 0. 1.000 -1 WATER
COMPONENT SEOND IPLUS INREF IFCGO TIREST UNITS
METHA NOL 1 0 9 0 0 WT. %
WT. %

WATER 2 . 0 0 -0 0

PARAMETER ACTIONS

ACTION TIME KNDTM ISTS: IRATE IHIGH ILOW -THARD

o AB 11 . 8PPS 500 ~-500 8
22 AR ' 1 - 16PPS 150 -75 8
110 B 20 ' 8PPS 750 ~-750 6
90 RL 19 8PPS 750 -750 6

ECO ACTIONS

ACTION TIME KNDTM GROUP BIT ON/OFF
1 AB 16 6 _ON
11 AB 16 5 ON
13 AB ‘16 .5 OFF
14 AB 16 6 OFF

1SOFT

R e ]
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28 JUL 78
22/43 HRS

1EXP1
1

1
1
1

1EXP2
2 -

2
2
2



Table D.5 Gas Chromatograph Job Number 74

*%* GAS CHROMATOGRAPH JOR LISTING *x
oo o o o o o o o o ok R

JOB NUMBER = 73 CALCULATION OPTION = 7
GC NUMBER = 7 TOTAL PEAKS = 6 .
FINISH TIME 90

NORMAL-TZATION CONST, 100.

* REFERENCE PEAK DATA *

LOW TIME OF REF PEAK . 11.
HIGH TIME OF REF PEAK . " 26,
CONCENTRATION OF REF PEAK 0.
RESPONCE FAC TOR OF REF PEAK 0.

* TIME BAND DATA x

. <
LOW TIME HIGH TIME CONC FOR STND FACTOR JTYPE COMPONENT

11. 26. 0. 1.000 1 METHANOL
26. 95. . 0. 1.000 1 WATER
; COMPONENT SEQNO IPLUS " INREF IFCGD IREST UNITS
METHANOL 1 0 9 0 0 WT. %

WATER 2 0 0 0 0 WT. %.

* PARAMETER AND CONTROL ACTION DATA =

e e e . . e 0 e e e i B e P S P e T i B e

PARAMETER ACTIONS

ACTION TIME KNDTM ISTS TIRATE TIHIGH ILOW IHARD ISOFT

o] ~ AB 11 8PPS 500 ~500 8 8
11 ¢ AB 1 16PPS 150 -75 8 6
95 AB 20 8PPS 750 -750% 6 4
90 RL 19 8PPS 750 ~750 6 4

ECO ACTIONS

NO ECO ACTIONS SPECIFIED
JOB COMPLETE - .

192

28 JUL 78
22/42 HRS

IEXP1 TIEXP2

1

N

1 2
1 2
1 2



APPENDIX E

E.1 Computer(Program Listings 

—

EN

\The following computer programs were created for use on
the IBM 1800 computer. No description of the programs will
be givén because the programs are described by comment
cards. The prograh names are as follows DASS1, DATAT,

BALN1, INFF, DwWL44, DISTB.

183
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PROGRAM DASSI

PURPOSE ' ;
'START DATA. ACOUISITION FOR STEADY-STATE DATA AND
'"PERFORM A MATERIAL AND ENERGY BALANCE ON THE
DISTILLATION COLUMN

NESCRIPTION OF PARAMETERS

MA X NUMBER OF DATA POINTS
TIME SAMPLE TIME(SECONDS)
RUN __ RUN NUMBER S
NATE DATE OF THE EXPERIMENT
RTCMP BOTTOM PRODUCT COMPOSI-TION(ZMEQH)
FNCMP FEED COMPOSITION (%MEOH)
FDPLT FEED “PLATE NUMBER
USAGE B _
OUEUE FROM ANY TELETYPE AND ENTER DATA AS REQUIRED
EXAMPLE
ODASS1

ENTER OPTION 1=G0O, 2=STOP

1 i:‘. B ’ -

ENTER-%MAX, TIME, RUN(2A4), DATE(2A4)

10,1,RBIL-ooﬁ,03/o7/7e | .
ENTER (BOTTOM COMPOSITION,FEED COMPOSITION
AND FEED PLATE

5.0150.094 _
DATA1 QUEUED.
. ’ N ht
SUBROUTINES AND PROGRAMS REQUIRED
NDATAYL yINFF

SYSTEM SUBROUTINES(IBM 1800) REQUIRED.
GETTY,FFINP,OLEVEL CANCL

INTEGER FDPLT

EXTERNAL DATA1 : '
DIMENSION RUN(2), DATE(2), TITLE(10,3)"
DIMENSION ZERO(32) ’
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. ee e (CONT'D )

NATA ZERD/32%0.0/
NEFINE FILE 10(60,80,U,NEXT)
KOUNT=0 -
CALL GEJTY(LUW)
WRITE (LUW,200) -
200 FORMAT (75, 'ENTER OPTION 1=G0D, 2=STOP')
1 CALL FFINP{(LUW,1.,10,I0PT,IER) ' : ,
TF (TER) . 5,2,1 e
2 GO TO (3914)9 I0OPT ‘)
3 WRITE (LUW,201) : '
201 FORMAT (Ts, 'ENTER——MAX, TIME, RUN(2A4), DATE(2A4)")
4 CALL FFINP(LUWs4,10,MAX,10,1P0OL,23,RUN,23,DATE,1ER)
IF (TER) 5,746
5 WRITE (LUW,202) : -
202 FORMAT (T5, 'CALL TO FFINP IN ERROR--=CRASH!)
CALL EXIT . :
6 WRITE (LUW,203)
203 FORMAT (75, 'INPUT TO FFINP IN ERROR--TRY AGAIN')
GO TO 4 ‘ -
7 CONTINUE
WRITE(LUW,204)
204 FORMAT (T5, 'ENTER BOTYOM COMPOSITION 4FEED -
* COMPOSITION?® \
14/+TS, YAND. FEED PLATE!)
R CALL FFINP{LUW,3,11,BTC ,11,FDCMP,10,FDPLT,IER)
1F (IER) 5,10,9 -
9 WRITE(LUW,205 ) :
205 FORMAT(TS, 'INPUT TO FFINP IN ERROR-—-TRY AGAIN')
GO TO 8 . ) :
10 READ (10%1) NLOOP )
WRITE (10'1) NLOOP,KOUNT yMAX,IPOL,BTCMP,FDCMP,FOPLT
READ (10'4) ((TITLE(T4J)y J=193)y I=1,10) ,
WRITE (10'4) ((TITLE(I+J)y J=143)y I= 1,10}, (RUNI(I),
S 1’:192)7'
1 (DATE(I), I=1,2)
WRITE(10'8)(ZERO(1),1=1,32) .
WRITE(10'9)(ZERO(1)41=1,32)
CALL QLEVL{DATAl,1,0,0,1E0Q)
GO TO (11,12,13),1E0
11 CONTINUE N
WRITE (LUW,206)
206 FORMAT (TS5, 'DATAl QUEUED?')
" CALL EXIT
12 CONTINUE ,
WRITE (LUW,207) :
207 FORMAT (T5, 'QUEUE TABLE IS FULL!')
CALL EXIT ~
13 CONTINUE
WRITE (LUW,208)
208 FORMAT (TS5, 'PROGRAM WAS QUEUED')
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CALL EXIT

IT =9

CALL CANCL(IT)

WRITE (LUW,209)
FORMAT(TS, 'DASS1-~EXIT')’
CALL EXIT a

END

s+ (CONT'D)

196
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PROGRAM DATA1

PURDOSE '
" PATA ACOUISITION FOR MATERTAL "AND ENERGY BALANCE
CALCULATIDNS
USAGE '
THIS PROGRAM™-IS OQUEUED BY DASS1 AND 'MAX' DATA
POINTS ARE SAMPLED EVERY 'IPOL' SECONDS .

REMARKS -
UWSE OF THIS PROGRAM WILL SUSPEND EXECUTION OF
OTHER PROGRAMS IN VCORE FOR A PERIOD OF 'MAX=*IPOL!
AS SPECIFIED BY THE USER IN THE PROGRAM DASS!

SUBROUTINES AND PROGRAMS REQUIRED
DASS1 yBALNL ,COLDJ y ZERCK yTCONV

SYSTEM SUBROUTINES(IBM 1800) REQUIRED
ATP,SUSPN ,OLEVEL yC ANCL ,

EXTFRNAL BALN1

EXTFRNAL DATAl

D IMENS ION A(32),8(32),T0T(32),SUMSO(32),ICGJE(32)
*,1C(32) )
NDEFTNE FILE 10(60,80,U,INXT) oo

MULTIPLEXER NUMBER'FQR/EACH VARIABLE

NDATA ICODE/4102,4101,4100,4104,4103,4105,4106,4109
%941 0794108,4110
v Xy =BN6E2y ~ 8061y-R0609‘80597—80589—80579—80567"8055y 8054
*,"80539“8052 s
*9-8051,-80509‘8049,-80481'80471—80469‘80451-8044, ~8043
8042/

CALCULATION CODE
1=7ERO CHECK PLUS FLOW CALCULATION
2=7ER0O CHECK ONLY
3=TEMPERATURE CALCULATION

"DATA 1C/6%1,5%2,21%3/
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+es (CONT'D)

c CONA= SPAN/ 32767

DATA A/7.3B5E-0474843Ex04y12297E=034,578E=04 4. T91E
*=04 : /

%y159.,194E=04 94 4048E=04914.520E~0492.525E-03,-2.525E-03
*,2.525€E-03 -
%,21%1111.0/

C CONR=INTERCEPT

~

5 DATA B/6*0.0,88.85,—2.4§1,20.684,103.420,20.684,21*
*=18.0/ T
READ (10'1) NLOOP, KOUNT, MAX ,IPOL
READ(10'8)(TOT(I),1=1,32)
READ(10'9)(SUMSQ(T)41=1,432)
DO 999 KOUNT = 1,MAX

C CALCULATE COLD JUNCTION COMPENSATION
CALL COLDJ(TRBT)
DO 140 1=1,32

C GET CALCULATION TYPE

ITYPE=IC(I)

c GET MULTIPLEXER ADDRESS

MPXAD=ICODE (1)

C _READN INPUT FROM MULTIPLEXER

& .
CALL AIP{11000,INPUT,MPXAD)
20 CALL AIP(O,JTEST)
GO TN(20,40) 4JTEST
40 DATA=INPUT
GO TO(60,80,100),ITYPE

c . ZERD CHECK PLUS FLOW CALCULATION
C i :

b3

- 60 CALL ZERCK(DATA)
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o w0 (CO&T'D)

 TAKF SOUARE RDOT AND RESCALE INPUT

80

100

110

140

999

DATA= §ORT(DATA)*SQRT(32767 0)
GO 70 110

ZERN CHECK ONLY
CALL ZERCK(DATA)
GO TO 110

TEMPERATURE CALCULATION

CALL TCONV(DATA,INPUT TRBT)

GO TO 110

CONTINUE

DATA= A(I)*DATA+B(I)
TOT(IY=TOT(1)+DATA :
SUMSO(1)= SUMSO(I)+DATA*DATA
CONTINUE -

WRITE DATA TO FILESﬁ'IO' EVERY IPOL TIME .

WRITE (10'1) NLDOP, KOUNT, MAX
WRITE(10'8)Y(TOT(1)y1=1,32)

,wRITE(lO'Q)LSUMSO(I)yl=ly$2)

'CHECK TF ENOUGH POINTS ACCUMULATED

-

TIME=IPOL -
INT=TIME/O.1

CALL SUSPN (9,INT)

CONT INUE

CALL OLEVL(BALN1;1,0,0,IER)
CALL CANCL(9)

CALL EXIT

END.
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SUBROUTINE COLDJ

~

PURPOSE

CALCULATE COLD JUNCTION COMPENSATION FOR
TEMPERATURES

DESCRIPTION OF PARAMETERS

TRBT COLD JUNCTION CDNPENSATION

USAGE
CALL COLD(TRBT)

SYSTEM SUBROUTINES(IBM 1800) REQUIRED

ATP - ’\

SUBROUT INE COLDJ(TRBT) \

"DIMENSION MPXAD(2),INPUT(2)

DATA CyD/9.6447,~291.638/
DATA MPXAD/-B8063,-8064/

éRIDGE UNBALANCE=-8063, REFERENCE VULTAGE=—8064

s
DO 40 I=1,2 _
CALL ATP(11000,INPUT(I),MPXADI(I))
CALL AIP(0,JTEST) - . O\
60 TO(20,40) ,JTEST :
CONTINUE

- TRBT=51. R?é*FLDAT(INPUT(l))/FLOAT(INPUT(Z))+41 Y

TRBT=C*TRBT+D
RETURN : -
END
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SUBROUTINE ZERCK

PURPOSE
7ERD CHECK

DESCRIPTION OF PARAMETERS '
DATAN - MULTIPLEXER READING IN BINARY COUNTS

USAGE : '
CALL ZERCK(DATAN) o ‘ T

SUBROUTINE ZERCK (DATAN)
DATAN=DATAN-6553.4

ZERD CHECK INPUT
TF(DATAN)20,20,40
DATAN=0.0

60 TO 60
RESCALE INPUT

DATAN=DATAN® (32767.0/(32767.0-6553.4))
CONTINUE f

. RETURN

END



SUBROUT INE TCONV

"PURPDSE
CALCULATE THE TEMPERATURE ,FROM THE MUTIPLEXER
READING AND THE COLD JURCTION COMPENSATION

DESCRIPTION OF PARAMETERS L
TEMP COMPENSATED TEMPERATURE IN DEG C

INPUT MULTIPLEXER READING IN BINARY COUNTS
TRBT GOLD JUNCTION COMPENSATION

USAGE
CALL TCONV(TEMP,INPUT TRBT) : v

148.89 DEG C! -

RANGE 'O DEG F TD 300 DEG F! QB\ '-17.78 DEé C 70
INCREMENT 25.0 DEG F

\\

REMARKS &
METHOD USE CALCULATE COUNT,SLOPE»INTCP

COUNT(IY=TEMP(DEG F)*65534.0/2000.0

SLOPE(I)=(10, 0/2. 0)*(65534 0/2
00. 0)%( (TEMP (N+¥1)=TEMP (N))

: JIVIN+1)=V(N)))
VIN)=V(TEMP)-V(75.0 DEG F)
V(N)=VOLTAGE. IN MV -

N

N o
INTCP(I)=V(N)*46384f0*2.0/RANGE
RANGE=10 MV

SUBROUTINE TCONV(TEMP, INPUT, TRBT) '
REAL INTCP( T . e
DIMENSION COUNT(7),SLOPE(7) o )
DATA COUNT/-6914,048,-2359, 29612359 296

T *971764192,12091.392,17039.360,22020.096/

-DATA SLOPE/5893.885+5689.236,5573.129
*,5461.167,5425.49715389.803,5319.805/

DATA INTCP/0.0,1638.35,3276. 7,4915 05 \
*96553.4,8191.75,9830.1/ , _ o

202
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"RETURN . . S

-END

-

Loy

e . 203

e e s (CONT'D)
{ ) . K 7 4.

ADD COLD JUNCTTON- COMPENSAT ION

o
XNPUT=INPUT+TRBT

SEARCH FOR SEGMENT ' ' 5’

7
DO 10 1=1,7
IF(COUNT(I)=XNPUT) 1041,1
INDX=1-1 R
GO TO 2 - : . .
CONT INUE ) ‘ B . | AN
CALCULATE TEMPERATURE IN BINARY COUNTS = .

TC= (XNPUT-COUNT ( INDX ) ) #SLOPE ( INDX )/ 16384 0+INTCP

TEMPERATURE - BEFORE FINAL CONVERSION TO DEGREES
kf . M

LR

TEMP=TC/65534.0 | .
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- . PROGRAM BALN1

PURPOSE : '
PERFORM MATERIAL AND ENERGY BALANCE CALCULATIONS
WHEN DATA ACCUMULATION HAS BEEN COMPLETED BY DATAL

USAGE.
THIS PRDGRAM IS QUEUED BY DATA1l

-

INTEGER FDPLTY

DIMENSTION RUN(2),DATE(2)

DIMENSION AV(34),VAR(34) DEV(34)yTITLE(3493)9UNIT(34
%,2)

DEFINE FILE 10(609809U7NEXT)

DEFINE FUNCTION STATEMENTS

TEMP(T) =(T%9.0/5.0)432.0

CPMG(T) =10.26+1 +984E~02%T—0,144E-05%T#%2=]1 ,92E-09*T#%3
CPML(T)—_.3305+7 8241E 03*T+37 69TBE-06% T#%2

CPML(T)=O.5573+0.187OE—02*T+0.9011E—05*T**2
CPWG(T)=7.880+0.32E-02*%T~483,3E-D5*T%%2 -

CPNL(T)=4.1882-5.69025-04*T+8,4935E—06*T**2

CPWL (T)=1.0009°0362E~03 #T +0,2026E <0 5% T#*2.
HEATM(T)=(291.2-043308%T-0.1526E-02%T*%2)*1.8

HEATW(T)=2510.35-9.27E-01%T~13 .06E-04*T*%2
HEATW(T)=1080,2-0,3785%T~0.5618E~03%T#%2
DENS(TyX)=1.0201-0.5123E-03%T-041512E-05%T##2-0.151 €
*-02%100e X

1 -0.8106E~05#(100.%X)##2

DENSW(T)=1,0050-0.2142E-03 *T -0.2508E ~ OS*T**Z

READ DATA -FROM FILES. =~ -
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.+« (CONT'D)

READ (10'1) NLOOP,KOUNT ,MAX ,1POLsBTCMP ,FDCMP,FDPLT
READ (10'2) ((TITLE(I,J), J=1,3), I=1,12)

READ (10'3) ((TITLE(I,J)y J=1,3), 1=13,24)

READ (10'4) ((TITLE(I+J)y J=1,3), I=25,34), (RUN(I),
* 121,20, ‘

1 (DATE(I), I=1,2)

READ (10'5) ((UNIT€I4J)y J=142), I=1,18)

READ (10'6) ((UNIT(IsJ)y J=1,2), 1=19,34)
READ(10'8)(AV(IY,1=1,32)
READ{10"9)(VAR(I),I=1432)

COMPUTE AVERAGE AND VARIANCE OF READINGS

DO 1 I=1,32

VAR(T)=(VAR(I)~- AV(I)*AV(I)/KOUNT)/(KOUNT -1)
DEV(I)=SORT(VARI(I))

AV(I)=AV(I)/KOUNT

o
o ]

I NSERT FEED AND BOTTOM COMPOSITIONS IN VECTOR

DO 2 I=1,32"

K=356-1

IF(K-10)4,3,3

AV(K)=AV(K=~2)

DEV(K)=DEV(K~2)

CONTINUE

DEV(8)=0.0

DEV(9)=0.0

AV(R)=BTCMP .
AV(9)=FDCMP’ : N

CORRECT FLOW SIGNALS FOR TEMPERATURE

EN
&

F=AV(1)*SORT (DENS (AV(27),AV(9)/100.0))
R=AV(2)*SORT(DENS(AV(26)4AV(T7)/100.0))
B=AV(4)*SORT (NDENS(AV(28),AV(8)/100.0))

- D= AV(S)*SORT(DENS(AV(Zb),AV(?)/lOOfﬁ)) S

W=AV(6)*SORT (DENSW(AV(33)7))

OVERALL MATERIAL BALANCE , e
F IN=F

FOUT=D+B '

ERRT= (FOUT/FIN-1.0)%100.0

COMPQNENT BALANCE
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eee {CONT'D)

CINI=F*AV(9)/100.0
CIN2=F%(1.0-AV(9)/100.0)
CT1=D*AV(7)/100.0

CT2=D*(1.0-AV(7)/100.0)
"CB1=R*AV(8)/100.,0"

CB2=R*(1.0-AV(8)/100.0)

COUT1=CT1+CB1

COUT2=CT2+CB2 .
ERRI=(COUT1/CIN1-1.0)%*100.0 Do
ERR2=(COUT2/CIN2-1.0)%100.0 v

ENERGY BALANCE
ENTHALPY BASED ON O DEG C

FEEND ENTHALPY IN

HFI1=CPML(AV (30))%AV(9)/100.0%F*AV (30)
HEI2=CPWL(AV(30))%(1.0-AV(9)/100.0)*F*AV(30)
HFI HFI1+HFI?

STEAMvENTHALPY\IN

HS 1= (HEATW(TEMP (AV(24)))+CPWL (AV(24) )*AV(24) ) *AV(3)
REFLUX ENTHALPY 1IN
HRI1=CPML(AV (31 ))*R*AV(7)/100.0%AV(31)

HR I2=CPWL (AV(31))*%R*%(1.0-AV(7)/100.0)%AV(31)
HRI=HRI1+HRI2

COOLING WATER ENTHALPY IN

HWI=CPWL (AV(33) ) #W#AV (33)

TOTAL ENTHALPY IN

HIT=HF I+HS T+HRI+HWI

BOTTOM ENTHALPY OUT

HBOD1= CPML(AV(14))*B*AV(8)/100 0*AV(14)
HBO2= CPNL(AV(I#))*B*(I 0~ AV(8)4100.0)*AV(14)

206
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e (CONT'D)
HBO=HRO1+HBO2
TOP PRODUCT ENTHALPY OUT
HTOL=CPML(AV(23))%*D*AV (7)/100.0%AV (23)
HTD2=CPWLIAY (23))%D#(1.0-AV(7)/100.0)%AV(23)
HTO=HT 01 +HTO2
REFLUX ENTHALPY OUT
HRO1=CPML(AV (23))#R*AV (7)/100.0%AV (23)
HR 02=CPWL (AV(23))#R*(1.0~AV(7)/100.0)*AV(23) ~
HRO=HRO1+HRO2 :

STEAM CONDENSATE ENTHALPY OUT

HSO=CPWL{AV(25))*AV(3)xAV(25)

COOL ING WATER OUT

HWO=CPWL (AV(34))*W*AV(34)

TOTAL ENTHALPY OUT

HOT=HRO+HTO+HRO+HSO+HWOD

DIFFERENCE IS THE HEAT LOSS

HLOSS=HIT-HOT
DOCUMENT STEADY STATE, MATERIAL AND ENERGY BALANCES

STEADY STATE

WRITE (6,5}
5 FORMAT (Y1t,///7/77)

WRITE (646) (RUN(I)y I=142)y (DATE(I)y I=1,2)
6 FORMAT (T51, 'STEADY STATE DATA'/T52, 'RUN NO ', 2A4.
*/T755, 2A4//) ' ,

WRITE (64900) (TITLE(1,J)s J=143)y Fy (UNIT(1l,J)y J=1
*92)9 ' -

1 . . {TITLE 4 4d)y J=143)y By (UNIT(4,J)s J=1
*92) ‘
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'oD(CONT'D)

900 FORMAT (732, 3A4, T45, F7.3, 1Xy 2A4y T62y 3A4, T75,

* F7439 1X . . !
15244) . | |
WRITE (64900) (TITLE(24J)y J=1,3), Ry (UNIT(24J)y J=1
*e92), : .
1 (TITLE(S’J)Y J=1+3)y D, (UNIT(51J)1 J=1-
¥42) s ' ' ‘ : -
WRITE (6,900) (TITLE(3,4), J=1+3)y AV(3}, (UNIT(3,d), .
J=172)9 )

(TITLE(byJ),AJ:I,B)y Wy (UNIT{(6,J)y J=)"

WRITE (64901) FDPLT, (TITLE(94J)y J=1,3), FDCMP,
* (UNTT(9,J),J=1,2) \ o ' ;
‘901 FORMAT (T32, 'FEED PLATE', T45, 13, T62, 3A4, T75,
* F7+43y 1X, 2A4) L .
WRITE (64902) (TITLE(T7+J)y J=143)y AVIT)y (UNIT(T74J),

* J=1,2), v . . ’ :
1 (TITLE(Bs+J)y J=143)y, AVI(B)y (UNIT(8,4),
% J=1,2) o | E | :

902 FORMAT (732, 3A4, T45, F7.3, 1Xy 274, T62, 3A4, T75,
* F743y 1X ' '
1,2A4)

WRITE (6,903) (TITLE(304J)y J=143)y AV(30),y, (UNIT(30
*9J)1»J=112)y .
1 (TITLE(314J)y J=1,3)y AV(31), (UNIT(31
*yJ)y J=1,2) : : R
903 FORMAT (T32, 3A4, T45, FT7.2y 1X, 2A4, T62, 3A4, 175,

* FT7Te2y 1X A .
142A4)

WRITE (64903) (TITLE(244J)y J=143)s AVI(24), (UNIT(24
¥edly J=1,2), ) .

1 . (TITLE(104J)y J=143),y AV(10)}y {UNIT(10
*9d)y J=1,2) , ' ’
WRITE (6,60)

i

MATERTAL BALANCE

"WRITE (6,10) : ) : .
10 FORMAT (744, *M A T ER T AL B AL ANCE'//T55,
* YFLOW'y T65,
1 'COMP', T72, 'METHANOL', TB4, 'WATER',/T53, '(G/SEC)'
*, T63, . SR
2 "(WT PCT)'y T72, *(G/SEC)', T83, '(G/SEC)')
WRITE (6,20) F, AV(9), CINl, CIN2
20 FORMAT (/T32, 'FEED', T53, F743y T63, FTe3y TT72y FT73,
* .T82, F7.3) A
WRITE (6,30) B, AV(8), CBl, CB2 : :
30 FORMAT (T32, 'BOTTOM PRODUCT 'y, T53, FT7.3, T63, F7s¢3,
% T72y F7.3, _ .
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ee o ({CONT'D)

1 T82, F7.3)
WRITE (6440) Dy AV(7)y CTly CT2
40 FORMAT (732, 'TOP PRODUCT'y T53, F7.3y T63, F7.3, T72, .
* F7.3y T82, '
1 F7.3) '
WRITE (6,50) ERRT, ERR1l,s ERR2 .
50 FORMAT (732, 'CLOSURE ERROR-PC', T53, F5.1, T72, FS.1,
"* T82, F5.1) '
WRITE (6,60)
60 FORMAT (///77)

ENFRGY BALANCE

WRITE (6,70) .
70 FORMAT (T474 'E N E R G Y B ALANTE CTEY/T57,
* YENTHALPY IN*, - , )
1 T74, "ENTHALPY OUT'/T59, '(J/SEC)', T76, '{J/SEC)')
WRITE (64+80) HWI, HWO . ‘
80 FORMAT (/T739, 'COOLING WATER'y T59, F7.1, T76, F7.1)
WRITE (64+90) HRI, HRO .: :
90 FORMAT (T39, 'REFLUX', T59, F7.1y T76,y FT7.1)
WRITE (6,100} HTO .
100 FORMAT (739, 'TOP‘PRDDUCT'y T76, F7.1)
WRITE (6,110) HFI

- 110 FORMAT (739, 'FEED', 759, F7.1)

WRITE (6,120) HSI, HSO

y

120 FORMAY (739, 'STEAM', T59, F7.1, T76, F7.1)
WRITE\(6,4130) HBO

130 FORMAT' (T39, 'BOTTOM PRODUCT', T76, F7.1)

WRITE (6,140) HIT, HOT

140 FORMAT (739, 'TOTAL', T59, FT7.1l, T76,y F7.1)
WRITE (6+150) HLOSS A :

150 FORMAT (739, 'HEAT LOSS', T68y F7.1)

DOCUMENT ALL STEADY STATE CONDITIONS

. WRITE (64200)
200 FORMAT ('1'y /////7) ,
WRITE (6,4210) ROUNT, (RUN(I), I=142), (DATE(I)y I=1,2)
210 FORMAT_(T33, *STEADY STATE CONDITIONS BASED ON', T4, !
% POINTS'/ : : f
1 . . T42y YRUN. NO. 'y 2A4, 1X, 2A4/)
DO 230 1=1,13 ' :
WRITE (6,220) (TITLE(IsJ)y J=193) AV (I} e (UNIT(I4J),
“k J=1,2),DEV(I]) . o
220 FORMAT (T33, 3A4, '=1',°F7.3, 1X, 2A4, 3X, 'DEV="?,
* FTe4) ' : S '
230 CONTINUE
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\ ees {CONT'D)
DO 250 I=14,34 - ’
WRITE (64240) (TITLE(I,J)y J=193),AVII)Z(UNIT(I,J),
* J=142)y DEW(I)
240 FORMAT .(T33, 3A4, '=', F7.1, 1X, 2A4, 3X, 'DEV=!,
* F7.4) :
250 CONTINUE
"WRITE (6,260)
260 FORMAT (1)
CALL EXIT"
END
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PROGRAM INFF

PURPOSE » S
- READ INTO DISK STORAGE FILE 'US0O1' THE TITLES
WHICH WILL BE USED FOR PROGRAM BALN1 OUTPUT

2

DESCRIPTION OF PARAMETERS

TITLE TITLES FOR BALNY OUTPUT _
UNTT UNITS OF THE CORRESPONDING TITLES Q
USAGE

FOLLOWING DATA IS RFOUIRED FOR THIS PROGRAM INFF
FEED FLOW G/SEC
REFLUX FLOW G/SEC
STEAM FLOW G/SEC
BOTTOM PROD G/SEC
TOP PROD G/SEC
COOL WATER G/SEC
"DIST COMP WTE MEOH
BOTTOM COMP WTZ MEOH
FEED COMP WTZ MEOH
COL PRESS KPA
COND LEVEL KPA
REB'R.LEVEL KPA
DIFF PRESS KPA
. REB'R TEMP DEG
TRAY 1 TEMP DEG
TRAY 2 TEMP DEG
TRAY 3 TEMP DEG
TRAY 4 TEMP DEG
TRAYi 5 TEMP DEG
TRAY 6 TEMP DEG
TRAY 7 TEMP DEG
TRAY 8 TEMP DEG
COND TEMP DEG
STEAM TEMP DEG
CON'TE TEMP DEG
REFLUX TEMP DEG
FEED TEMP DEG
BOTTOM TEMP DEG
REB'R VAPOR DEG
"FEED INLET DEG
REFLUX INLETDEG
~ COND VAPOR DEG
_ WATER INLET DEG
WATER OUTLETDEG

. C
c
c
C
c
C
C
C
C
C
c
c
C
C
C
c
c
C
c
c
C
c
c
c
c
C

ONMO OO0 N0 00N 0
tar
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eees (CONT'D)
(START ALL THE ABOVE DATA IN COLUMY 1)

REMARKS ; A
NDATA FILE 10 NAMED 'US001' IS REQUIRED

]

INTEGER FDPLT .

DIMFNSION TITLE(34,3), UNIT(34,2) » ‘
DEFINE FILE 10(60,80,U,NEXT) -
NLOOP=34

DO 10 I=1,NLOOP

READ(5,100) ATITLE(T9J)sJ=193)5 (UNIT(I,J)yJd=1,2)
CONTINUE . ' :
FORMAT (5A4%)

KOUNT=0

MAX=0

1POL=0

BTCMP=0,0

FDCMP=0.0 . . '

FDPLT=0 v B
WRITE(10'1) NLOOP,KOUNT MAX,IPOLyBTCMP,FDCMP,FDPLT
WRITE(10'2) ((TITLE(I,J)ysd=193)y1=1,12)
WRITE(10'3) ((TITLE(T9J)9Jd=193),1=13,24)
WRITE(10'4) ((TITLE(I,J)4J=143),1=25,34)
WRITE(10'5S) ((UNIT(I,4)4J=142)41=1,18) '
WRITE(1I0'6) ((UNIT(I,J)9J=142)91=19,34)

CALL EXIT ' '

END
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PROGRAM DWL44

TO WRITE BOTTOM CDMPOSITIDN 70 DDC LOOP 608.
PROGRAM HAS OPTION OF ALSO WRITING FEED COMPOSITION
7O DDC LOOP 629, AT PRESENT 625 IS BEING USED

AS A DATA ACCUMULATION LOOP FOR REBOILER LEVEL.

DESCRIPTION OF PARAMETERS:

17T
AR
N
N2
C1
cz2
Y

USAGE

M
EA

ELUTION TIME FOR METHANOL AND WATER PEAKS
PEAK ARE FOR METHANOL AND WATER

RESPONSE FACTOR FOR METHANOL

RESPONSE FACTOR FOR WATER

RESPONSE FACTOR FOR METHANOL

RESPONSE FACTOR FOR WATER

CURRENT .BOTTOM OR FEED COMPOSITION

QUEOUED BY ANY G.C. JOB ON G.C. #7 USING
CALCUTION OPTION #8,

SYSTEM SUBROUTINES(IBM 1800) REQUIRED
GTVLU oGETCE,PTVLU,TIME

REAL MEAS(B)

DIMFNSION ITIM(Z),AREA(Z)oLPID(4) ¢
DATA ERROR/1000.0/

DATA ICEAT,ICEAA/Z0017,2001R/

REPONSE FACTORS FOR BOTTOM COMPOSITION

DATA D1,D2/1.025,1.000/

REPONSE FACTORS.FOR FEED COMPOSITION

DATA

CODE

W

€1,C2/1.000,1 .000/

FOR LOOP NUMBERS

RAW BOTTOM COMPOSITION
FILTERED BOTTOM COMPDSITIDN
TOP COMPOSITION

FEED COMPOSITION
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eee (CONT'D)
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DATA LPID(l)yLPID(Z)yLPIQ(BYyLPID(4)/20608,20607920604

%49 20629/ \
GET ELUTION TIMES AND PEAKS AREAS FOR METHANOL AND
WATER K

CALL GETCE(ICEAT,ITIM,1,2).
CALL GETCE(ICEAA,AREA 42,2)

CHECK WHICH COMPOSITION IS TO BE WRITTEN TO THE DDC
LooP .

R=AREA(2)/AREA(1)

IF(R-2.0) 1,41,2 .
LPIN=LPID(4)

GO TO 3 ’ '

LPIN=LPID(1)

GET OLD MEASUREMENT FOR BOTTOM CONCENTRATION

IDESC=13 |
CALL GTVLU(LPIN,1,YOLD,1ER,TDESC)
GO TO (3,14,15,16),ER :
CONT INUE

CHECKS FOR PEAKS NOT DETECTED

v

TF(ITIM(1)) 18,1844

TFOITIM(2)) 18,5,7 :

TF(AREA(1)-ERROR)} 18,18,6 ' : B
AREA(2)=0.0 . -

CONTINUE

I F(LPIN-LPID(4)) 12,8,8

CALCULATE FEED COMPDSITION (PERCENT ME THANOLY

ATOT=C1*AREA (1 )+C2*AREA{2) )
Y=C1*AREA(1)/ATOT*1 00 - )
IF(Y) 18,18,9

CONT INUE . '

CALL PTVLU(LPID(4),y1,Y4IER)

GO TO (11414,15,16),1ER

GO TO 17
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«e o« {CONT?'D)
CALCULATE BOTTOM COMPOSITION(PERCENT METHANOL) .

12 ATOT=D1*AREA (1)+D2%AREA(2)
Y=D1*AREA(1) /ATOT*1 00

- IF(Y) 18,18,13

13 CONTINUE
CALL PTVLU(LPID(1),1,Y,I1ER)
I TEM=1
IDESC=13
PO 20 I=1,3 -
CALL GTVLUCLPID(I),ITEM,MEAS(T),1ER, 1D ESC)
GO TO (10414,15,16),1ER

10 CONTINUE

20 CONTINUE

WRITE DATA TO TELETYPE #13

LUN=13
CALL TIME(IHOUR,IMIN,ISEC)
WRITF(LUN,201 ) IHOUR,IMIN,ISEC
201 FORMAT(//,T5," TIME IS ',12,'/%,12,'/1,12)
WRITE(LUN,202) MEAS(1),MEAS(3) h
202 FORMAT(//,T5,'RAW BOTTOM COMPOSITION IS ',F6.3,"
% PERCENT!, |
%/4yT5,'TOP COMPOSITION IS ',F6.3,' PERCENT')

CALL EXIT

14 WRITE(LUN,203) i

203 FORMAT(/ 4T5¢*ITEM NOT SPECIFIED IN PWRY)
CALL EXIT

15 WRITE(LUN,204)
204 FORMAT(/,T5,4'PVR ID NOT FOUND IN TABLE!')
CALL EXIT
16 WRITE(LUN,205)
205 FORMAT(/ ,T5,'INVALID DATA IN CALL')
CALL EXIT
17 CONTINUE
CALL EXIT
18 CALL PTVLU(LPIN, ly-l 0,1ER)
CALL EXIT
END
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PROGRAM DISTS8 : g

PURPOSE ' : , '
TO START AN OPEN OR CLOSE LOOP RUN.

DESCRIPTION OF PARAMETERS

LUN " LOGICAL UNTT NUMBER
10CLD " TYPE OF DISTURBANCE
USAGE . .
QUEUED FROM ANY TELETYPE AND ENTER DATA AS
REOUIRED. | ' 1
EXAMPLE
ODTSTR
ENTER TYPE OF DISTURBANCE
1 -- OPEN LOOP
2 -- CLOSE LOOP

ENTER VARIABLE FOR OPEN LOOP.DISTURBANCE

1-——FEED FLOW
2--—REFLUX FLOW
‘3-——=STEAM FLOW

ENTER PRESENT VALUE AND ° .
MAGNITUDE OF DISTURBANCE(+ OR- PERCENT)

) 19‘035 1—20-0

1

TfME OF DISTURBANCE 1S . 15/52/19

SUBROUTINES AND PROGRAMS REQUIRED
- ODIST

SYSTEM SUBROUTINES(IBM 1800 )% REQUIRED
FFINP,GETTY

DEFINE FILE 10(60,80,U,NEXT) o k
CALL GETTY(-LUN) L
WRITE(LUN,200 )

216
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. e (CONT D)

200 FORMAT(TS,'ENTER TYPE OF DISTURBANCE'
*/4710,'1 -- OPEN tOOP!',
- %/4T104'2 — CLOSE LODP') Y
1 CALL FFINP(LUN, 1,10,IOCLD,IER) g
" IF(IER) 2,4,3 2
. 2 WRITE(LUN,202) ‘ '
202 FDRMAQATS,'INPUT TO FFINP IN ERRDR——PROGRAM EXITED')
- CALL EXIT .
3 WRITE(LUN,203) .
203 FORMATI(TS,'INPUT TO FFINP IN ERROR--TRYMNAGAIN')
GO TO 1 , w
4 CONTINUE : :
GO _TO (5,6),IOCLD
5 CONT INUE
CALL ODIST(LUN)
CALL EXIT ‘
‘6 CONTINUE
WRITE(LUN,204) : ‘
204 FORMAT(TS5,'CLOSE LOOP -7; NnT FINISHED') ‘ .
~  GALL EXIT- . “
END® . ’ :

e

i3
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SUBROUTINE ODIST

o

PURPOSE | ' ‘
TO TO ENTER TYPE OF DISTURBANCE AND THE

MAGNITUDE. |

DESCRIPTION OF PARAMETERS \
PRVAL PRESENT - VALUE {
NISMG MAGNITUDE OF DISTURBANCE
SETPT VALUE OF VARIABLE ;
nutTPY ~ DUTPUT(PCNT) SEND TO DDC LOOP

SYSTEM SUBROUTINES (IBM ‘1800) REQUIRED,
© FFINP,PTVLU,TIME,OPER MMANL

SUBROUTINE ODIST(LUN)

INTEGER LUN,IDJS,TER,IERR

REAL PRVAL,DISMG,SETPT,0OUTPT

DIMENSION A(3)4B(3),LPID(3)

DATA LPID/20601,20602,20603/

DATA A/2.4979,2.638593.9309/ o ¢
DATA B/=1.0961,~0.7962+1.9549/ ’

MAKE ALL THREE LOOPS OPERABLE AND ON MANUAL

DO 10 1'=1,3

CALL OPER(LPID(I))

CALL MMANL(LPID(I))‘ ¢
10 CONTINUE :

WRITE(LUN,200) -

WRITE(LUN,201)
201 FORMAT(X,T10,'1-%FEED FLOH',/,TIO,'Z—-—REFLUX FLOW!
*#¢/97104 '3-—-STEAM. FLOW')
1 CALL FFINP{LUN,1,10, IDIS IER)
- TFUIER) 244,43
2 WRITE(LUN,203)

200 FORMAT{gj,'ENTER'VARIABLE FOR OPEN LOOP DISTURBANCE")

203 FORMAT(TS5,'INPUT TO FFINP IN ERROR~--PROGRAM EXITED')

. G0 TO 15
3 WRITE(LUN,204 )
204 FORMAT(TS5,'INPUT TO FFINP IN ERROR--TRY AGAIN')
60 TO 1
4 CONT INUE
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eee (CONT'D)

WRITE(LUN,205)

205 FORMAT(T5,'ENTER PRESENT VALUE AND'

1,/+75, "MAGNITUDE OF DISTURBANCE(+ OR - PERCENT)!')

6 CALL FFINP(LUN,2,11,PRYAL, llvDISMG 1ER)

IF(TER) 7,49,8

7 GO TO 2

8 WRITE(LUN,206)
206 FDRMAT(TS,'INPUT TO FFINP 1IN ERROR——TRY AGAIN'")

-

GO 70 6

NEW VALUE CAN EITHER GO TO THE-SETPOINT OR THE OUTPUT
OF THE LOOP. IF TO THE SETPODINT THEN LOOP MUST BE ON
AUTOMATIC CONTROL AND IF TO THE OQUTPUT LOOP MUST BE ON

JMANAL o : 4§¥’

9 SETPT=PRVAL*(1.0+DISMG/100.0)

OUTPT=((SETPT-B(IDIS))/A(IDIS))**2.0

VALVUE OF ITEM WILL BE

1 -- MEASUREMENT
.2 == SETPOINT
3 == DUTPUT ¢
ITEM=3"

CALL PTVLU(LPID(IDIS),ITEM OUTPT,IERR)
GO TO (11,12,13,14),1ERR

11 CALL TIME(IHOUR,IMIN,ISEC)

WRITE(LUN,207) ITHOUR,IMIN,ISEC

207 FORMAT(// T5,*TIME OF DISTURBANCE IS ',12,%/1,12,'/"

*y 12)
GO 7O 15 .

12 WRITE(LUN,208)
208 FORMAT(/,T5,'1TEM NOT SPECIFIED IN PVR')

GO TO 15

13 WRITE(LUN,209)
209 FORMAT(/,TS,'PVR 1D NOT FOUND IN TABLE')

G0 TO 15

14 WRITE(LUN,211)
211 FORMAT(/,T5,' INVALID DATA IN CALL')
15 CONTINUE

RETURN
END



APPENDIX F
F.1 Lliquid Mass Ho 1dup

Accurate experimental liquid mass heldup was only
necessary for the transient disti]]ation column dynamics,
that is, changing the holdup has no effect on the steady
state. Since the column shell conéists of glass sections
between each of the trays, it was easy tovmeasurebthe clear
liquid heighf.on each fray:to help determine the liquid mass

holdup.

F.2 Method of Measurement "

The liquid mass holdﬁp of each stage was calculated in
the following manner. Before determining the 11qu1d mass
holdup on each stgge for the operat1ng conditions the
maximum volume per stage was determined as follows, Using
only the feed stream, liquid was introduced into'the column
on the four bottom frays and reboiler. The rebo11er level
was operated at the normal level with each tray overflow1ng
with the height of the outlet weir being 2 inches. The
“system was allowed to reach‘steady state, Fhen the feed pump
was turned off and at the same time the bottom control valve

was closedf The column was allowed to drain and the total

220
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amount of liquid weighéd 12,665.2 grams atia specific
gravity of 0.9507. Next, only the rebdiler was filled to
its operating point and drained. The liquid in the reboiler
had a mass of 7328.4 grams and a specific grayity<of.0.9561.
With this information, the voluhe per tray was calculated to
be 1403.4 cm® , based on the 4 bottom trays,‘wﬁich
corrésponds to two inches of liquid on each tray.

Next the column was operated at the normal operating
conditioné. Measuring the height of liquid on a tray was
| difficu]t,becauselof foaming. If the feed, and reflux pumps
and steam flow valve were closed at the same time, the
foaming ceased. At this point, the height of the ligquid on
each tray could be measured and a sample of liquid on each
tray was obtained. ' The samples were analyzed by measuring
~ the specific gravity to determine the percent methanol for
each tray liquid. Knowing the composition and the
temperature of the liquid on each tray, fhe density at the
operating éonditions was determined by using equation A-i.
Thus, using the height of liquid on a tray, the volume and
mass holdup on each tray was determinéd. Téple F.1‘
summarizes the experimental values. The condenser mass
holdup was determined in a similar manner to the reboiler

calculations.

A4
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" Table F.1 EXperimental'Liquid Mass Holdup

Stage QensityipercentuTemp Density Height Volume Ho]dup

20 °C  Comp "C g/cm? inch cmd® g
{ mmeee- 3.50  95.5 0.9513 -----  7664.4 7296.5
2 0.9842 B8.31 86.7 0.8511 1.500 1052.6 1001.1
3 0.9619 24.20 80.2 0.9278 1.812 1271.8 1180.0
4° 0.9325 41.10 75.6 0.8966 1.750 1227.9 1101.0
5 0.9094 53.00 72.6 0.8717 1.375  964.8 841.0
6§ 0.8755 68.30 70.8 0.8347 1.250  877.1 732.1
7 0.8472 79.90 66.4 0.8063 1.250  877.1 707.2
8 0.8272 87.50 64.9 0.7855 0.937  657.8 516.7
9 0.8131 92.50 62.8 0.7721 0.937  657.8 507.9
10 —emee- 96.00 61.5 0.7623 -----  956.8 727.4"



Appendix G .
G. 1 Experimental Data for Chapter 3

Appendix G contains all mass and energy balance reports
for each~ex;ebimenfal r¢;°presented in Chapter 3. For each

of the variables to be disturbed, that is, steam, reflux,
and feed flow rates, the initial and final steady states. .

values are shown. Since the test were performed as a

 combination of increases and decreases in the variable of

interest, the final steady state values for the response to’
an increase in flow were the initial steady state values for
the decrease in flow rate. The following code is used:
ST - Steam Flow |
RE - Reflux Flow
FE - Feele1ow
I -"Initial
FI - Final-Initial
F - Final
A plot of tower pressure for each distuﬁbed varTable is
shown résbectively in Figurés G.1, G.5, and G.7 for steam,
reflux and feed flow. Figures G.2, G.6, and G.8 show the
constancy of the 6ther two input variables that are‘not
being disfurbed. Fjguée G.3 shows the steam andlreboiler
temperatures duEing a 7.5 % increase in steam flow. Figure
 614 shows~¥ﬁe‘response'of product flow rates for a step

decrease in steam fiow rate. The response of the top
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STEADY STATE DATA

ENERGY

ENTHALPY IN
(J7SEC)

28746.3
1822.9

4119.3
39050.5

COOLING WATER
REFLUX =~ °

TOP PRODUCT -
FEED -
STEAM ‘
BOTTOM PRODUCT
TO0TAL

HEAT LOSS

73739,2-

RUN NO STI -10%
15/05/78
FEED FLOW 18.018 G/SEC BOTTOM PROD 9,042
REFLUX FLOW  12.100 G/SEC TOP PROD 8.780
STEAM FLOW 14.535 G/SEC COOL WATER  512.930
FEED PLATE 4 FEED COMP 50.120
DIST COMP 95,692 WTZ MEOH. BOTTOM COMP 4.174
. FEED INLET 63.80 DEG C REFLUX INLET  52.00
STEAM TEMP 106.00 DEG C COL PRESS 0.02
MATERTIAL BALANTCE
FLOW COMP  METHANOL
(G/SEC) (WT PCT) (G/SEC)
FEED 18.018 50.120 9.030
BOTTOM PRONUCT 9.042 4,174 0.377
TOP PRODUCT 8.780 95,692 84402
CLOSURE ERRNR-PC -1.0 : 2.7

B AL ANCE
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G/ SEC
G/SEC

G/ SEC
WTZ MEOH
WTZ MEOH
DEG C
KPA

WATER
(G/SEC)

8.987
8.665
0.378

0.6

ENTHALPY OUT

(JLSEC)
51881.5
2130.3
1545.8

6418,.3

35104 -

65486.,5

- 8252.6



STEADY STATE CONDITIONS BASED ON 50
RUN NO STI -10% 15/05/78

FEED FLOW
REFLUX .FLOW
STEAM FLOW

" 'BOTTOM PROD

TOP PROD -
COOL WATER
DIST COMP
BOTTOM COMP
REFD COMP

‘COL PRESS

COND LEVEL

RER'R LEVEL
DIFF PRESS

EMP -
TEMP
TEMP
TEMP
TEMP
TEMP
TEMP
TEMP

COND
STEAM TEMP

CON'TE TEMP.
REFLUX TEMP
FEED TEMP
BOTTOM TEMP
RER'R VAPOR
FEED INLET
REFLUX INLET
COND VAPDR
WATER INLET

WATER OUTLET

oW oo wonounn

[E T | A { O T [ T T T | T I L | O 1 |

18.946
13,755
14,535
9.092
9.981
512.530
95,692
4,174
50.120
0.029
33.860
94 .313
103.420
93.0
8249
T76.9
73.1
70.9

69.0

64.5
63.0
6l.2
59.1
106.0
104.6
45.7
33.9
42 o4
91 .9
63.8
52.0
61.9
13.4
- 24.2

G/SEC DEV =
G/ SEC DEV=
G/SEC DEV=
G/ SEC DEV=
G/SEC DEV=
G/ SEC DEV="
WT% MEOH DEV=
WTZ MEOH  DEV=
WT® MEOH DEV=
KPA DEV=
KP A DEV=
K PA DEV=
KPA DEV=
DEG C DEV=
DEG C DEV =
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV =
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=

POINTS

0.0652
0.0718
0.4371
0.0575
0.0846

1.9214 .

0.1398

0.0000

0.0000
0.0509
0.2014

02420

0.1868

0.2685 .

0.2411
0.2594
0.5807
0.2417

0.2298

0.2327
0.2469
0.2522
0.2377
0.3345
0.2851
0.2551
0.2467
0.2225
0.2796
0.3644
0.8462
0.2512
0.2180
0.1917
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FEED FLOW
REFLUX FLOW
STEAM FLOW
FEED PLATE
DIST COMP
FEED INLET
STEAM TEMP

FEED

BOTTOM PRODUCT

TOP PRODUCT

STEADY STATE DATA

18.037

12,128

13.447
4

' 96,401

63.80
96,20

CLOSURE ERROR=PC

-

ENE

CONL ING WATER

REFLUX

TOP PRODUCT

FEED

STEAM
BOTTOM PRODUCT
TOTAL

HEAT LOSS

RUN NO STFI 10%

- 15/05/78
G/SEC BOTTOM PROD
G/SEC TOP PROD
G/SEC COOL WATER
’ FEED COMP

WT% MEOH BOTTOM COMP

" =1.3

RGY BALANC

ENTHALPY IN
(J/7 SEC)

29755.8
1816.8 -

4123.5
35976.3

71672.6
Q 7771

226

10.323 G/SEC
T.467 G/SEC
511.895 G/SEC
- 50.120 WT% MEOH
.14.076 WT% MEOH

DEG C REFLUX INLET 51.90 DEG C
DEG C. COL PRESS 0.03 KPA
MATERTAL BALANCE
FL OW COMP  METHANOL WATER
(G/ SEC) (WT PCT) (G/SEC) - (G/SEC)
18.037 504120 9.040 - 8.996
10.323 14,076 1.453 . 8.870
T 467 96 .401 7.198 04268
-402 1.5

E

ENTHALPY OUT
(4/SEC)

51346,3
2128.7
1310.7

5495.1

3620.3

63901.2
.3



STEADY STATE CONDITIONS BASED GN 50

RUN NO STF1

FEED FLOW = 18.966
REFLUX FLOW = 13.803
STEAM FLOW = 13,447
BOTTOM PROD = 10.472
TOP PROD = 8.499
COOL WATER =511.502
DIST COMP = 96,401
BOTTOM COMP = 14,076
FEED COMP = 50,120
COL PRESS = 0.037
COND LEVEL = 33,960
RER'R LEVEL = 94,028
DIFF PRESS =103.420
RER'R TEMP = 86.1
TRAY 1 TEMP = 760
TRAY 2 TEMP = 72.8
TRAY 3 TEMP = 70.6
TRAY 4 TEMP =~ 70.4
TRAY 5 TEMP ;ﬂ 68.5
TRAY 6 TEMP =/ 64,1
TRAY 7 TEMP =! 62.7
TRAY 8 TEMP 5/ 61 .1
COND TEMP £ 59,1
STEAM TEMP = 99,2
CON'TE TEMP = 97.0
REFLUX TEMP = 45,3,
FEFD TEMP = 34,0
BOTTOM TEMP = 43,6
RER'R VAPOR = 85.1
FEED INLET = 63.8
REFLUX INLET= 51.9
COND VAPOR = 6178
WATER INLET = 13.9
WATER OUTLET=

24.0

10% 1%/05/78

G/ SEC . DEvV=

G/SEC DEV=
G/ SEC DEV=
G/SEC " DEV=
G/ SEC DEV=
G/SEC DEV=

WTZ MEON  DEV=
WT% MEOH DEV=
WTZ MEOH  DEV=
KPA DEV=
KPA DEV=
KP A DEV=
KPA DEV=
DEV =
DEV=
DEV =
DEV=
DEV =
DEV=
DEV =
DEV =
DEV =
"DEV=
DEV=
DEV=
DEV=
DEV=
DEV =
DEV=
DEV =
° DEV=
DEV =
DEV=
DEV=

DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG

2 Xsisisialsinaisiaisisisiaias e talaNale

POINTS -

0.0720
0.0496
0.4684
0.0988
0.0676
2.0166
0.1538
0.0000
0.0000
0.1236
0.2295
0.4705
0.1868
0.3242
0.2692
0.2510
0.3474%
0.2427
0.2547
0.2390
0.2620
0.2654
0.2554
0.6269
0.2810
0.2320
0.2408
0.2404
0.2386
0.3345
0.8666
0.2639
0.2547
0.2132
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STEADY STATE DATA
RUN NO STF +10%
15/05/78
FEED FLOW 18.035 G/SEC BOTTOM PROD 9.193 G/SEC
REFLUX FLODOW 12.136 G/SEC TOP PROD 8.731 G/SEC
STEAM FLOW - 14,578 G/SEC CODOL WATER 512.675 G/SEC
FEED PLATE 4 . ' FEED COMP 50,120 WT%Z MEOH
DIST COMP 95,676 WTZ MEQOH BOTTOM COMP 4,180 WT% MEOH
FEED INLET 64.10 DEG C REFLUX INLET 52.30 DEG C
STEAM TEMP 106,40 DEG C COL PRESS 0.04 KPA
M ATERTIATL B ALANCE
-FLOW C OMP ME THANO L WATER
(G/SEC) (WT PCT) (G/SEC) (G/SEC)
FEED 18.035 50.120 9.039 8 .996
BOTTOM PRODUCT 9,193 4.180 0.384 8.809
TOP PRODUCT "8.731 95,676 B.354 0.377

CLOSURE ERROR-PC -0.6 -3.3 2.1

ENERGY B AL ANCE

ENTHALPY IN ENTHALPY OUT
(J/SEC) - (J/SEC)
COOLING WATER 7 30443.7 53565.4
REFLUX 1841.1" ' 2154.6
TOP PRODUGT : 1550.1
_FEFD 4144,9 .
STEAM : © 39175.6 6462.7
. BOTTOM PRODUC ' 358849
¢ TOTAL 75605 4 - 67321.8

/  HEAT LOSS ) : 8283.6



STEADY STATE CONDITIONS BASED ON

RUN NO STF +10% 15/05/78

FEED FLOW
REFLUX FLOW
STEAM FLOW -
BOTTOM PROD
TOP PROD ~
COOL WATER
DIST COMP
BOTTOM COMP
FEED COMP
COL PRESS
COND LEVEL
REB'R LEVEL
DIFF PRESS
RER'R TEMP
TRAY 1 TEMP
TRAY 2 TEMP
TRAY 3, TEMP
TRAY 4 TEMP
TRAY 5 TEMP
TRAY 6 TEMP
TRAY 7 TEMP
TRAY
COND
STEAM TEMP
CON'TE TEMP
REFLUX TEMP
. FEED TEMP
BOTTOM TEMP
RER'R VAPOR
FEED INLET
REFLUX INLET
COND VAPOR
WATER INLET
WATER, OUTLET

© NV R W

L | | | Y A { I I O O | A T T TR TR |

W oot

o n

1
1
1

51
9

5

3
9
10

8.966
3,799
4,578
9.246
9,928
2.304
5,676
4,180
0.120
0.046
4,163
4,105
3.420
93,5
83.3
77.3
73.5
1.2
69.3
64,9
63.4
61.5
59,5
106 .4
105.0
46 .4
34,2
43,1
92.3
64.1
52.3
6242
14,2
25.0

50
G/SEC DEV =
G/ SEC DEV=
G/SEC DEV=
G/ SEC DEV=
G/SEC - DEV=
G/ SEC DEV=
WT% MEOH DEV=
WTZ MEOH DEV=
WT% MEOH DEV=
KPA DEV=
KPA’ DEV=
KPA - DEV=
KPA DEV =
DEG C DEV=
DEG C- DEV =
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV =
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV =
DEG C DEV=
DEG C . DEV=
DEG C DEV=
DEG C " DEV=
DEG C DEV=
DEG C DEV =
DEG C DEV =

POINTS

0.0703
0.0428
0.5811
0.0560
0.0978
2.1181
0.1365
0.0000
0.0000
0.0806
0.2076
0.2239
0.1868
0.3213
0.2663
0.3059
0.5131
0.2594
0.2620
0.2505
0.2525
0.2666
042499

'0.3226
0.2670

0.2363
0.2244
0.2575
0.2670
0.3449
0.7427
0.2575
0.2180

0.2685
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TOWER PRESSURE (RPA)

PO B0 060 1B0 1600

- STEAM FLOW (G/SED)

e el o
il WN\//WMW‘\ |
Lé“o ——t J ' . ot
00 B0 B0 B0 1880 1R00

TIME (MIN)

Figure G.l1 Response of tower pressure and steam flow ddring ,
a 7.5% decrease in steam flow.
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REFLUX FLOW(G/SED)
o

4
-+

0:6  “F0 B0 %0 1H0 16090

i

FEED FLOWGAEC)

165 t—+ — —————— +
D 06 F0  BAC . B0 1980 160:C
TIME (MIN)

Figure G.2 Response of reflux and feed flow during a ~
' 7.5% decrease in steam flow. (
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STEAM TEMP (C)

1625 |
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REEDILER TEMPAC) —

0:0 W0 BA0 960 1950 160¢0

.
-

Figure GQQ :

000  ®6 B0 B0 1980 160:0

TIME(MIN)

Response Of steam and reboiler temperatures’
during a 7.5% decrease in.steam flow. ~
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1054

TOP FLOW(G/ST)

SE0)

BOTTOM FLOW (G

. N rs .
705 4 e i : 1 €
-t Y T T t

60 TG . B4G BO  128:0 160G

TIME (MIN)

Flgure G. 4 Response of top and botton product flows durlng
: a 7.5% decrease in steam flow.
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N

STEADY STATE DATA

. RUN NO RETI +15%
15/05/78
FEED FLOW 18.094 G/SEC, BOTTOM PROD 9.231 G/SEC
REFLUX FLOW 12.103 G/SEC TOP PROD 8.712 G/SEC
STEAM FLOW 14,556 G/SEC COOL WATER  502.599 G/SEC
FEED PLATFE 4 , FEED COMP 50,120 WTZ MEOH
DIST COMP 96.006 WT% MEOH BOTTOM COMP 4,399 WTE MEOH
FEED INLET 65.,00 DEG C REFLUX INLET  53.60 DEG C

STEAM TEMP 107.10 DEG C _COL PRESS 0.01 KPA

o

MATERIAL BALANCE

FLOW CoMP ME THANOL WATER
(G/SEC) . (WT PCT) (G/SEC) (G/SEC)
FEED 7 18.094. 50.120 9.0 69 9,025
BOTTOM PRODUCT . 9,231 4,399 0.406 8 .825
TOP PRODUCT 8.712 96,006 "8e364 0.347 ¢
CLOSURE ERROR-PC -0.8 : -3.2 1.6

ENERGY BALANCE

ENTHALPY IN ENTHALPY OUT
( J/ SEC) | " (J/SEC)
CODL ING WATER 31314.9 54401.4
REFLUX - 1888 .5 2190.6
TOP PRODUCT | : 1576.8
FEED 4223.8
STFAM , ’39133,1 - ' 6490.9
BOTTOM PRODUCT 362640
TOTAL 76560.5 : 68286.0

HEAT LOSS . 8274.5. -
4 |

e



STEADY STATE CONDITIONS BASED ON. 50
RUN NO REI +15% 15/05/78

FEED FLOW
REFLUX FLOW
STEAM FLOW
BOTTOM PROD
TOP PROD
COOL WATER
DIST COMP
BOTTOM COMP
FEED COMP®
COL PRESS
COND LEVEL
REB'R LEVEL
DIFF PRESS
REB'R TEMP
TRAY 1 TEMP
TRAY 2 TEMP
TRAY 3 TEMP
TRAY 4 TEMP
TRAY 5 TEMP
TRAY 6 TEMP
TRAY 7 TEMP
TRAY
COND TEMP
STEAM TEMP
CON'TE TEMP
REFLUX TEMP
FEED TEMP-.
BOTTOM TEMP
RER'R VAPOR
FEED INLET
REFLUX INLET
COND VAPOR
WATER INLET

W~NCM PN

WATER DUTLET

LT | B T R [ I VI 1

o

(O VI T IO | T T | (O | O 1 O (IO T I I

19.033
13,774
14,556
9.285
9.915
502.285 .
96.006
4.399
50.120
0.018
34,046
93.906
103.420
94,1
83.8
78.0"
T441
72.1
70.2
65.8
6443
62.5
60.5
107.1
105.6
46.9
35,0
42.9
93,0
6540
53,6
63.2
1449
25.9

DEV=

G/ SEC

G/SEC DEV=
6/ SEC DEV=
G/SEC DEV=
G/ SEC DEV=
6/ SEC DEV=
WT% MEOH  DEV=
WTZ MEOH DEV=
WTE MEOH  REV=
KPA DEV=
KPA DEV=
KPA DEV=
KPA DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV =
DEG C DEV=
DEG C DEV=
DEG C - DEV=
DEG C DEV =
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV =,
DEG C DEV =
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=

POINTS

0.0650
0.0361

0.5517
0.0462

0.0978
2.5156
0.1348
0.0000
0.0000
0.0819
0,1897
0.2606
0.1868
0.2532

0.4217
0.2586
0.5075
0.2285
0.2317
0.2383
0.2436
0.2157
0.2247
043265

0.2988 -

0.3031
0.2613
0.1993
0.2494
0.3030
0.6334
0.2300
0.2238
0.2484
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STEADY STATE DATA
RUN NO REFI 152

15/05/78
FEED FLOW " 18.032 G/SEC BOTTOM PRE!DQj 10.171 G/SEC
REFLUX FLOW 13.882 G/SEC TOP PROD 7.737 G/SEC
- STEAM FLOW 14.604 G/SEC . COOL WATER 502.522 G/SEC
FEED PLATE 4 FEED COMP 50.120 WTZ MEOH
DIST CoOMmp 96.888 WTZ MEOH BOTTOM COMP 11.834 WTZ MEOH
FEED INLET 64.60 DEG C REFLUX INLET 53.00 DEG C

STEAM TEMP  102.00 DEG C COL PRESS 0.02 KPA

M ATERTIAL B ALANCE

FLOW  COMP  METHANOL  WATER

(G/SEC)  (WT PCT) (G/SEC) (G/SEC)
FEED 18.032 50,120 9.037 . B8.994
BOTTOM PRODUCT 10.171 11.834 1.203 8.968
TOP PRODUCT 7.737 ¢+ 96.888 7.496 0.240

ENERGY B ALANCE

ENTHALPY IN ENTHALPY OUT
(J/SEC) (J/SEC)
WATER 29001.1 . 5292442
| 2128.1; 2472.4
RODUCT | 1378.0

4180.3 3

_STEAM - ©'39139,7 6151.0
BOTTOM PRODUCT : 3681.5
TOTAL T4449.3 666073

HEAT LOSS . 7842.0



STEADY STATE CONDITIONS BASED ON

RUN NO REFI

FEED FLOW
REFLUX FLOW
STEAM FLOW
BOTTOM PROD
TOP PROD
COOL -WATER
DIST COMP
BOTYOM coMpP
FEED COMP
COL PRESS
COND LEVEL
REB'R LEVEL
DIFF PRESS
RER'R TEMP
TRAY 1 TEMP
TRAY 2 TEMP
TRAY 3 TEMP
TRAY & TEMP
TRAY 5 TEMP
TRAY 6 TEMP
TRAY 7 TEMP
TRAY
COND TEMP
STEAM TEMP
CON'TE TEMP
REFLUX TEMP
FEED TEMP
BOTTOM TEMP
RER'R VAPOR
FEED INLET
~REFLUX INLET
- ~COND VAPOR
_WATER INLET
WATER QUTLET

DNV AW

[E L ¢ U [ | O LI { T T L | I £ I {  {  T nmowon n i w o o

18.967
15.822
14,604
10.300
8.819
502.129
. 96.888
11.834
50.120
0.020
33,896
92.750
103.420
88.3
TT.7
73.9
71 .4
70.8
68.9
" 64.5
63.2
6l.6
59.9
102.0
99.9
46 .4
34.9
44 .4
87.3
64.6
53.0"
62.2
1 3.8
25.2

50
15% 15/05/78

G/SEC DEV =
G/ SEC DEV=
G/SEC DEV =
G/ SEC DEV=
G/SEC . DEV=
G/ SEC DEV=
WT% MEOH DEV=
WTZ MEOH DEV=
WTZ MEOH DEV=
KPA DEV=
KPA DEV =
KPA DEV=
KPA DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV =.
DEG C DEV =
DEG C DEV=
DEG C DEV =
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV =
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV =
DEG C DEV=
DEG.- C DEV=
DEG C DEV=

POINTS

0.0670
0.0645
0.4946
0.0792
0.0600
8.0620
0.1359
0.0000
0.0000
0.0464
0.1968
0.3022
0.1868
0.2339
0.,2550
0.2695
0.2389
0.2318
0.2299

0.2498

0.2466
0.2388
0.2819
0.2609
0.2407
0.2479
0.2009
0.2775
0.3224
0.6985
0.2549

0.2432 .
0.2852 -
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STEADY STATE DATA
RUN NO REF -15%

238

G/ SEC
G/SEC

G/ SEC
WTE MEOH
WTZ MEOH
DEG C

K PA

WATER
(G/SEC)

8.998
8 .786
0.353
1.5

0ouT.

15/ 05/78
FEED FLOW 18.040 G/SEC BOTTOM PROD 9.182
REFLUX FLOW 12.070 G/SEC’ TOP PROD 8751
STEAM FLOW 14,572 G/SEC COOL WATER 511.354
FEED PLATF 4 FEED COMP 50.120
DIST COMP 95.963 WT% MEOH BOTTOM COMP 4,316
FEED INLET 64.30 DEG C REFLUX INLET 52.70
STEAM TEMP 106,40 DEG C . COL PRESS 0.02
MATERTIAL B ALANCE
FLOW COMP  METHANOL
: (G/ SEC) (WT PCT) (G/SEC)
FEED 1qﬁo4o 50.120 9.041
BOTTOM PRODUCT 9,182 4,316 0.396
TOP PRODUCT 8.751 95,963 8.397
CLOSURE ERROR-PC ~-0.5 ~2.7
ENERGY BALANCE
ENTHALPY IN ENTHALPY
(J/ SEC) (J/SEC)
COOL ING WATER 28656.3 51719.2 -
REFLUX ' 1845.6 2149.2
TOP PRODUCT 1558.1
FEED 4160,5 :
STEAM 39159.4 6460.0
BOTTOM PRODUCT 3579.6
TOTAL 73822.1 6546604 |
HEAT LOSS 8355.6 /



STEADY STATE CONDITIDNS_BASED ON
RUN NG REF -15% 15/05/78 -~

FEED FLOW
REFLUX FLOW
STEAM FLOW
_ BOTTOM PROD
TOP PROD
CONL WATER
DIST COMP
BOTTOM COMP
FEED COMP
COL PRESS
COND LEVEL
REBTR LEVEL
‘DIFF PRESS
REB'R TEMP
TRAY
TRAY
TRAY
TRAY
- TRAY
TRAY
TRAY

TEMP

TEMP
TEMP

~Nom PN

TEMP

TTTTRAYS 8 TEMP

COND TEMP
STEAM TEMP
_CON'TE TEMP
REFLUX TEMP
- FEFD TEMP

"BOTTOM TEMP

REB'R VAPOR
FEED INL®T

REFLUX INLET

COND VAPOR
WATER INLET

TEMP .

"TEMP

TEMP

[T T § S T A | T { U S | (O (Y T2 A [T T N Y (AR D R TR T T I (N T T

WATER OUTLET=

18.973
13.730
14,572
9,235
9.954
5104926
95,963
4.316
50,120
0.027
34,230
93,843
103,420
93,4
83.3
77.3
73.5
.4
69.5
65.1
63.6
61 .7
59,7
10644
105.0
46.0
34,5

" 42.8
92 .3‘
6443
52,7
62.4
13,4
24,2

DEG

G/ SEC
G/ SEC

G/ SEC
G/SEC

G/ SEC

G/ SEC
WTZ MEOH
WTZ MEOH
WTZ MEOH
KPA
KPA-
KPA
KPA;
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG

DEG
DEG
DEG
DEG
DEG
DEG
DEG

2 ¥ Xaksia s YR e oo Ne e N oo o e Na N o No Wale)

50 POINTS

ﬁ

DEV2/0.0614

DEV= 0.0446

" . DEV= 0.4049

DEV= 0.0555
DEV= 0.0615
DEV= 1.9450
DEV= 0.1553
DEV= 0.0000
DEV= 0.0000

DEV= 0.0885

DEV= 0.1829
DEV= 0.2627
DEV= 0.1868
DEV= 0.2516
DEV= 0.2811
DEV= 0.2261
DEV= 0.2333
DEV= 0.2474
DEV= 0.2462
DEV= 0.2534
DEV= 0.2677
DEV= 0.2528
DEV= 0.2689
DEV= 0.3245
DEV= 0.2734
DEV= 0.2458 |

DEV= 0.2399

DEV= 0.2463

‘DEV= 0.2683

DEV= 0.3596
DEV= 0.8071

‘DEV= 0.2275

DEV= 0.2612
DEV= 0.1620
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TOWER PRESSURE (KPA)
. | % :
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!
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Figure G.5 Response of tower pressure and reflux flow durlng
' a 15% increase in reflux flow.
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STEAM FLOW (G/SE0)

FEFDD FLOW(G /ST
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Flgure G.6 Response of steam-and feed flow during a 15%

.increase in reflux flow.
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STEADY STATE DATA
RUN NO FEI +20%

1 16/05/78

. | .
FEED FLOW 18.034 G/SEC B OTT OM P ROD 8.481 G/SEC
REFLUX FLOW 12,154 G/SEC TOP PROD 9,156 G/SEC
STEAM FLOW 14.708 G/SEC COOL WATER  501.470 G/SEC
FEED PLATF 4 : FEED COMP 51.615 WT% MEOH
DIST COMP . 95,831 WT% MEOH BOTTOM COMP 4.671 WTE MEOH
FEED INLET 63.90 DEG C REFLUX INLET  52.40 DEG C
STEAM TEMP 106.30 DEG C COL PRESS 0.00-KPA

MATERIAL BALANCE

FLOW C OMP METHANDL  WATER

(G/SEC) (WT PCT) (G/SEC) {G/SEC)

. FEED . 18.034 51.615 9.308 8.726

ROTTOM PRODUCT 8.481 4,671 0.396 8.085

TOP PRODUCT 9.156 95,831 8.774 0.381
CLOSURE EPROR-PC -2.2 -l.4 -2.9

"ENERGY B ALANCE

ENTHALPY IN ENTHALPY OUT.

(J/SEC) (J/SEC)
CONLING WATER 29987.7 - 53651.0
R EFLUX 1846 .7 2160.8
TOP PRODUCT 1627.8

w. FEED 4109.5
STEAM 39522.5 6507 .5
BOTTOM PRODUCT 3289.3
TOTAL | 75466 .6 6723645

~HEAT LOSS ‘ 8230.0



STEADY STATE CONDITIONS BASED ON

RUN NO FEI +20% 16/05/78

FEED FLOW
REFLUX FLOW
STEAM FLOMW
BOTTOM PROD
TOP PROD
CONL WATER
DIST COMP
BOTTOM COMP
FEED COMP
COL PRESS
COND LEVEL
RER'R LEVEL
DIFF PRESS
RERTR TEMP

_TRAY 1 TEMP
TRAY 2 TEMP
TRAY 3 TEMP
TRAY "4 TEMP
TRAY 5 TEMP
TRAY TEMP
TRAY 7 TEMP
TRAY
COND
STEAM TEMP
CON'TE TEMP
REFLUX TEMP
FEED TEMP
BOTTOM TEMP,
RER'R VAPOR
FEFD INLET
REFLUX INLET
COND VAPOR
WATER INLET
WATER OUTLET

O NCV R WN

L L T | T R A T | B 1| llr L L | 4 O O | S | O O | O T | O O T | T N S T IO 1|

18.999
13.824
14.708.

8,531
10.414

501 .1 14

95,831

4,671
51.615
- 0.003
33,721
92 .518
103,420
93.0
82.5
76.5
72.7
70.8
69.0
64,7
63.3
61 04
59.6
106.3
104.8
46.5
33,8
42 .4
91 .9
63.9
52.4
62.1
14.3
25.6

50
G/SEC DEV=
G/ SEC. DEV=
G/SEC DEV=
G/ SEC DEV=
G/SEC DEV=
G/ SEC DEV=
WTZ MEOH DEV=
WTZ MEOH DEV=
WT% MEOH DEV =
KPA DEV=
KPA DEV=
KPA "DEV=
DEG C "DEV=_
DEG C DEV=
DEG C DEV="
DEG C ‘DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C - DEV=
DEG C DEV=
DEG.C DEV=
DEG C "DEV=

POINTS -

0.0652
0.0463
0.4927
0.0535
0.0904
2.5110
0.1220
0.0000
0.0000
0.0856
0.2185
0.3476
0.1868
0.3078
0.2750
0.2793
0.3876
0.2561
0.2470
0.2622
0.2464
0.2464
0.2803
0.3338
0.2680
0.2748
0.2513

0.2221

0.2629
0.2951
0.7997
0.2725
0.2479
0.2406



A
STEADY STATE DATA
RUN NO FEFI 20%
16/05/78
FEED FLOW 21.535 G/SEC BOTTOM PROD ~ 11.826
REFLUX FLOW - 12.139 G/SEC TOP PROD 9.414
STEAM FLOW 14.644 G/SEC COOL WATER ; 503.330
FEED PLATE *v 4 FEED COMP 51.615
PIST COMP 95,918 WT%Z MEOH BOTTOM COMP  14.091
FEED INLET 63.60 DEG C REFLUX INLET  52.40
STEAM TEMP 100.40 DEG C COL PRESS 0.04
MATERIAL BALANCE
FLOW - COMP  METHANOL
(G/SEC)  (WT PCT) (G/SEC)
FEED . 21.535 51.615  11.115
BOTTOM PRODUCT 11 .826 14.091 1.666
TOP PRODUCT "9.414 95.918 9.030 |
CLOSURE ERROR-PC -h.3 -3.7
ENERGY BALANCE
o " ENTHALPY IN ENTHALPY
: (J/ SEC) (J/SEC)
~ . .
CDOLI;E\§k$ER - 27793\é4£ 51958.4
REFLUX 11843 .8 n 2139.5
TOP- PRODUCT 1659,3
FEFD 4881 .4 .
STEAM 39208.0 6041.2
BOTTOM PRODUCT _ A 4141.8
TOTAL « _ 73719.5 65940,.5
HEAT LOSS L .0

7779

[

b
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G/ SEC

G/ SEC
G/SEC

WT% MEOH
WT% MEOH |
DEG C

K PA

(G/SEC)

10.419
10.159
0.384

1.1

ouT
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STEADY STATE CONDITIONS BASED ON

RUN NO FEFI

FEFD FLOW -
REFLUX FLOW
STEAM FLOW
BOTTOM PROD
TOP PROD
CONL WATER
DIST COMP
BOTTOM COMP
FEED COMP
COL PRESS
COND LEVEL
RER'R LEVEL
DIFF PRESS
RER'R TEMP
TRAY 1 TEMP
TRAY TEMP
TRAY 3 TEMP
"TRAY TEMP
"TRAY 5 TEMP
TEMP
TRAY 7 TEMP
TRAY TEMP
COND TEMP
STEAM TEMP
CON'TE TEMP
REFLUX TEMP
FEFD TEMP
BOTTOM TEMP
REBR'R VAPOR
FEED INLET

XN PN

REFLUX INLET

CONP VAPOR
WATER INLET

R L S L I R B

oo nmn

WHowonow o nou oy

WATER OUTLET=

22 .687
13.807
14.644
12.000
10.708
502.894
95.918
14.091
51 .615
0.040
34,488
93,202
103.420
86.0
76.0
72.8
70.4
70.1
68.7
64 .6
. 63.2
61 .2
59.2
100.4
97.9
46,0
33.8
44,6
85.0
63.6
52.4
6l .9
13,2
24,7

DEG

50
20% 16/05/78
G/ SEC DEV=
G/SEC DEV =
G/ SEC . DEV=
G/SEC DEV=
G/ SEC DEV=
G/ SEC DEV =
WTE MEOH  DEV=
WT% MEOH DEV=
WT% MEOH  DEV=
KPA DEV =
KPA DEV=
KPA DEV=
DEG C DEV =
DEG C DEV=
DEG C  DEV =
DEG C DEV=
DEG C DEV =
DEG C DEV=
DEG C DEV =
DEG C DEV=
DEG C "DEV=
DEG C DEV=
DEG C DEV =
DEG C DEV=
DEG -C ‘DEV =
DEG C “DEV=
DEG C DEV=
DEG C DEV=
DEG C. DEV =
DEG C DEV=
DEG C - DEV =
DEG C DEV=
o _ DEV=

POINTS"-

0.0959
0.0426
0.0556
0.092 7
1.9717
0.1253
0.0000
0.0000
0.0460
0.1948
0.3534
0.1868
0.2809
0.2525
0.2464
0.2465
0.256ﬁ°
0.2493
0.2227
0.2237
0.2590
0.4955
0.2852
0.2449
0v2476
0.4653
0.2734
0.3582
0.8021
0.2194
0.2366
0.2547

h4
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STEADY STATE DATA

CLOSURE ERROR~PC

o

>

ENERGY B ALANCE

RUN NO FEF -20%

—

ENTHALPY IN

(J/SEC)
" COOLING WATER 27968.3
REFLUX - . 1827.7
TOP PRODUCT - :
FEED . 4073 .3
STEAM : 39769.7
BOTTOM PRODUCT .
-~ TOTAL - 73639,.1 -
- HEAT LOSS ’ )

8012.2

246

16/05/78
FEED FLOW 18.001 G/SEC . BOTTOM PROD  8.527 G/SEC
REFLUX FLOW, 12.114 G/SEC =~ TOP PROD 9.062 G/SEC
STEAM FLOW 14,800 G/SEC ~  COOL WATER  514.416 G/SEC
FEED PLATF 4 ,, FEED COMP 51.615 WTZ MEOH
DIST LOMP 95,869 WT%X MEOH BOTTOM COMP - 4.171 WTZ MEOH
_FEED INLET 63.50 DEG C  REFLUX INLET 52,10 DEG C-
STEAM TEMP  106.30 DEG C  COL PRESS 0.02 KPA ,
° "MATERIAL BALANCE .
' FLOW COMP  METHANDOL  WATER
{G/SEC) ~ (WT PCT) (G/SEC) (G/SEC)
FEED £ 18.001  51.615  9.201. 8.710
_BOTTOM PRODUCT \ 8.527 4.171  0.355 84172
TOP PRODUCT 9..062 95.869.  B8.688 0.374
-2.2 =246 1.8

L

ENTHALPY OUT
(J/SEC)

52028.8

2131.1
1594,2

e

6554.6
3317 .9 _
6562648

/-
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STEADY STATE CONDITIONS BASED ON 50

RUN NO FEF -20% 16/05/78

FEED FLOW
REFLUX FLOW
"STEAM FLOW
"BOTTOM PROD
TOP PROD
COOL WATER
DIST COMP
BOTTOM COMP
FEFD COMP
COL PRESS
COND LEVEL
RER'R LEVEL
DIFF PRESS
RER'R TEMP
TRAY TEMP
TRAY TEMP
TRAY 3 TEMP
TRAY TEMP
TRAY TEMP
TRAY TEMP
TRAY TEMP
TRAY TEMP
COND TEMP..
STFAM TEMP
CON'TE -TEMP
REFLUX TEMP
FEED TEMP
‘BOTTOM TEMP
RER'R VAPOR
FEED INLET
REFLUX INLET
COND VAPOR
 WATER INLET

DNV HEWN -

WATER OUTLET=

"

LI T T I (T O I | TP {1 | I I T [ T I © O T | O T O (O T O S N T (IO T | I T

5

1

18.962
13.775
14.800
8.571
10.305
13.956
95.869
4,171
51.615
33,790
92.815
03.420
93.2
82".8
76.7
72.8
7054
68.7
b4 o4
63450
61.2
59,1
106‘3
104.9
45,7
33.4
41 ,2
92.0
63.5

. 52.1
61 .8
13.0
2442

.DEG

G/SEC

G/ SEC
G/SEC

G/ SEC
G/SEC

G/ SEC
WTZ MEOH
WT% MEOH
WTZ MEOH
KPA

KPA

KPA

KPA
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG

sRaleleNelsicsNeelaNolsNolaNelaNaleoNale e

~
POINTS -
DEV= 0.0731
DEV= 0.0492
DEV= 0.3981
DEV= 0.0383
DEV= 0.0864
DEV=1.8237
DEV= 0.1549
DEV= 0.0000
DEV= 0.0000.
DEV= 0.0659
DEV= 0.1693
DEV= 0.2176
DEV= 0.1868
DEV= 0.2777
DEV= 0.2867
DEV= 0.2654
DEV= 0.4970
DEV= 0.2599
DEV= 0.2489
DEV="0,2232
DEV= 0.2503
DEV= 0.2173
DEV= 0.2457
DEV= 0.3382
DEV= 0.2169
DEV= 0.2819
DEV= 0.2322
. DEV= 0.2473
DEV= 0.2709
DEV= 0.3051
DEV= 0.9328
DEV= 0.2442
DEV= 0.2271

DEV=:0.3893
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TOWER PRESSURE (KPA)
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Flgure G.7 Response of tower pressure and’ feed flow durlng

-a 20% 1ncrease in’ feed flow.



249
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Figure G.8 Response of reflux and steam f

20% increase in feed flow.
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product flow rate is approximately twice as fast as the
'botfom product flow rate. The following Table G.1 shows the
time delay in the bottom composition for open loop tests in
Chapter 3. '

<

Table G.1 Time Delay in -Xb for Open Loop Tests

Figure Time Dela
"(minutes

.40
.67 .
.88
.96
.12
.48
.88 -
.00
.58
.96
.27
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APPENDIX H
H.1 Experimental Data for Chapter 4

. This appendix contains the programs. used to perform the
PRBS studies_of Chapter 4, that is; INII, PRBSt and PRBS2.
Again the programs are adequately documented and-no
description will be givenfﬁ Also, the mass?and energy
balancé was performep on the column before each PRBS test to
ensure étgady state conditions had been reached. ' The coding

used on the computer oufputs is

R - Reflux'
S - Steam ,

. o
31D - double 31 PRBS
63 - 63 PRBS
127 - 127 PRBS .

where; PRBS31DS denotes a double 31 PRBS using steam flow

rate.
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PROGRAM INI1I

PURPNSE
~TO ENTER IN FILES THE LENGTH OF THE PRBS A
STUDY UNDER CONSIDERATION 1E., EITHER A 63,
A DOUBLE 31 OR A 127 SEOQUENCE. ‘ 4 '

REAL PRBS(130)

INTFGER NUM

DEFINE FILE 10(60+8043UyNEXT)
NUM=12T7" ’

‘READ(5,101)(PRBS(I)yI=1,NUM)

FORMAT(10F8.1)

" THE NUMBER OF WRITE - STATEMENTS DEPENDS ON THE

LENGTH OF THE PRBS RUN

WRITE(10'51) (PRBS(I),1=1,25)
WRITE(10'52) (PRBS{1)y1=26,50)
WRITE(10'53) (PRBS(I),I=51,75)
WRITE(10'54) (PRBS(I)y1=76,100)
WRITE(10'55) (PRBS(I),I=101,125)
WRITE(10'56) (PRBS(I),1=1264NUM)
WRITE(64101) (PRBS(I)ysI=1,NUM)
sTOP . ) : x
END -
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PROGRAM PRBS1

PURPDSE

TO PROVIDE THE REOUIRED DATA FOR PROGRAM
'"PRBS2' 'AND START EXECUTION OF THAT PROGRAM,
ALSD TO PRINT THE STARTING TIME OF THE PRBS

STUDY.
DESCRIPTION OF PARAMETERS
LPID DDC LOOPS
LUN LOGICAL UNIT NUMBER
ICLE CYCLE INTERVAL
IDIS VARTABLE UNDER STUDY
KCNT COUNTER-
NUM . LENGTH OF PRBS STUDY
PRVAL  STEADY-STATE VALUE OF VARTABLE
DMAG MAGNITUDE OF DISTURBANCE (PCNT)
USAGE 4

OUEUED FROM ANY TELETYPE ,AND ENTER DATA AS
REQUIRED. .

EXAMPLE
NPRRS1
ENTER VARIABLE FOR PRBS STUDY
1 -~ REFLUX
2 —— STEAM
1
ENTER STEADY STATE VALUE AND MAGNITUDE OF
DISTURBANCE
\

13.781,15.0 . .
ENTER INTERVAL(640 OR 1280) AND
“RUN TIME (62,63 OR 127) .

1280,127 . :
- PRBS STUDY STARTED AT 14/58/47

-REMARKS

- PROGRAM INII MUST FIRST BE EXECUTED.

SYSTEM SUBROUTINES(IBM 1800) REQUIRED
OPER, GETTY,FFINP9SCPTB,CYCLE’TIME

Y
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ess {CONT*'D)

4

( .
INTEGER LUN,ICLE,IDISKCNT,LPID (&)
REAL PRVAL ,DMAG
DEFINE FILE 10(60,80,U4MEXT)
DATA LPID/20602,20603,20608+20604/
KCNT=0 5
MAKE LOOPS DPERABLEY

s

NO 10 1=1,4 -
. CALL OPER(LPID(I))
10 CONTINUE .
CALL GETTY(LUN)
WRITE(LUN,201)
201 FORMAT(TS,’ENTER VARIABLE FOR PRBS STWDY!
y/9T10,%1 == REFLUX!
*1/9T10,'2 -— STEAM?Y)
1 CALL FFINP(LUN,1,10,IDIS,IER)
IF(IFR) 2,4,3
2 WRITE(LUN,202)

202 FORMAT(TS,'INPUT TO FFINP IN ERROR —-- PROGRAM EXITED')
CALL EXIT .
3 WRITE(LUN,203) s
203 FORMAT(TS,'INPUT TO FFINP IN ERROR -— TRY AGAIN')
- GO TO' 1 o7
4 CONTINUE

. WR ITE (LUN,204)
204 FORMAT(TS,'ENTER STEADY STATE VALUE AND MAGNITUDE OF
* DISTURBANCE!')
5 CALL FFINP(LUN,2,11,PRVAL,11+DMAG,IER)
IF(IER) 2,746
6 wRITE(LUN.zoa)
GO TO S
7 CONTINUE
WRITE(LUN,205)
205 FORMAT(TS,"ENTER INTERVAL (640 OR 1280) AND *
“ %, /4TSy "RUN TIME (40,70 OR 130)°*)
R CALL FFINP(LUNyZleyICLEleyNUM,IER)
IF(IER) 2,411,9
9 WRITE(LUN,203) "
GO TO 8

11 CONTINUE 'ﬁ\“\<st | ;
~ WRITE(10'60) LUN,TCLE,IDIS,KCNT,NUM,PRVAL1DMAG

.

PUT TIMER IN THE CYCLIC PRDGRAM AUTO RESTART TABLE

1TIM=T
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" END o -
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ees (CONT'D )

ILEV=8

IBIT=2 4. ‘
CALL S B(1,1ITIM, ILEVvIBIT,I,ICLE.IER)
CALL CYCLE(ILEV,IBIT,ITIM,ICLE)

WRITE TIME RUN WAS STARTED
CALL TIME(THOUR,IMIN,ISEC)
WR ITE(LUN,206) IHOUR,IMIN,ISEC ;

FORMAT(T5,'PRBS STUDY STARTED AT '3 I124,4/%4124%/%412)
CALL EXIT - :

o
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"DESCRIPTION OF PARAMETERS

PROGRAM PRB S2

PURPOSE
TO EXECUTE THE PRBS NUMBERS AT THE
SPECIFIED INTERVAL.

SAME AS LIST FOR PRBS1-°PLUS

ITEM DDC LOOP WORD IE.
" 1 == SETPOINT OF LOOP
2 —-—- MEASUREMENT OF LOOP
3 -- OUTPUT OF LOOP
A SLOPE OF RELATIONSHIP BETWEEN
FLOW AND OUTPUT. '
R INTERCEPT FOR RELATIONSHIP BETWEEN
FLOW AND OUTPUT.
SETPT VALUE OF VARIABLE

OUTPT ODUTPUT(PCNT) SEND 7O DDC LOOCP

SYSTEM SUBROUTINES(IBM 1800) REQUIRED
GTVLU 4PTVLU,CANCL SCPTB,TIME

INTFGER LUN, ICLE,IDIS,KCNT yNUM,LPID (&)
REAL PRVAL+PRRS(130)4DATA(4)sA(2)4B(2)
NDEFINE FILE 10(60,80,4U,NEXT)

DATA A/2.6385,3.9309/

DATA B/=0.796241.9549/

DATA LPID/Z0602,20603,20608,20604/

-READ(lO'bO) LUN,ICLEvIDISyKCNT’NUM,PRVAL,DMAG

THE NUMBER OF READ STATEMENTS DEPENDS ON THE
LENGHT OF THE .PRBS RUN.

READ(10'S1)(PRBS(1),I=1,257
REAND(10*52)(PRBS(1)41=26,50) ,
READ(10*53)(PRBS{1)41=51,75)
READ(10'54)(PRBS(1),1=76,100)
READ(10'55) (PRBS(1)41=101,125)
READ(10'56)(PRBS(1),1=126,NUM)
KCNT=KCNT+1

GET PRESENT VALUES OF VARIABLES FROM DDC LOOPS -

- -

256
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ees (CONT'D)

70602 REFLUX FLOW
706073 STEAM FLOW
70608 BOTTOM COMPOSIT ION(PCNT MEOH)
70604 TOP COMPOSITION(PCNT MEOH)
1TEM=1
IDESC=13

DO 10 1=1,4

CALL GTVLU(LPID(T),ITEM,DATA(I),1ER,IDESC)

GO TO (10,647,8),1ER

CONTINUE & | )
WRITE(LUN,201) DATA(IDIS ) yKCNT,DATA(3),DATA(4)
FORMAT(//,T5, 'VARIABLE OF INTEREST IS ',F743,' AT
* KCNT= 1,14 |
*3/y75,'BOTTOM COMPOSITION IS ',F5,2
*5/475, 'TOP COMPOSITION IS ',F5,2)

TF(KCNT=NUM) 1,1,9 |

CALCULATE NEW VALUE TO SEND TO DDC LODP UND ER" PBRS
STUDY

CONTINUE
SETPT=PRVAL*(1.0+PRBS(KCNT )*DMAG/100.0)

STEAM AND REFLUX FOLLOW A SQUARE RODT RELATIONSHIP
BETWEEN
FLOW AND OUTPUT TO THE VALVE.'

OUTPT=((SETPT-B(IDIS))/A(IDIS))*%x2,0
ITEM=3

- CALL PTVLU(LPID(IDIS),ITEM,DUTPT,IER)

202

203

204

GO TO (5,647,8), IER

CONTINUE |

WRITE(10'60) LUN,ICLE,IDIS,KCNT,NUM,PRVAL ,DMAG
CALL EXIT .~ | |

WR ITE(LUN,202) :
FORMAT(T5,'ITEM NOT SPECIFIED IN PVR?)
WRITE(LUN,203)

FORMAT(TS,'PVR'ID NOT FOUND IN TABLE') :

GO TO 5 - _ :
WRITE(LUN,204 ) .
FORMAT(TS, ' INVAL 1D DATA IN CALL')

GO TO 5 | . "
CONT INUE | .

CALL CANCL(7)

§EMDVE TIMER FROM THE CYCLIC PROGRAM AUTD RESTART
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ee (CONT'D )
TABLE

!

CALL SCPTB(O,7+8+2,1+ICLE,IE)
CALL TIME(IHOUR,LIMIN,L,ISEC)
WRITE(LUN,205) THOUR,IMIN#ISEC i : ‘ .
205 FORMAT(// +75,'PBRS STUDY FINISHED AT VeI24 /0,124,070
*412) ’
CALL EXIT
END
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| 5
STEADY STATE DATA
RUN NO PRBS31DR .
13/05/78 T
FEED FLOW 118.025 G/SEC - BOTTOM PROD  9.196 G/SEC .
REFLUX FLOW 11.718 G/SEC ~ TOP PROD ,  B8.782 G/SEC -
STEAM- FLOW 14.490 G/SEC COOL WATER’ - 508.441 G/SEC 5 ~
FEED PLATE 4 _ FEED COMP ~  50.937 WT% MEOH
DIST COMP 95,860 WTZ MEOH BOTTOM COMP 4,045 WTZ MEOH .
FEED INLET. 65,00 DEG'C REFLUX INLET  53.40 DEG C |
. STEAM TEMP . 107.50 DEG.C COL PRESS  _ =-0.02 KPA -
. . - ,(?/ "'/
MATERTIAL B"ALANCE-
) | FLOW  COMP  METHANOL . _WATER - <
{6/SEC)  (WT PCT) (G/SEC) . (G/SEC) .
FEED ' 184025 _ 50.937 9,181 8.843 |
BOTTOM PRODUCT 9.196 4,045  0.372 8.824 - i
TOP PRODUCT- . 8.782  95.860  B8.419 0.363 ~ £
CLOSURE ERROR-PC -0.2 . S —442 348
L ~
ENERGY BALANCE )
ENTHALPY IN ENTHALPY OUT  °
(J/SECH °  (J/SEC)
. CODLING WATER . 31466.5 54821.4 :
- REFLUX o 1821.4 < - . 2122.1 :
TOP PRODUCT S o 1590.4
STEAM o 38965.1 .+ 6493.0 A
BOTTOM PRODUCT = . o 3622.8 . < °
TOTAL . oH49.4 68650.0 © ., .-
HEAT.LOSS = - - - 7799.3
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COOL WATER
. BOTTOM COMP

“COL PRESS

"RER'R TEMP'

-TRAY 2 TEMP

- TRAY 8 TEMP

'STEAM TEMP
CON'TE TEMP

-FEED TEMP

RERIR VAPOR
"FEED INLET

STEADY STATE CONDITIONS BASED ON
“* " RUN NO PRBS31DR 13/05/78

FEED FLOW _
REFLUX FLOW
STEAM FLOW

BOTTOM PROD
TOP PROD

DIST COMP
FEED COMP

COND LEVEL
RER'R LEVEL
DIFF PRESS

TRAY 1 TEMP
TRAY 3 TEMP
TRAY 4 TEMP
TRAY 5 TEMP.
TRAY &6 TEMP
TRAY 7 TEMP

COND TEMP

REFLUX TEMP

BOTTOM TEMP

REFLUX INLET
COND VAPOR

- WATER . INLET
* WATER OUTLET

ﬂlL"JI"Il"lf"ilﬂjlﬂllﬂll"ll“l!"ll"ll"lt"ll"ll"“

s
=

' 107.5 DEG

18.982 G/'SEC
13.332 G/SEC
14,490 G/ SEC
9.251 G/SEC
9.992 G/SEC

508.1 16 G/SEC
95.860 WTZ MEOH
4.045 WTZ MEOH
50.937 WTZ MEOH

-0.020 KPA
34,289 KPA
93.422 KPA

103,420 KbPA

94.3 DEG
84.2 DEG
78.2 DEG'
77.7 DEG
72.2 DEG

" 70.5 DEG
66.0 DEG
64.6 DEG
62.6 DEG
60.5 DEG

106.1 DEG
47.0 DEG
35.3 DEG:
44,1 DEG
93.2 DEG.

- 65,0 .DEG
53)4 DEG
63,3 DEG
14,8 DEG

 25.8 DEG

3

C!ﬁ(ﬂf’ﬁ(ﬁ(’f}ﬁ(ﬂfLﬁ(’(\ﬁ(ﬂC’ﬁ(T(ﬁﬁ

SO_PDINTS

DEV= 0..0720

DEV= 0.0462
DEV= 0.5196
DEV= 0.0484
DEV= 0.0866

DEV= 1.8331
DEV= 0.1127

DEV= 0.0000
DEV= 0..0000
DEV= 0.1266
DEV="0.5759
DEV=. 0.5081

DEV= 0.1868 -

DEV= 0.3224
DEV= 0.2555

"DEV= 0.2628

DEV= 0.2513

DEV= 0.2536

DEV= 0.2262

DEV= 0.2253

DEV= 0.,2408

DEV= 042400

DEV= 0.2666
DEV= 0.2779

" DEV= 0.3128

DEV= 0.2265

DEV= 0.2387
DEV= 0.2510
 DEV= 0.2703 -

DEV= 0.2764
" DEV= 0.5569

DEV= 042341

. DEV= 0.,2178
DEV= 0.6124

4

S
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STEADY STATE DATA
RUN NO PRBS31DS

261

12/05/718
FEED FLOW 18.008 G/SEC BOTTOM. PROD 9.294 G/SEC
REFLUX FLOW 11.766 G/SEC TOP PROD 9.179 G/SEC
STEAM FLOW 14.944 G/SEC - COOL WATER 508.637 G/SEC
FEED PLATE 4 0 FEED COMP 50.937 WTZ MEOH
DIST COMP 96.093 WTE MEOH BOTTOM COMP 4,050 WTZ MEOH"
FEED INLET 65.50 DEG C REFLUX INLET 53.80 DEG C

STEAM TEMP 108.60 DEG C COL PRESS - 0.01 KPA

T

~

MATERIAL BALANCE

FLOW COMP  ME THANOL WATER .

“(G/SEC)  (WT PCT) (G/SEC) (G/SEC)
FEED =~ . . - 18.008 50.937 9.173 8 .835
BOTTOM PRODUCT  9.294 4.050 0.376 8.917
TOP PRODUCT | 9.179 . 96,093  8.821 = 0.358
CLOSURE ERROR-PC 2.5 : 0.2 - 4.9
. . ENERGY BALANCE -
s ENTHALPY ‘IN' ENTHALPY OUT
e : (J/SEC) (J/ SEC)
"COOLING WATER °  31691.1 55267.4
 REFLUX 7 1843,5 12155.0
TOP PRODUCT | o 1681,3
_FEED 4228.7 R
- STEAM .- | 40212.8 _ 6774.6
. BOTTOM PRODUCT L 369T .4
- TOTAL e 17197642 69575.9

HEAT. LOSS:

'8400,2

o

R



STEADY STATE CONDITIONS BASED ON 50 POINTS
RUN NO PRBS31DS 12/05/78

FEED "FLOW

REFLUX FLOW
STEAM FLOW
BOTTOM PROD

" TOP PROD
CONL WATER -

DIST COMP
BOTTOM COMP
FEED COMP

COL- PRESS

COND LEVEL

REB'R LEVEL
DIFF PRESS

RER'R TEMP

TRAY 1 TEMP
TRAY 2 TEMP
TRAY 3 TEMP
TRAY 4 TEMP
TRAY 5 TEMP
" TRAY 6 TEMP
TRAY 7 TEMP
TRAY
COND |
STEAM TEMP

CON'TE TEMP
REFLUX TEMP
FEED TEMP

BOTTOM TEMP
RERB'R VAPOR
FEED INLET

DN PWN

REFLUX INLET
‘COND VAPOR .

WATER INLET

o g n nin 0o L L O (T | L O O [ T (O [ IO (O [ [ A |

WATER OUTLET=

(4

18.964
13.396
14.944
9.349
10.451
508.320
96.093
4,050
50.937
0.015
34,106
93,744
96.920
95,2
79.4
7542
72.9
71 .2
66.8
6543
63,3
108.6
107.3
47.5
35,2
"4.1
94,0
65.5
53,8
6440
26,0

DEG

DEG
‘DEG

G/SEC
G/ SEC
G/SEC
G/ SEC
G/SEC
G/ SEC
WTZ MEOH
WTZ MEOH
WT% MEOH
KPA
KPA
KPA
KPA
DEG
DEG
DEG
DEG

DEG
DEG
DEG
DEG
DEG
DEG

DEG
DEG
DEG
DEG:
DEG
DEG
DEG
DEG

alslslalslaFeRsReNeNeaNaNeYaleNalakeRaXn)

DEV= 0.0591
DEV= 0.0512
DEV= 0.4613-
DEV= 0.0597
DEV= 0.0668 -
DEV= 1.8294%
DEV= 0.1579
DEV="0.0000
DEV= 0.0000
DEV= 0.1681
DEV= 0.4984
DEV= 0.,5945
DEV= 1.8209
DEV= 0.2484
DEV= 0.2818
DEV= 0,2591
DEV= 0.2464
DEV= 0,2392
DEV= 0.27.18
DEV= 0.2525
DEV= 0.,2621
DEV= 0.2532
DEV= 0.2089

DEV= 0.3437
DEV=
DEV= 0.2100

DEV= 0.2506
DEV= 0.2270
DEV= 0.2705
DEV= 0.3171
DEV= 0,2650
DEV= 0.2309
DEV= 0.1973

~ DEV='0.2420

0.2910.
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STEADY STATE DATA

RUN NO PRRB S-63R

13/05/78
FEED FLOW 17.980 G/SEC BOTTOM PROD 9.351
REFLUX FLOW  11.742 G/SEC TOP PROD 9.163
STEAM FLOW  .14.819 G/SEC.  COOL WATER  507.817
FEED PLATE 4 - FEED COMP 50,937
DIST COMP 95.908 WTX MEOH BOTTOM COMP 4,340
FEED INLET 65.30 DEG C  REFLUX INLET  53.70
STEAM TEM®  107.90 DEG C COL PRESS 0.02
,\\‘
MATERTIAL BALANCE
FLOW  COMP  METHANOL
(G/SECY  (WT PCT) (G/SEC)
FEED 17.980 50.937 9.158
ROTTOM PRODUCT 9.351 4,340 0.405
TOP PRODUCT . 9.163 95,908 8.788
CLOSURE ERROR-PC 2.9 ' 0.3
ENER GN\:> B A L ANCE
~  ENTHALPY IN ENTHALPY
3/ SEC) (J/SEC)
" COOLING WATER 28033.8 - 51785.4
REFLUX . 1837.2 "L 214346
TOP _PRODUCT 1672.6
FEED - .4207.6 SR
STEAM 39859,5 666643
BOTTOM Paooucr e . 3693.8
TOTAL | 73938.2 . - 65961.9
HEAT LOSS o

7976.3

G/SEC -
G/SE
G/SE

WTZ MEOH
WTZ MEOH
DEG C

K PA

WATER
(G/SEC)

8.821

- 8.945

,0.374
5.6

OUT

-..263 . . .



-.COL PRESS

STEADY STATE CONDITIONS BASED ON

RUN NO PRBS-63R 13/05/78

FEED FLOW
REFLUX FLOW
STEAM FLOW
BOTTOM PROD
T0P PROD
COOL WATER
DIST COMP
BOTTOM COMP
FEED COMP

COND LEVEL
REB'R LEVEL
DIFF PRESS
RER'R TEMP
TRAY 1 TEMP
TRAY 2 TEMP
TRAY 3 TEMP
TRAY & TEMP
TRAY 5 TEMP
TRAY 6 TEMP
TRAY 7 TEMP
TRAY
COND
STEAM TEMP
CON'TE TEMP
REFLUX TEMP
FEED TEMP
BOTTOM TEMP
REB'R VAPOR
FEED INLET
REFLUX INLET
COND VAPOR
WATER INLET

® NV AN

-H/ll L LI L L | I | O £ T O T O [ (I B 1A L T TN (OO T IO £ N (N (I |

WATER OUTLET=

LT L

18.936
13.360
-14.819

9.407
10,425
507.377
95.908

44340
50.937

0.023
34,013

103.230
94,6
84,4
7846
64,3
72.7
70.9
66.4
65,0
63.1
60.9
107.9
.. 10645
46,8
35.4
43,5

93,4

65.3

63.8
13,2
244

93.393

: ’5*3.‘7'

50
G/ SEC DEV=
G/SEC DEV=
G/ SEC DEV=
G/SEC 4 DEV=
G/ SEC DEV=
G/SEC DEV=
WTZ MEOH  DEV=
WTZ MEOH DEV=
WT% MEQH  DEV=
KPA DEV=
KPA DEV=
KPA "DEV=
KPA DEV =
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C- DEV=
DEG C | DEV=
DEG C DEV=
DEG C, DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C " DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C. - DEV=
DEG C DEV=

POINTS

0.0672

0.0413
0.4378
0.0627
0.0796
1.9587
0.1368
0.0000
0.0000
0.1496
0.5204
0.4828
0.5350
0.2470

0.2672

0.2197
0.3091

0.2379°

0.2403
0.2397

0.2549

0.2645
0.2456
0.3305
0.3514
0.2404
0.2196
0.2264
0.2828

0.3243.

0.4522
0.2539
0.2305

0.2017



STEADY STATE .DATA
RUN NO PRBS-63S

266

13/05/78
FEED FLQW .  18.022 G/SEC BOTTOM PROD. 9.325 G/SEC
REFLUX FLOW 11.723 G/SEC  TOP PROD . .9.116 G/SEC
'STEAM FLOW 14,856 G/SEC  'COOL WATER  508.460 G/SEC’
FEED PLATE 4 .~ FEED COMP 50.397 WT% MEOH
y DIST coMP” 95,895 WTZ MEOH BOTTOM COMP 3.850 WTZ MEOH
FEED INLET 65.30 DEG € REFLUX INLET 53.50 DEG C
STEAM TEMP  108.10 DEG C COL PRESS KPA
MATERIAL BALANCE
FLOW COMP  METHANDL WATER
(G/SEC)  (WT PCT) (G/SEC) (G/SEC)
FEED 18,022  50.397 9.082 8 .939
ROTTOM PRODUCT 9.325 3.850 0.359 8.966
TOP PRODUCT 9.116 95.895  Bl.T74l1. 0.374
~ CLOSURE ERROR-PC- 2.3 041 4ot

[y

ENERGY B ALANCE

COOLING WATER
REFLUX ° |
TOP PROPUCT. °
FEED -
.'STEAM

" . HEAT LDSS

BOTTOMPRODUCT

~ ENTHALPY IN ENTHALPY QUT

(J/SEC) (J/SEC) | -
29980.9 . - 53337,2
W 182640 . 2135.8
. 16607
39963,9 o 6689.4 . —
, S0 3699.2 ..
75995,9 -

. 671522.6
8473.3.



L

STEADY STATE CONDITIONS BASED ON 50

"RUN NO PRBS-63S 13/05/78

18.968

FEED FLOW, =
REFLUX FLOW = 13.339
STEAM FLOW =-14,856
BOTTOM PROD = 9.378
TOP PROD = 106372
CONL WATER =508.084%
DIST COMP = 95,895
BOTTOM COMP = 3,850
FEFD COMP = 50.397
COL PRESS: = 0.048
COND LEVEL = 33,067
RER'R LEVEL = 94.100
DIFF PRESS =103.345
RER'R TEMP = 94,9
TRAY 1 TEMP = 84.8
TRAY 2 TEMP = 78.9
TRAY 3 TEMP = 73.9
TRAY &4 TEMP = 72,6
.TRAY 5 TEMP = . 70.8
TRAY 6 TEMP = 66 .5
TRAY 7 TEMP = 6449.
TRAY 8 TEMP = 63,0
COND TEMP = 60.8
STEAM TEMP = 108.1
CON'TE TEMP = 106.6
- REFLUX TEMP = 47.0
FEED TEMP = 35.6
BOTTOM TEMP = 43,7
RER'R VAPOR = 93,7
FEED INLET =  65.3
REFLUX INLET= 53,5
COND VAPOR = 63.6
WATER INLET = 14.1

WATER OUTLET= 25.1

6/SEC

G/ SEC
G/SEC

G/ SEC
G/SEC

G/ SEC
WTZ MEOH
WTZ MEOH
WTZ MEOH
KPA
KPA
KPA
KPA
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG
DEG

OO0 OO0 N0 00

DEV=
DEV=
DEV=
DEV=
DEV=
DEV=
DEV=

"DEV=
"DEV=

DEV=
DEV=
DEV=
DEV=
DEV=
DEV=
DEV=

-DEV=

DEV=
DEV=
DEV=
DEV=
DEV=
DEV=
DEV=
DEV=
DEV=
DEvV=

-

DEV=

DEV=
DEV=
DEV=
DEV=_

"POINTS

0.0680
0.0409
0.4706

0.0472

0.1542
1.5857
0.1727
0.0000
0.0000

0.0826

0.4471

0.4494

0.5648
0.2701
0.2731
0.2912
0.3290
0.2530
0.2462
0.2563
0.2211
0.2494
0.2715
0.3093
0.3023

0.2503

0.2433
0.2403
0.2782
0.3367
0.3556
0.2518
0.2035
0.2634
4
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|

STEADY STATE DATA
"RUN NO PRBS127R

|
i
[

.

=0.8

ENERGY B A q ANCE

ENTHALPY,

kN
(J/SEC)|
o | -

CODLING WATER 31371.1 |
REFLUX 1881.8
TOP PRODUCT L |
FEED | . 409941
"STEAM 3958944

N BOTTOM PRODUCT =~ |
TOTAL | 7694145, |,
HEAT LOSS - |

8075.0 .

24/05/78
|
FEED FLOW 17.988 G/SEC  BOTTOM PROD  9.068
REFLUX. FLOW. 12.113 G/SEC .TOP PROD 9.141
STEAM FLOW 14.741 G/SEC -~ COOL WATER 503,501
FEED PLATF 4 FEED COMP. 51615
DIST COMP 95.983 WTZ MEOH BOTTOM COMP 4,740
FEED INLET 63.90 DEG C REFLUX INLET  53.40°
STEAM TEMP 105.40 DEG C COL PRESS 0.02
MATERTIAL BALANCE
| ;
: L :
FLOW | .COMP  METHANOL
(G/SEC)  (WT PCT) (G/SEC)
FEED : 17.988 -$1.615 9.284
_BOTTOM PRODUC 9.068 (4,740 © 0,429
TOP PRODUCT 79, 141 954983 8,774
CLOSURE ERROR-PC 1.2 \ '

. {J/SEC)

267

G/SEC
G/SEC .
G/SEC
WTZ MEOH
WTZ MEOH
DEG C

K PA '

WATER
(G/SEC)

B.703
8.638
0.367
3.4

_ ENTHALPY OUT

55129.9-

2143
617
- 6470
3504

3
oh4

8
9

68866.5

-



" TRAY
- TRAY

‘COND

~3

STEADY STATE CONDITIONS BASED ON 50
RUN NO PRBS127R 24/05/78 :

FEED FLOW
REFLUX FLOW -
STEAM FLOW
BOTTOM PROD

.TOR. PROD

CONL WATER
DIST COMP
BOTTOM COMP
FEED COMP.
COL PRESS
COND LEVEL
REB'R LEVEL
DIFF PRESS
RER'R TEMP
TRAY 1 TEMP
TRAY 2 TEMP
TRAY 3 TEMP
TRAY 4 TEMP
TEMP
TEMP,
TEMP

TRAY

o~NOU PN

TRAY

STEAM TEMP
CON'TE TEMP
REFLUX TEMP
FEED TEMP

. BOTTOM TEMP

REB'R VAPOR
FEED INLET
REFLUX INLET
COND VAPOR
WATER INLET

WATER OUTLET= .

ll (LI LI TR O I | oWy oMo

nn W

18.956
13.784
14.741
9.126
10.402
503.1 87
95.983
4.740
51 615
0.021
- 34.383

103.420
92.7
82 .4
- T76.5
72.8
70.8
68.9
64,7
63.3

..61 5

- 105.4
104.0
46,8
34,6

4346
91 .6
63.9
" 5344

1449
26.2

93,922

59+4

62.1.

G/ SEC  DEV=
G/SEC DEV =
G/ SEC DEV.=
G/SEC DEV=
G/ SEC DEV =
G/SEC ' DEV=
WTZ MEDH  DEV=
WTZ MEOH DEV=
WTZ MEOH ~ DEV=
KPA DEV =.
KPA DEV=
KPA DEV=
KPA DEV=
DEG C DEV =
DEG C - DEV=
DEG C DEV =
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV =
DEG C DEV=
DEG C DEV =
DEG C ' DEV=
DEG C DEV =
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C DEV=
DEG C- DEV=
DEG C DEV=
DEG C DEV=
DEG C - DEWs
DEG C DEV=

POINTS

0.0809

0.0501
0.7458
0.0608
0.0847
3,8705
0.1599
0.0000
0.0000

0.0463 "

0.1482

0.2795 -

0.2469
0.2468
0.2588
0.5456

0.2553

0.2677
0.2309
0.2757
0.2448
0.2711

0.2919
0.2323
0.2300

'0.2284

0.2473
0.2891
0.2608

0.2669

0.2351
0.2776

268
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STEADY STATE DATA
RUN NO PRBS127S

24/05/78

FEED FLOW " 18,020 G/SEC BOTTOM PROD
REFLUX FLOW 12.086 G/SEC . TOP PROD
STEAM FLOW 14.666 G/SEC COOL WATER
FEED PLATE 4 FEED COMP

" DIST COMR 95.618 WT% MEOH BOTTOM COMP
FEED INLET 64,50 DEG C - REFLUX INLET
STEAM TEMP - 106430 DEG. C COL PRESS

MATERTAL B ALANCE

FLOW C OMP
(G/SEC)  (WT PCT)
FEED -~ . 18.020 50.839
ROTTOM PRODUCT . B.976 44360
TOP PRODUGT 9.136 95.618

CLOSURE ERROR-PC 0.5

"ENERGY BALANCE

= ) ENTHALPY 1IN

(J/SEC)
COOL ING WATER . 33772.5

- REFLUX : .. 1906.2

* TOP PRODUCT . o ,

. FEED : : 4160,3 "
STEAM , o 39409.7 .
BOTTOM PROQUCT :
TOTAL - F .. T19248.8

HEAT Loss

ME THANO L

" 8043.3

8.976
9.136
514,453
50.839
4,360
54,00
0.01

\.
57403.2
2164.1
1635.9

269

G/ SEC
G/SEC

G/ SEC
WTZ MEOH
WT% MEOH
DEG C™
KPA

WATER
(G/SEC)

8 . 859
8.585
l.4

ENTHALPY QUT
(J/SEC)

6495, 3
3506.9
5



270

STEADY .STATE CONDITIONS BASED ON 50 POINTS

RUN NO PRBS127S 24/05/78 =~ ¢
FEED FLOW = 18.974 G/SEC DEV= 0.0607
REFLUX FLOW = 13,747 G/ SEC DEV= 0.0476
STEFAM FLOW = '14.666 G/SEC DEV= 0.5249

"BOTTOM PROD = 9.033 G/SEC DEV= 0.0410
TOP PROD = 10.392 G/SEC . DEV= 0.0864
COOL WATER =514.192 G/ SEC DEV= 2.5593
DIST COMP = 95,618 WT% MEOH DEV= 0.1027
BOTTOM COMP = 4,360 WT% MEOH  DEV= 0.0000 .
FEFD COMP = 50,839 WT% MEOH DEV= 0.0000
COL PRESS. = :0.019 KPA DEV= 0.0455
COND LEVEL = 33,080 KPA DEV= 0.1962 -
RER'R LEVEL 94,017 KPA" DEV= 0.2703
DIFF PRESS' =103.420 KPA DEV= 0.1868 .
RER'R TEMP 93.6 DEG . DEV= 0.3152
TRAY 1 TEMP 83.6 DEG DEV= 0.2263
TRAY 2 TEMP 77.4 DEG DEV= o.%hfz
TRAY 3 TEMP 7345 DEG DEV= 0.3513
TRAY 4 TEMP 71 .3 DEG DEV= 0.2388
TRAY 5 TEMP 69.6 DEG DEV= 0,2723
TRAY 6 TEMP 65.3 DEG - DEV= 0.2560
TRAY 7 TEMP 63.8 DEG DEV= 0,2534
TRAY 8 TEMP 62.0 DEG DEV= 0.2678
COND TEMP - 59,9 DEG DEV= 0.3038 .
STFAM TEMP 3 DEG DEV= 0.3313

.9 DEG
«5 DEG
.2 DEG

DEVF 0.2403
DEV= 0.3320
DEV= 0,2317

CON'TE TEMP
REFLUX “TEMP
FEED TEMP

TR N U [ [ (N VU O T OO T N ¢ 17 | A T A { Y O | B [ |

aXsizisiskslokaisksNekeXsEeisioNalaNaNa el

BOTTOM. TEMP 44,4 DEG _DEV= 0.2517

REB'R\ VAPOR 92,5 DEG DEV= 0.2648 .

FEED INLET 64 DEG DEV= 0.3333

REFLUX INLET 54,0 DEG DEV= 04,2559 °

COND VAPOR 62.6 DEG DEV= 0.2504

WATER INLET 15.7 DEG DEV= 0.2549.
26,7 DEG

WATER. OUTLET DEV=' 0.2450



APPENDIX I
i.1 Continuous Form Approximations

In the analysis of the PRBS data collected, the
parameters of'the pulse transfer functions were determined.
The data was approXimated by a_first order plﬁs tihé delay

| system. Thé pﬁlse transfer funcfion can be related to th§
continuous elements of the loop”using the following

‘relationship |

k"

z-1{B(s)G(s)} = Plzlglz) . I-1

i

e

The above relationship holq§ true (55) for the case wheh"
‘either P(s) or G(s) contains only delay terms. With the
above relationship the ¢ontinuous’f0rm-cah be épprdximated
from the pulse transfer anction (Equation 4,})7f0é‘the
sampling interval useq. 'Tbe‘time delay in the first-order
sygtém is assumed to bévsomé integer multiple of the
samp]ing interval. The relétion between the parameters of
the'diséretéAand cont inuous trahsfeb functions can be found”
in Table I of reference (66). If a first'ordeb Zéro hdld is-
used then the time constant and gain for thé'?i?st ordé} |

‘plus time delay contihuous system is

Te =--Pt/In(A) . - RV £

1 21
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