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ABSTRACT C .

A pilqt-plant.fluidized bed reactor in which complex anﬁ.highly
exothermic-catalytic hydrogenolygis treactions are taking place, ls beirng
used to investigate the computer control of teoperature. conversion and
selectivities in such reactors. The process is highly nonlinear; charac-
terized by aeymmetric dyoamics and considerable change in catalyst acti-
vity. Moreover, a deadtime of 360 & is introduced by an oh;line prooess
gas chromatogyaph employed to obtain the compogition measurements. As a
- result, the'caécade co;trol sjstem comprising a proportional-integral
"controller for reaction temperature in the inner loop and a Dahlin con-

troller for propane selectivity in the outer locp was reported in previous
works to have performed well in .certain regions of operaticn at a given
time but revealed very oscillatory and nearly unstable performance in
other regions or at different times. . _ .

This nonlinear behaviour of tﬁe reactor is‘fufther investigated.
It is found that by better matchinéwthe process response characteristics
and by de'tuning the Dahlin controller, thisg unsteble oscillatory beha-
viour of the cascade control system can be overcome and acceptable per-.
formance can be achieved over a wider ‘range of operating conditions.
Later, self-tuning adaptive controllers are tried in an attempt to better
account for the changing-gains and time‘constants of the nonlinear process,
as well as for the time-varying catalyst activity. The cascade control
scheme with Dahlin and Self-tuning reégulator (STR) demonstrated excellent

performance. Finally a double STR configuration for both the inner and

outer loops is carried out. ' Problems associated with this implementation
are discussed and possible improvements suggested,
i1
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1. INTRODUCTION

With the breakthrougﬁ‘in mini and microcomputer technology, .
com?uter control applications have been widely adopﬁed-in many industries
ovef the past Een to fifteen years. Reabtor‘control represents one of

the most important contfoi problems in chemical processes. But it is -
mostvdifficult to generalize reaction k;netics since alhost every

reaction is unique, characterized by a specific chemical model, involving

.

one or more phases and taking place in one of a great v3fiety of reactor
' confiéurations. ;t was pointed oﬁt by Shinskey [1] thafb
| "In processes where transfer of mass or eneréy takes )
place, gain 15 a ﬁunction of many factors, making
generalization impossible. These processes are not only
difficult to control because of dynamic behaviour, but
are algso difficult to understand, Thé& a?e usually non-
linear in more than one respect, and compensa;i;n
improperly applied can aggrq@ate the situation.”
No doub;, the control of the pilot scale fluidized bed reactor
in which highly exotpermic hydrogenoiysis reactipns'are carried out’

. -

represents one of the most challenging control problems. A
" The pllot plant exhibits a number of very important characteristics:
- (1) The highly exothermic nature of the reactions coupled with

the large activation energies necessitates direct control

of reaction temperature for stable and shfe’opera;ion of

the reactor.

(2) The process is highly nonlinear and exhibits asymmetric

dynamics with the time constants and gains dependent very

s




much upon the operating levels of reactor temperature, éhe
temperatufe of the oill entering the reactor heating/coolini
coils and the hydrogen~-to-butane féedrate Fati&(

(3) The reactor is a ”cﬂanging plant". TRhe catalyst activit;
changes wit% time. It can be different froﬁ oné reaction run
to another.

(4) The compositions of the product gas are measured by an on-

line ‘gas chromatograph. It takes 360 s to analyze a sample

tutes a long measurement delay in the system.
As a result, previous worﬁs Qn control [4] uéing'conventional casc?de
proportional-integral %{;) controllers with dead;timE'cﬁmpepsation that )
berformed well 1n certain regions of operation at a given time were seen
to perform very poorly at slightly different conditions or at different
times. .

In this work this nonlinear behaviour of the reactor is further -
investigated and it is shown that by better matching the process response.
chardcteristics and by detuning the controller algorithm, acceptable -
performance can be achieved.'

In order to overcome some of the inherent problems associated with
controllers employing fixed parameters on a process which has wvariable
dynamic charactefistics, self-tuning adaptive contfoflers a?e considered
in an attempt to better account for-the changinglgains and time constants
of the nonlinear process, as well as for the time varying catalyst

activity,

The structure of the thesis is outlined as follows:
Chapter 2: provides the background, the process description and the
instruqsptation of the pilot plant fluidized bed reactor

system.




Chapter 3:

Chapter "4:,

Chapter 5:
Chaptey, 6:
AL

Chapter 7:

refiews the fluidized bed reactor model and the application
of the DYNSYS simulation executive for dynamic aimulé;ion

on the reactor system.

discusses the .different control methods to Ee used on the

s’

cascade control system for temperakure and selectiﬁit&
control,

presents the‘simulation ;eSulté for the reactor sﬁstém in-
cluding the effects of differént choices of design parameters.
describes the experimeﬁtal application of both conventional
multiloop andﬂadaptive multilpop control on the real system.
summarizes the general conclusions drawn from this work and

. . £
provides recommendations for future work.



" 2. THE FLUIDIZED BED REACTOR SYSTEM

2.1 Introduction

) 2.1.1 Background

o This process control study was conducted on a pilot-scale flui-

o dized bed reactor (0.20 m diameter by 1.83° m high) in which butane hydro-

genolysis reactions occur. The fluidized bed reactor was originally

designed and constructed by Orlickas ['2 ] and Shaw 3 ] and was used
' .Eo study the phenomena occurring in fluidized bed reactors. Late;

\\;:} ) ﬁcFarlane [ 4 ] carried out some preliminary control studies onm this
system; forlthis bork, he upgraded the instrumentation, installgd new
control valves and interfaced a Nova 1200-minicomputer {Data General
Corporation} with the control and instrumentation systems. The details ."
of the reactor and the current control system are descrigea in this
chapter (Sections 2.2 and 2.4 respectively). ~ ’/-’

It is important to point out that the fluidized bed réactor was
designed to be large enough to reduce wall effects and slugging but not
8o large as to entail excessive cost of chemicals over the long operating

periods involved. At the same time, during operation, it exhibits many

of the'operating characteristics observed in industrial scale plants.

. ' 2.1.2 The Chemical Reaction System

The chemical reaction occurring in the fluidized bed is ghe
hydrogenclysis of n-butane on a. nickel-impregnated (10% by weight)
silica-gel datalyst.

This reaction was extensively studied by Orlickas [ 2] and

Shaw [ 3] . They showed that the following series-parallel reactions



cccurred: .-
Cyllyg + Hy » CaHly + CH, ' (2.1.1)
Cyllyjp + Hy -+ 2CyHg : (2.1.2)
C3g + Hy + CuHg + CHy, > (2;1.3)
CoHg + Hy =+ 2cH, (2.1.4)

Although four hydrogenolysis reactions occur, only thrgerare
stoichiometrically independent. Not only are these reactfons highly exo-
thérmic but alsc the kinetic studies of Orlikas and Shaw demonstrated
that each of these reactions exhibit very high activatién‘energies (ca.
210 kJ/mole). Thelr estimates of kinetic parameters and one of their:
fluidized bed reactor models are used in a simulatipn relating to this

B

<
research program as described in Chapter 3.

2.2 Process Description

A simplified schematic diagram of the fluidized bed reactor
system with its process control system along with the computer inter-

facing is shown in Figure 2.1. The cascade control scheme’ which is dis-

cussed in Chapter 4 is indicated on this diagram.

2.2.1 The Reactor

The reactor which is constructed from 16 gauge stainlesé steel
consists of three sections: the bottom cone, the reactor barrel and the
disengaging SEction."The reactor is 0.20 m dismeter by 1.83 m high anﬁ

the disengaging section, which is mounted on top, 1s 0.46 m diameter by

0.61 m high. $
f
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legend for Figure 2,1 :

a
control valve

multiplexed_fhermocbuplef

Pl

differential preesure transmitter

back-pressure regulator

electro-pneumatic transducer

9

S

|

(®) = pressure gauge
Q-

GC Gas Chromatograph (Beckman Model 6700)

.Controller - PI: proportional-integral controller

STR: self-tuning regulasor

Dahlin: controller using Dahlin algorithm

TR temperature of catalyst bed in reaction chamber
THet tpoint of T

R setpoin R
S selectivity

Subsecripts for §:

Cl methane )
C2 ethane .
C3 - propane
X butane conversion
G

hydrogen and n-butane control valves
hydrogen and n-butane orifice plates
hydrogen and n-butane rotameters

nitrogen solencid wvalve
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Legend ﬁor Figure 2.1 {(cont'd)

i1.
12,
13.
14,
15.
16.

17.

nitrogen flow indicator
feed preheater (steam)

backpressure regulator for feed system

‘feed preheater (circulating oil)

fluidized bed réactor. reaction chamber

fluidized bed reactor, disengaging section

alr cooler (circulating oil system for heating/cooling coil)
heating tank, feed preheat circulating oil systenm

heating tank, heating/cooling coil circulﬁ;ing oll systenm
expansion chamber

reactor pressure relief'valve : .
exit gas cyclone

heating/cooling coil



Feedlgaa‘entefs the bottom cone of the reactor which is packed
with i.9 cm stainless steel Rasching rings to disperse the gas across
the reactor cross-section. The gas then flows through a distributioﬁ/
catalystlsuppo}t'plate, 0.0127 m thick drilled with 230, 1.4 mm-diameter
holes. The 10% by weight nickelrimpregnated silica gel catalyst particles
with dlameters ranging from about 70 to 300 um form a catal%et bed, the
height of which‘is approximately 0.47 m under static conditions. A sheet
of 200 mesh stainless steel screening placed over the distributor plate
prevents the particles from falling through. The exit gas passes through
a cyclone which returns any ®ntrained catalyst partibles to the ca:alys%xn
bed. The reactor is maintained at constaﬁt positive pressure (ca. 115.1
kPa) by a back pressure valve (Brooks, model 661223P) located after the
cyclone and the exit gas sampling Iine. A 0.15 m fl;nged port on top of
the disengaging section is used for charging catalyst and visual obser-

vation of bubbles when using nitrogen gas.

2.2.2 Heating-Cooling System

Two circulating oil systems are present; one in the feed—gas
preheater system and the other in the heating-cooling éoil system on the
reactor. The circulating fluid is Sun 21 Heat Tramsfer 0il and electrical
immersion heaters (4.5 kW for gas:preheateg system and 8.5 kW for reactor
heating system) are used to heat the oil. fﬁe cil is circulated by Sihi

centrifugal pumps.

(1) Gas Preheater: Feed gas is preheated to reaction temperature
(~225°C) by first heating it with 790.6 kPa steam in_a brass shell-and-
tube heat exchanger (single pass, 0.111 m?) and then in two carbon steel

heat exchangers (single pass, 0.185 m? each) by the circulating oil.
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"3xdi) Heating-Cooling System for the Reactor: At start-up, the

fluidized bed is heated to reaction temperature by circulating hot oil
through 1.27 cm diameter stainless steel tubing which is spiralled on
5.1 cﬁ centres around the reactor barrel and approximately one half the
disengaging section. This heating coil 1is imbedded in heat transfer
cement (Thermon Company) to improve the heat transfer to the reactor wall.
Once the reactioﬁ starts, heat' must be removed by the circulating
o{l. This 1is accompiished by passing the oil through an air-cooled heat-
exchanger (single pass, shell-and-tube exchanger, 0.111 m? &rea),

referred to hereafter as the air cooler.

2.3 Minicomputer System

The pilot plant fluidized bed reactor is interfaceg to the mini-
computer system {NOVA 1200) in the départment's computer contrql labora-
_tory. .The computer system was used for all data logging programs and
control algorithms that were im}lemgnted on the reactor. A layout of the
computer facilities at the time of this study 1s given in'Fig. 2.2.

The minicomputer system is a dual processor consisting of,twe

Data Genetal NOVA 1200, 16 bit minicomputers (A and B). They share an

interprocessor bus (IPB), a 0.5-Mbyte fixed head disk and a Data Acquisi-~

tion and Control Interface (DGDAC). The minicomputers can access to 48
analog to digital (A/D) and 12 digital to analog (D/A) channels, 32 TTL
inputs, 32 TTL outputs, 16 relay outputs and 32 contact sense lines in
the DGDAC through FORTRAN callable software driver routines in the
library file AIO.LB which was first developed by Harris [ 5] . During a

computer run, either system A or system B can access to the DGDAC, but

not both.

7
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The peripheral devices on Minicomputer A include a cathode ray
tube (CRT), a paper tape punch and reader, hardware floating point

processor, hardware multiply and divide and 8 real time clock.System A is

uged for the production runs and communicates with a video console and

keyboard (CRT). Because of the reduced computation time, the hardware
- e—"

L ——

floating point and multiply/divide System A allows the accommodation of
the big production program which has three major sampling and control
tasks on the flow, temperature and gas‘%hromatograph systems; whilg the
pérameter interrupis as well as detalogging and control results arg'

passed fromwand to System B via the IPB,
‘ System B 1s interfaced to two 5 Mbyte disks, one of which is
removable and is used to store all the data. Any on-line parameter
changes may also be communicated to System B via a teletype with a QTY
port (QTf:l, is a CRT). The measurements and éhe setpoint; introduced
can be read from a hardcopy when the infbrmhiion has transferred from
System A to System B and dumpig out thréugh.another QTY port (QTY:U,Ia
& .
Centronics line pointer)’ Affer each expérimental run, it is advisable
-:Eb'étore all the data onto a magnetic tape using ﬁherm;gnetic tape

drive. 1In addition, Hinicompute;“E—EEthI“_t;§€¥§nsfer-dégélﬁirectly

to the University's main Control Data Corporation‘fCDC) Cyber computer..
The computers use Data Géneral's Real-Time Disk Operating System

. (RDOS) revis;on 2262. All user software for'this study was written

using Real-Time FORTRAN in a multitasking environment.

L]
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2.4 Ipstrumentation and Process/Computer Interface

2.4.1 Instrumentation

2.4.1,1 Feed Flow System. The hydrogen and n-butane gases are

Ifed to the reactor from“cylinders. Six hydrogen cylinders (each con-
taining 6.5 m3 at S.T.P.) are connected to ‘a common manifold; usual
operation entails using one at a time and each can last for about one
hour under normal reactor operating conditions (ca. 0.1 m3/min). The
butane o;iginateq from one large cylinder. Hot water is run over the
cylinder as arf}lﬁ fo maintain a reasonable operating p;essdre;

Two flowrate measﬁring_systems are emplofed. Rotameters are
used as a visual indication; that for hydrogen is a Fisher-Porter FP-%@-
21:;—10/80 and that for butane is Brooks BR-14-25G10. Originally there
were two.floags in the b:Lane rotameter, but since only loﬁ flowrates
were required only the light float was used. Orifice plates (2.50 mm
diameter for n-butane and 2.00 mm diameter for hydrogén) along with
pressure‘differential (aP) tranqmittérs_(Rosemount Alphaline: n-butane,
model CliSlDP&EZZMBCE, hydrogen, model Cl15DP4C22ZMBCE, 4-20 ma output)
were used to monitor (datalog) the flowrates by the computer. These
wére installed upstream of the ameters. To emsure a constant cali-
bration of these flow measuring devices, a constant pressure of 128.9
kPa was maiﬁtaineﬁ on them by a back-pressure regulator {(Fisher, type

38L) installed downstream of the rotameters.

'ihe hydrogen and butane flowrates are controlled by pneumatically-

activated valveé‘(Badger Meter Inc. Research and Control Valves, air to

open, tybe TY755; n-butane,, Trim J; hydrogen, Trim G).

13
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Interfacing the pressure transducers with the computer and the
computer with the pneumatically controlled valves requirés analog-to- "
digital (A/D) conversion and electro-pneumatic (E/P) converters res-
pectively. The A/D converters are able to digiLize input Bignals of O
to 10 volts* and produce output voltages over a similar range. Thus,
the milliamp signal from the pressure transducers was converted to a
suitable voltage by installing dropping resistors across the outputs of
the AP transmittexrs. The ‘reverse procedure, that is-producing Eﬁe |
' requi?ed pneumatic signal from the output voltage from the computer
(D/A convgz}crs) requires conversion from voltage to current (1-9 V
to 2-50 ma) and then an E/P converter (Fisher Controls Co.,Type 546)
to linearly cﬁnvert this current to pneumatié signals for actuation
of the control valves. Thé ¢alibration procedures and resylts for
butane and hydrogen are given in Appendix A.2.1.

It is important to maintain the feed flowrate ratio (UHZ/UCQ) of
the incoming gases above some critical ratio depending upon the reactor
cperating temperature, since'it.was observed on one occasion: that
gevere coging of the catalyst‘occurre& when the uﬁzluca rapiq fell to
around 3 for about 5 to 10 minutes. Thisg coking led to severe, catalyst
dé;cti;atiOn. Since the catalyst could not be éasily reactivated, com-
plete replacement of catalyst ‘was required., This experience led to the
design and construction of an automatic device which caused the buta;e _
to be immediately shut off if the feed flowrate ratio was reduced to
legs than some specifigd value (usually 4.0). This safety device com-,

* This 1is dome in terms of computer unlts; 0-4095 computer units corres-
pond to 0-10 V at the D/A output.

.
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compares the ratio of the voltages which are transmitted to each
flowrate control valve. In additio; to this device, which was
activated essentially all the time during reaction oﬁeration, computer
softwgre &also ensured that thé required ratio, as calculated by the
control algorithms, was always above a specfied ratio. The.physical
device was used as back—-up; however, it was eésential during manual

‘operation or in case of computer malfunctioning. .

2.4.1.2 Cooling 011 Temperature Control. The air.coyler is

used to maintain a constant, preset oil témperature to the keactor
.cooling colls., In this way an a:temp£ is made to ﬁmiutain ? congﬁant
heat load on the reactor. Cooling air from the 790 kPa lab system is
used to control the outlet oil temperature, The alr flowrate is goh-
.trblled b; a pneumatically operated valve.(Badger Meter Iné., Research
Control yglve, air to open, Type TY7SS, Trim E) using similar agxiliary
equipment as for the feed gas. A manually operated by-pass valve around
the control valve can be used if a high rate of cooling is requirea.
During operation of tﬁe reactor, it was found advisable to have

the electrical power on to the heaters in the oil hold tank (ca. 70% of
maximum depending upon the conversion level and butane flowrate to the |

reactor).

2.4.1.3 Temperature Sensors. The tempefatures throughout the

reactor system (as indicated in Figure 2.1) are measured by Chromel-
Alumel thermocouples (Thermo Electric (Canada) Ltd). These sensors are
located at various vertical positions in the fluidized bed, on the outer

wall of the reactor and in the oil and gas lines; exact locations are
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. given in Table 2.1. Radial traverses within the bed at various loca-
.tions indicated essentially isothermal conditions, except‘in the
immediate vicinity of the wall, as long as the gas velocity was in
excess of about ten times that required for miﬁlmum fluidization,
Sixteen separate temperature Measurements may be made at any
instant. A multiplexing Byatem (intgrnal design) transmits any two

signals at any given time. .These relatively low level signals‘require

amplification and transmission to the A/D input channels.

The particulaf amplifier (ACROMAG, Model 314~WM-U) which was
used did create a problem in that it was somewhat incompatible with Ehe
multiplexer chip since the existing combination gives gise.to a rela-
tively long settling—out—time of 3 to 5 seconds, depending on the
difference in voltages between consecutive readings. Thus, this system
should require about 24 to 40 seconds to'step through the eight channels
connected to each of the two ampiifiefs. This means that a “snapshot"
6f all the temperatures cannot be taken at ohé time under a given épera-
ting condition. The problem was_alleviated to some extent by judicious
choice of the consecutive‘temperaﬂﬁ}%s which were multiplexed to the-
amplifier. For example, the rebrésentat}ve temperature of the bed was
asgumed to be the average of these measured 0.15 m and 0.30 m f;om the
distributor plate. Thus these temperatures were measuréd consecutively,

The oii temperature to the cooling colls is also controlled. Since it
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THERMOCOUPLE # A LOCATION - )
1 - Out of order
2 . - Not in use ’
3. : - Out of order
4 T:ig": Reactor wall, 0.23 m from distributor plate
5 Teank? 01 Tine exiting circu]ating 011$heat1ng tank
. 6 TR.Z': Reactor-chamber, 0.61 m from distributor chamber
7 Ty, 36"+ Reactor wall; 0.91 m from distributor plate
8 Toi1,preheater: 011 1ine gnteEing feed preheater
S Ty, 180 * Reactor wall, 0.46 m.from distributor plate
10 Toi1,out: 011 Yine exiting heating/cooling coil
11 Traeq® Reactor feed Tine L
12 TR.B': Reactor chamber, 0.91 m from distributor p1ate_
13 _ Tp 4+ Reactor chamber, 0.22 m From distributor plate
- 14 Tbi].in: 0i1 1ine entering hea£1ng/coo1ing coil -
15 . 'TR,l'} Reactor‘chamber, 0.30 m from distributor plate
16 TR,%‘: Reactor chamber,'q.ls m from distributor plate

r

Table 2.1 : Thermocouple Locations
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is only slightly lower than the reactor temperature itg,too, was
measured immediately before the reactor temperatures. This measurement

sequence also ensured that control procedures were executed under the

o 0

Another problem which was encountered with the ACROMAG trans-

same conditions.

mitter-amplifier was the continual slow drifting of the calibration of
the amplified signals from the thermocouples. Moreover the calibration
was.nonilinear so frequent recalibration (ca, every one or two hours) was
necessary. Although a new multiplexing-amplifier system was desighed,
construction was not completed in time fqr the experimental program

~

reported here,

2.4.1.4 Gas Chromatograph System. As Figure 2.1 iddicates, a

process gas chromatograph (Beckman Model 6700) was used to analyze the

exit gas stream from the reactor. The chromatograph consists of an

n

analyzer and programmer. The latter schedules the injection of samples\
to the columns and the transmission of data and pulses to and from.&ha_J)——"’//J
computer. Details of the gas chromatograph, its interface to the
reactor and computer systemg’as well as its operation are not presented
here; Both Tremblay [ 6 ] and McFarléne_[ 4] “have included compre-
hensive summaries of‘its operation in théir theses. However some of the
new sgttiﬁgs of the component boards in the programmer, the procedure
for preparing a calibration gample and the célibraciou curves for the
different components ar; described in Appendix A.2.2.
For this chemical system, the time required by the chromatograph

F

to process the complete analyéis is 350 8. This introduces a considerable

. . =
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dead-time between sampling and measurement which is very important in
designing the control system for the reactor.

t
2.4.2 Process-Computer Interface

-

The reactor is started up under manual control. Thus variable
voltage sources (0 to 10 volts D.C.) are‘required to allow manipulation
of the control valvés through the E/P converters. Four separate variable
sources are available: one to manipulate hydroggn flow, one for butane
and one for the air supply to the air cooler; the E;urth is a spare.

A "Manual/Computer"” switch at the reactor control station
adjacent to the reactor allgws the operator to select the manual or
computer controi mode. In the manual mﬁde. manipdiation of each of the
valves is effected by a potentiometer on ;he voltage supplies. The
start-up procedure recommended by Shaw [ 3 ] was easily carried out-
using this equipment. ‘

In the computer mode, the voltage sources are manipulated by
the computer via the D/A converter ;utput channels, The voltages to be
transmitted to the E/P converters are set or calculated within the user-
generated software in terms of éomputer units (4095 units = 10 volts at
the output of D/A uniti.

. Detalled schematics and information about some of the devices
described above can be found in the technician's file in the Department,
They are ag follows :-

- The circuit diagram and the details of the ratio comparitor

device in Section 2.4.1.1.

- The block dlagrams, input-output connection diagram of the

multiplexing system and the multiplexer-cable connections in

Section 5.4.1.3.
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The wiring of the Manual-Computer control box, a schematic
of the process-computer interface and the pin connections

for the interface cable in Section 2.4.2.

20 °
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3. DYNAMIC SIMULATION MODEL OF THE REACTOR SYSTEM

3.1 Introduction - : . .

N
[l

The simulation model used in this study for the fluidized bed
reactor system was based on the previous work done Sy Orlikas [ 7.]
and Shaw [ 3 ]. Shaw tested a number of steady-state models whiéh had
been propoged for heterogeneous catalytic chemic%I reactions in flui-
dized beds and indicated that most models provided reasonable pre&ic-
tions (from a control point of view) as long as one parameter which
relate? to the fluid-mechanical behaviour and alsc another parameter
relating to catalyst activity were evaluated from reactor response data.
It 1s the extension of these steady-state models to include the main
dynanic effects which dis described in this chapter. The essence
of the chemical reaction kinetic model and the steady-state model i1s

briefly reviewe&'prior to presentation of the dynamic model of the

system.

3.2 Reéction Kinetics

- | The hydrogenolysis reactions which took place in the reactor‘
were described in Section 2.1.2. The mechanistic kiﬁetic model for the °
reaction system which was developed bf Orlikas [ 2, 7 ] and furthéf-

investigated by Shaw [ 3, 8 ] has been shown to describe the
chemical kinetics for this reaction quite well. It was shown that this

mechaniztic model gave good predictions of conversion and selectivities
over & wlde range of conditions in the smal; packed bed intégral reactor
used for the study; A catglyst activity parameter (k/ko) wag included
in the model since even the same catalyst exhibited differences in
activity dependiﬁg on the inftial 'conditioning’ treatment to which it

was subjected. This parameter as included -in the model was shown to account

21
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v
L]

for differences in catalyst activity during this experimental program,
The main characteristics of the reaétions-are that they are all
highly exothermic (AHR = =167.4 klJ/mol), leading to a doubling of the

. .
reaction rates for about every 3°C increase in reaction temperature.

-

3.3 Fluidized Bed Reactor Model

Prior experimental and B;eadymstate modelling studies conducted
on this reactor by Shaw et al. [ 3, 8 ] found that tﬁe gimple, two-~
phase model of Orcufﬁ, Davidson and Pigford [ 9 ] described the con-
veré&on and product distribution (selectivity) with aéceptable accuracy
even though 6ther models provided a better representation of the .
reactor under certain conditions. Therefore our dynamic model was based
upon the Orcutt model because of its‘simpiicity. The mode} as;umes

(1) The reactor consists of two separate phases: a bubble

phase in plug flow and a ﬁerfectly mixed emulsion phase.
.(2) Spherical bubbles of constant size within which the gas
is perfectly mixed but which contain no sblid éﬁtalyst
N B (hence no reaction occurs in bubble .phase).
(3) Gas is perfectly mixed in emulsion phase; the gas flowrate
into and out of the emulsi;n ppase is tﬁat required to
keep the solids in a fluidized rate (minimum superficial
fluidization velocity, umf)' '
{4) The mass transfer‘coefficient‘for the trangfer of gas
between the bubble and emulsion phases 1s cﬁnstant over

the bed height.

(5) The system is isothermal throughout.
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The mathematical model based on these assumptions is described

below.

3.3.1 Materilal Balances

(1) Bubble Phasé? At any instant, for any component i in the
,Q{' .
bubble phase its concentration as a function of the height (h) through

the bed is given by

i
dcy 1 1
U.be - Q(Ce - Cb ) 1=1,2,3 (3.3.1)

i

with initial conditions C;’- Co at h = 0. Q is the transfer or inter-

change rate for any component between a bubble of volume Vb and the

emulsion. Since Vb, w Ce and ¢ are assumed to be independent of
height in the bed, the bubble material balance equations in (3.3.1) can
be integrated from h = 0 to h = H to glve the exit bubBle concentrations

as

Cbi,H' - cei + (coi - Cei)exp(-QH/u.be) (= 1,2,3 (3.3.2)

(11) Emulsion Phase: For any component i, a material balance

.

. over the entire perfectly mixed emulsion phase yields (with the use of
Equation (3.3.2))
acl
e
e dt

i i H
EICRETAS TS {1-exp(-u—§‘§)]}-rive (3.3.3)

for i‘- 1,2,3
Simultaneous solution of this set of differential equations gives the
emulsion phase concentrations through the reactor

Using v, = V(l—-NVb) and H = V/S, Equation (3.3.3) becomes

)

ac,
H(L-NV,) =2 = (C_ - C){u +Nu.bV [1- exp(--uf:‘-—)]} H(L- NV, )r,

(3.3.4)
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Since it has been found for thig system that the time consgaﬁt of
Equation (3.3.4) is Bmﬁll compared to the time constant of the Equation
desqribing the enthalpy or temperature change of the reactor contents
(Equation (3.3.12))the concentration of the various reacting species was
assumed to be at their pseudo steady-state values throughout. Therefore
cﬁange of concentration with respect to time is assumed to be zero;

thus, there results:

H
(Co-Ce){ u e + Nube[l-exp(- va;)]} = H(l-va)ﬁ_ . (3.3.5)

Knowing the divi;ion of flow intec each phase, the bed exit céncentration .-
can then be solved simultaneousiy from the sét of Equations (3.3.2) and
(3.3.5). Note that the calculation of concentration involves only
algebraic equations.

(1i1) Disengaging Section: Since the concentrations are

measured by é process chromatograph at the exit of the reactor, the
dynamics of the disengaging section may also be important under some
operating conditions at-least. Here, this section is modelled as a

peffectly mixed vessel, Thus, the transient mass balance for each com-

ponent i may be written:

= - F -F (3.3.6a)

dt i,in i,out .3.

R . .
" FianT Gue W (3.3.6b)

where Hi = nass of component i in the vessel (Kg)

‘

Fi ip = inlet mass flowrate of component 1 (Kg/s)
»

F = outlet mass flowrate of component 1 (Kg/s) '
i,out
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Q = volumetric flowrate of the stream (L/5)

V = volume of the vessel (L) il

Since

P
Tout in

Q - Qin T

out (3.3.7)

inPout

where T = abgolute temperatute of the stream (K)
P m total pressure in the stream (kPa)
Note that both Fi,in a?d Qin are required and these may be obtained from
the calculation of the product exit stream f;om the reactor. Thus
Equation (3.3.6) can be integrated to give the mass hold up of the com~
poneht i, Hi’ in the vessgel.
The mass flowrate of each component i in the outlet stream may- be

-

obtained from:

Qout~V

Fi out (3.3.8)

Empirical Correlations: Several empirical correlations available

from literature were used for predicting certain physical phenomena in -

the bed:
(1) Bubble diameter, db’ as a function of bed height was given by
Kato and Wen [ 10 ]:

0.4

" Y - L
d = 0.14 pdh (—) + [6 D&y, g 0.2 (3.3.9)
. b PP uoe n.w -

Since the Orcutt model assumes a constant bubble diameter with

respect to height, an integrated average value of db was calcu~

lated by Shaw et al. [ 8 ] .



(2) The interchange rate Q between the bubble and the emulsion
phases was éalculated from the correlation [ 1i ] :

. Vb
Q = 0.I1-2> . . . - ~(3.3.10)

. :
It was assumed that the form of the correlation applied but an
additionnl multiplying factor (interchange parameter) was .
- required to compensate for difference in the reaéﬁor system
employed here. A sensitivity analysis [ 3 ] ‘ demonstrated
that this was by far the most important parameter in the fluid
mechanical part of the model.

(3) The bubble rise velocity u was predicted by Shaw et al. [ 8 ]

[

1 ’ .
uo= 0.711 (g &) 2 4 (u - up) (3.3.11)

. 3.3.2 Enthahpy Balances

(1) Reactor Contents: Assuming that the gas and the catalyst

A

‘particles are at the same' uniform temperature in the bed, then an

enthalpy balance on the chemical gas/solid phases yields:

4T
~——— R
(wch-+ eV g cpg) it
1] —_— r .
N = YV C T =T )+ T, -T + R AH. W 3.3.12
oCog PglTo = Tp) +hy AT, - Tp) jgl JBH, ( ‘)

Since the second term on the left hand siie of this equation is small
compared to the first term, it can be neglected. Thus, the final form
of the enthalpy balance on the reactor conténts is

dr

R - — S R
e To vV C g(To-TR) + h AL (T, ~Tp) + } R,AH W (3.3.13)

° pg 4 33
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where ¥ = number of reactions where heat is generated {equal to 3 as

explained in Section 3.3.3,) -
({1) Reactor Wall: The reactor wall, cooling_coilé; and suppor-

tiqg structure in contact’with the wall was judged to have a mass suffi-
fi

cient to make theilr dynamlc effect an important consideratiOn in the

-

" .
temperature dynamics of the overall system, If these elaments are lumped

into a single mass (Mw) at a uniform temperature (T.), an enthalpy balance

. yields ’
| SN
’MWpr T hWAW (TR - TW) + ht‘:Ac(T - TW) - Ql ss (3'3°14)

’./'

-(iii) Reactor Heating/Cooling Coils: The temperature response

of bo;ﬁ heat exchanger units was assumed to be rap relation to the

= e

reat of the system; therefore the instantaneous outlet temperature from

. B | >
the cooling coils waidgalculated.from the steady-state relationship for

a

a heat exchanger wi{ﬁ a constant source temperature using the effective-
s

ness factor relationship as follows:

1 - exp[-(NTU)(1-R)]

E.-

1 - Rexp[-NTU(1-R)] - (3.3.15)
. ~e ) . '
where R = T.g_.‘lii -~ 0
‘ wpw
RTU = hcAc r
e s L
(wcp)oil ,
Also, '
T sv ~-T \
e = o;l.fu; oil,in (3.3.16)
w oil,in

-

Knowing T, and Toil,in.”EsuaEFon (3.3.15) and (3.3.16) are combined to

oilfout' - "'"‘\\\\

eliminate € and to calculate T
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T
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The mean bulk temperature of oil in the heating/cooling coils
18 taken as the arithmetic average of the oil inlet and outlet
.temperature: i )
T - T + (Toil,out " Toil,in) ' }
oil oil,in | 2 (3.3.17)

3.3.3 Reaction Rates and Heats of Reaction

If F is the fraction of n-butane that reacts to form propane and

methane, Equations (2.1.1) and (2.1.2) are rewritten respectively, as

FCHyo + FH, + FCyHg + FCH, ' (3.3.18)
(l-F)C“HIO + (l-F)Hz + 2(1-F) CoHg i ‘ (3-3-19)
These are added‘to give —

CyHyjg + Hy -+ FCgHg + 2(1~F)CoH; + FCH, _ (3.3.20)

Equations (2.1.3), (2.1.4) and (3.3.20) are three he roducing reactions
for which heats of reaction may be calculated thus T is equal to three
in Equation (3.3.13). - Their rates of reaction are given by RP, RE and RB
respectively as fdllows: .
‘ Let RB = net rate of reaction of n-butane
Rfé = net rate of reaction of propane

RE2 = net rate of reaction of ethane

with units = mol/(uﬁit volume emulsion phase-gec),

, It is easy to show that the rates of reactions can be expressed

"in terms of the rate of hydrocarbon reacting as examplified by the rate

of reaction of propane in the following illustration:

CyHyg ,
47— rate = RB.F

CiHg [net rate of production of C3Hg = RP2]

] “Z—— rate of reaction, Equation (2.1.3) ‘
CzHg
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Define the rate of reaction of Equatioﬂ(2-1-3), RP (g moles propane

reacted/unit volume emulsion phase-sec) .

RP = (RB.F) - RP2 . - (3.3.21)

Similarly, for ethane, the rate of reaction of Equation (2.1.4), RE isg

glven by

RE = RP + 2(1-F)RB - RE2 . (3.3.22)

Heats of reaction for Equations (2.1.3), (2.1.4) and {3.3.20) are
calculated using heats of formation of the product and feactant specie%,

evaluated from polynomial expressions in temperature as given by Kjaer

[ 12 ].

3.4 The DYNSYS Simulation

3.4.1  Introduction

A coﬁputer Simulation program called DASTFF2 was modified from an
existing program written by McFarlane [ 4 1., for use on the CDC Cyber
Computer System in the ﬁniversity's Cémputer Centre. The program was
written using a4 modular dypnamic simulation approach utilizing the DYNSYSl
simulation executive which was developed by Bobrow [ 13, 14 1 to allow
convenient dynamic simulagion of chemical processes. A DYNSYS moduler
consists of a steady state or a dynamic model to be written in terms of
first ordinary differential equations, which are solved simultaneously
iﬁ all modules by an Adams-Morton-Shell formulated third order predictor
corrector routine. -

The original DYNSYS executive main pProgram was restructured by

MEFarlaue {4 ) into a Subroutine Model 1 and a program external to

4

D



DYNS?S was created to define all inputs, setpoint changes, load distur-
. bances, etc. in performing the control function. Throughlthis modifif
cdtion, Modei 1 can convenikntly integrate the appropriate modulés over
one time interval.when provided with,updated inputs and returns the pre-

diction of the system outputs at one time step ahead to the calling

progran.

'

3.4.2 Application of DYNSYS on Fluidlized Bed Reactor System

Since the temperature response of the air cooler was assumed to

be rapld in relation to the rest of the system, the instantaneous ocutlet

0ll temperature frqm the alr cooler, which is the temperature of the -

‘01l entering the reactor heating/cooling coils, Toi1 qn® ¥88 taken to be
] ’

freely adjustable as an input to the reactor. .Therefore the DYNSYS
aiﬁulation does not include the ailr cooler. The fluidized bed reactor
hag been simulated by two proc§ssing units:

REACOLl, the reactor; including the wall and heating/cooling coil and

~ HOLDOl, the disengaging section, modelled as a well mixéed vessel with a

mass hold up.

_ With the modification of the DYNSYS executive main program Into

A

a subroutine, Model 1 and a calling program to be created, the computer

4
progranm has the following structure:

Program DASTFFZ - the calling program provided by the user to
. . o
fulfill the desired (control) function
Subroutines: MODEL 1, TYPE 1 (REACOl), TYPE 8 (HOLDOl), ORCMIX,

HREACT.



The DYNSYS éubprograms:
Subroutines: DYN1, DYN2, GET, FETCH, FETCHR, OUTPUT <
Functions: Y1, PROPS.
The relationship between the calling program, the subroutines and -
function subprograms are illustrated by Figure 3.1. Fér the detailed
functions and descriptions of the DYNSYS subprograms, the reader is
referred to the DYNSYS manual by Bobrow et al. tA13 1.
An information flow diagram for the s&stem is shown in Figure 3.2
and each u;;?\is described séparately in the se;tions REACOLI and HOLDOL.
The main features of the DYNSYS program are outlined here so that
the’ reader obtains some impression of what is involv;d. All the details
of the DYNSYS executive program are available in the manual.
There are four main storage arrays for DYNSYS and the general
flow of informatioﬁ between them is indicated in Figufe,3.3; The numbers
shown in the figure are representative of the fluidized bed reactor and
are the initial values read into éﬁe computer program.
The process matrix MP(I,J).&imensioned as 20 x 8, containq/fgz——H\i
/

ordered list of unit numbers, module type and the associated streams

(input streams shown positive, %ollowed by output streams shown negative).

There are two processing units nvolved: REACOL and, HOLDOL -with their
corresponding typé:ﬁﬁﬁbggji/;;:iz. Thelir rélated streams are shown iﬁ
Figure 3.2. It should be noted that the last element in each row iz used
for the storage of a pointer for locating extra parameter in the EX(100)
- vector to.be deseribed below. All the unfilled iocations in the storage
arrays are initialized to be zero.

. The equipment parameter storage array EP(ZOfS) contains up to five

equipment parameters for each unit. If more than five parameters are
|

-
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DASTFF2

Main Program

Subroutines

A Function Subprogram :

* DYN2 executed twicw with IG=1 and IG=2

- Figure 3.1 Structure of the DYNSYS Simulation Program in Its
Application to the Fluidized Bed Reactor
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6 I
HOLDO1
) e |
TYPE 8 7
)
4
3
P rerreerae et
— — ——
REACO1 5
1 . TYPE 1
—— ' '—— material information stream
2 ~—=» control information stream
Stfeam 1 oil inlet to reactor heating/cooling coil
2 reactor feed
3 o1l exiting reactor heating/cooling coil
4 product gas exjiting from reactof to dieengagaing section
5 réactor information stream
6 exit gas from disengaging section
1] .
7 disengaging-section information stream

I

«

" Figure 3.2 Information Flow Diagram for DYNSYS Simulation
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MP(20,8) EP(20,5)
Unit { Type |Streams Parameters
No. . -
1 2 3 4 5 6 7 8 1 2 3 4 5°
1 1. 1. 2. -3, =4. =5, 1 }=|7000.0 1.87 21.4 17.36 0.0165
2 | 8. //4. -6. =7, = - 6 R[f 124,610, - - <
, EX(100) .
* Additional Parameters .
) 3000, 0.64 0.25 0. 1.
-0. 0. O. 0. oO.
26,22 4. 5.3 39,35 8.65

a4

$(2,50,20)

. Flag Flow Temp Pressure

1 2 3 4 5 6 7 8 9 10 11 12 *-*
1 5. 565.7 "247. 1.1 0.. 0. 0. 0. 0. 565.7 0.

2 5. 0. 260. 1.1 0. 0. 0. 0. 0. 0. O.
3 5. 5657 0. 0. 0. 0. 0. 0. O. 565.7 O.
4 5. 0. 0. 1.1 0. 0. 0. 0. 0. 0. o.
5 11. 247.4 253. 260. 0. 0. 0. 0. 0. O, 0.,
6 5. 0. 0. 1. 0. 0. 0. o.' 0.. 0. oO. ¢

7 11. 0. 0. 1. 0. 0. 0. 0. 0. 0 0.

N

Figure 3.3 - Main Storage Units for DYHS?S and Information Flow Between Them
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required for a unit computation, these parameters are stored in the extra
equipment parameter vector EX(100). The executive sets up the last colum
in the process matrix MP( ) as a pointer to this table., This featnre
allows storage of an indefinite amount of information for thelEx vector
in the data set. The physical significance of these parameters are to be

described in the modules. 7 i
The stream information array S( I,J,K), d%hensioned as 2 x 50 x
20, is used to store nhe stream informntion for the present time stép, I =
1l and for the prnvious time step, i = 2. Each row (J) is aliocated for
each stream numberwgJ) as defined in the p}ocess matrix Mf( ). Thé&"
~ Stream number is stored in K = 1 locatinn. "
For K = 2, the stream flag serves the dual purpose of jdentifying
the stream type and, if negative, supprgéses printing of tHe stream
variables in the output. In general, there are two typén éé streams:

(1) material information stream (flags with absolute value 510); these'
are in{%EE%ig by solid connecting lines on the information flow
diagram in—Figure 3.2 and may include total flow, temperature,
pressure and the flows or concentrations of the components. For

T this simulation, the stream list has been defined as?
K =1 - gtream number,, (1,2,3,4,6),
2 - gtream flag, = 5
3 - total mass'fq%w (g/sec)
4 - temperaturé {°c)
5 pressure (atm)

6 - CH, flowrate -

7 - CyHg flowrate

a



(2)

36

=]
|

CiHg flowrate
9 ~ C4H)( flowrate
10 - H, flowrate
1l - circulating oil flowrate >
122~ air flowrate '

flowrates in g/sec -

control information streams\{glags wich absolute value >10) repre-

sented by dashed lines indicate that the information flow is
concerned with control variables (such as the pressure used to
activate a valvé) or sensed variables (such as temperature in a
tank). The stream list for stream 7. which is a control informa-

tion stream is the same as that for materia] infromation stream

-because the sampled stream coming outkfrom the disengagipg Bection

reduires the same information whereas the control iﬁformation
stream 5 has the following stream list:
K =1 - gtrean number, = 5
2 ; stream flag, = 11
3 - Toii’ mean bulk temperature of oil in cooling coil (°c)
4 - Tw’ average wall temperature over bed heighe (°(C)

reaction temperature (°c)

]

6 - Sl,'selectivity of methane (moles methane produced/moles

butane reacted)
7 -85, selectivity of ethane
8 - S, selectivity of propane \

9 ~ CONV, conversion of butane
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REACOl: Type 1 ' ’].' -
—— . :

The reactor module REAéOl (TYPE 1) comsists of the following

quations which were described in Section 3.3:

i

1. algebraic equation describing the pseudo-steady, state reactor mass

balances: Equation (3.3.5). !

2. differential equation describing temperature dynamics of reactor

contents: Equation (3.3.13).

'

3. differential equation describing Eemperature dynamics of reactor wall:
_ Equatiaﬁ {3.3.14). '
4. algebraic equation describing enthalpy balance Sn oll in heatiné/

cooling coil: EquationS(3.3.15) to (3.3.17)

A solution to the steady state mass balance was provided by Shaw

'[3] as the Subroutine ORCMIX It incorporates the reaction rate expressions

Equations (3.3.1) to (3.3.3) and solves the (pseudo) steady state mass

balance Equation (3.3.5) for each component. While ;he'héats of reaction

Equations (2.1.3), (2.1.4) and (3.3.20) are calculated in subroutine HREACT.\‘
The calculation flowcharts and listings, together with éhe argument

list, fd? subroutines ORCMIX, and HREACT may be found in Section 3.3.1

and Appendix A3.1 of McFarlane's thesls [ 4 ].

I

HOLDOl: TYPE 8

"The dynamic effects of the open volume above the fluidized bed and

‘constituting the disengaging section are also important. The mixing

patterns within this free space are unknown. 1In fact, a mixing model (for
example, part of the volume could be considered perfectly mixed ,another
part in plug flow) should be formulated perhaps on the basis of pulse
testing experiments, which would account for the mixing process which occurs

there. In the absence of this experiment, the volume above the fluidized



-7

" bed was considered to be perfectly mixed. Thus, module HOLDO1 is based on

the differential equhtion describing the unsteady state mass balance for

each componeI:)in the incoming stream, i.e. Equation
f

The

(3.3.6).

ormation flow diagram showing the assoclated streams ﬁith

this module is given in Figure 3.2. A program listing of TYPE 8§ is

included in Appendix C.3.1. The equipment and extra
defined for this unit on Figure 3.3 are given below:

Equipment List:

EP(2,1): v' EP(2,2):

Extra List:

EX(1)- Mcl* (corrector step) EX(6) :
EX(2): MCZ*( " vy EX(7):
EX(3) : MCJ* ( " ") EX(B) :
EX(4) MC:( " ") EX(9) :
EX(5) : Mﬁz* ¢ "oy EX(10):

u

3.4.3 Parameter Estimation

parameter list

Tan ~ ?out X
Mcl# (predictor étep)
ﬁcz” C "o
HCB# ( " ‘ "o
HCA# ¢ . "

Many of the parameter values in the foregoing model were readily

available in the literature, or had been previously well estimated from

statistically designed kinetic experiments [ 2, 8].

There still remained,

however, a number of unknown parameters, which related to the dynamics of

the reactor system, that had to be estimated: by least-squares methods from

data collected on the fluidized bed reactor itgelf by McFarlane [ 4 ].

-

N

r

* initial valu;:§-to be replaced by values calculated in corrector step

using the computer program.

{ initial values, estimated from the mass flowrate of each component

exiting the reactor bed.

38
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At the time of data collection for this parameter estimation
program, the Beékman Gas Chromatograph was not in service and go exit
8tream selectivities were not availaBle. In this work. the catalvst
activifv was re-estimated by non-linear leﬁat 8auares optimization

algorithm for multiresponse parameter using the exit stream selecti- j)

vities from reaction run data. The subroutine UWHAUS, based on Mar

algorithm.[16]), 1is used to estimate the parameter in & model (Subroutin
3 ‘ )

ORCMIX) given experimental data.. A listing of the calling program KACT1

with the modified subroutines is given in Appendix C.3.2.
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4. . CONTROL METHODS USED ON THE PILOT PLANT FLUIDIZED BED REACTOR

4.1 Introduction ,»~,—5> g
~frroduction

o

i
The highly exothermic nature of the reactions coupled with the

large activation:energies meant that direct contrsl of the reaction tem-

perature was a necessity for safe and stable operation. This was

accomplished'by manipulating the ratio of hydrogen to n-butane feedrates. ‘

The other manipulatablecynriables; oll temperature and inlet feed tem-.
1

perature, could not be used for this purpose since their effect on TR was

slow due to heat transfer 11 Eations. However, maintaining stable

reaction temperature is not the ultimate go\l~of control for this.system.

The-primary control objective is propane selectivity control.

Propane selectivity 1s defined as the numoer of - moles of propane
produced per mole of Eytane reacted. Propane -is one of the intermediate
products of the reactions described by Equations (2.1.1) to (2.1.4), and

it was chosen for two reasons: the control schemé:> reported here is uni-

variate and so indeoendent control of only one product is possible; and

’

" of *all the pro ucre, broPane is the most sensitive to changes in the

operating conditions.
k\ A cascade control configuration resulted and Figure 2.1 shows
how the cascade control system interfaced to the precess equipment. At

. . A -
the lowest level, the individual feedratesg of hydrsgeg;and n~butane wera

contrdlled at one second intervals; at the next level the feedrate ratio
was controlled by the reaction temperature controller every 30 seconds;’

and” at the highest level the reaction temperature setpoint was controlled

» -,

\

by the aeleccivity controller when tffé product selectivities became BN

. available from the chromatograph every 360 seconds. An independent

~
Y . 4 .
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. controller, manipulating the air flowrate through an air-cooled heat
excpanger, was used to maintain the oil temtertture at any preselected
Gelue.

The dominant feature in the selectivity contrel loop is that the ‘
effluent gas is sampled every 360 s and ana&y;ed with an on-line/BEdkman
process gas chromatograph. The complete chromatographic.analysis cycle
requires 36;0 s~for completion thereby introducing a considerable d;ad— °
time in obtaining the concentration measurements. This was known to
cause problems for proportional-ietegral (PIS controllers [lj and soff

controlier with inherent dead time compensation was required. This was

an important,consideration in the control studies.

4.2 Temperature and Selectivity Control,pase Case: Dahlin # PI

‘ _Tﬁe cascade control cenfiguration ueing PI algerithm to control
the reaction temperature in the inner loop and Dehlin algorithm (17]
to control the propane selectivity in the outer loop was used s a base
‘case for comparison to the other control schemes tested in this thesis.
A dynadic simulation model was developed for the systenm end

control of the reactor temperature was simulated using a discré%g>ﬁ1

conttoller in the velocity form

R | + Ky le - e +K ¢ |
¢ - TRt Tr,e-1 - Tp, ¢ (4.2.1)
R ’
where ETR’t - Tg?:eured _ T;?:
KP = proportional gain ’ .

‘ K, = integral gain
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The tuning of this PI controller [4] was accomplished by minimizing

a’ weighted sum of equares criterion with respect to the controller

. . ! '
parametera._Kp-and»KI. Four consecutive setpoint changes were made ~ -

[

while the following criterion was evaluated: . | . .
S2 2
N set N set .
T. -T 5 -5
Min - R,1 1. : 3,3 2 J
K ;;I tz = get - ] + w it set 2 1 (4.2.2)
prT Asl Tpy S5
ra , _ .
where N = 200 control intervals A\ £ “"/ﬁ\\\\%_//r\
- . -
w = relative weighting of S3 deviations with respect to '

T, deviations o B
e R i

A mea;uremeqt error (0., 0.35%) waa added to the ﬁredicted\rgsponse

of T, , -and to the response S, was added an error “N(0., 0.008%

P1 parameter:eatimates under different-weightings are summarized in \
Table 4.1.

The open loop behaviour of the reactor was examined by step-
testing using the simulation model [4]. It was found that the heating
;nd cooling responses vary widely depending upon the reactor operating

temperature, the c;talyst activity, the hydrogen-to-butane feed ratio;, _
| and the cooling-oil tqnperature; This meané that there are significant

differences in the gystem gains and time constants for the heating and

cooling responses.

Table 4.1

‘PL Parmeter Estimates

w ’ ) K K

P I
0. (minimize squared variation in T,) 1.508 0.268
0.000125 (equal weighting of S3 and TR) 1.030 0.340

1, (minimize squared variation in S3) 0.573 0.073



Because a 360 s dead-time was introduﬁéd by the chromatograph
analysis time in the selectivity control loop, the Dahlin algorithm [17]
was used for selectivity control. This controller algoritﬂm has. been
shown to be most useful when it is desired that éhe cloééd-loop .
response (here the selectivity loop) resembles a first—order'plﬁa dead-
time process, Here the.dead-time was specifie; as 360 8 and the
desired closed-loop tiﬁz‘conataﬁt, A, could be adjusted on-line. The
response of the‘propane selectivity to a set-point change in reactor
temperatures may be further approximated as a first o?der plus dead-time.
response (time constant T and gain K). The resulting Dahlin controller
was simply a discrete-time PY contrglier with one period of dead-time

compensation, that is .

set _ set a) L .
VTR,t - a) VTR,t~1 + a3 LESQ . a; 553 t-_1] . (4.2.3)
' . » L
where a; = 1 - e-360/A
a, = o—360/1

ag = K(1 - ap)

set measured

£ 53 - 53

Sj

At one set of nominal operating conditions, step tests on the
simulation model were uqed to estimate an appr;ximate inner loop gain
(K = -0.0173) and time constant (r = 180 s). Since the up and down
responses of the system were substantially different, these éveraée
values weré a compromise. Upon implementing this con;;ol system on Fhe

pilet plant reactor at conditions close to that used in the simulation

model, the controller performance for small sét—point changes was quite



acceptable and in accordance with what was expected-[él. ﬁowever; sfter
a few days when the catalyst activiuy had increased (from‘l 87 to 2.50
estimated by the procedure described in Section 3.4.3) and a suhstantial
set-point change (about .10 change) in selectivity was called for, the
controllers led to the oscillatory and unstable behaviour. This very
poor controller performance was attributed to the fact that the Dahlin
algorithm was tuned very tightly (a desired closed-loop time conséﬁht_-
of A = 150 8 was called fo;). Then wsen the process response (repre;
'sented by K and 1) changed substantially due to the time yarying catalyst
activity and due to the very nonlinear behaviour of the process over

the selectivity change requested, the Dahlin costroller exhibited this
nearly unstable behaviour.

This nonlinesr behaviour of the reactor system was investigated
further and the results are reported in this work." It wili be shown in
Section 5.3.2° that by better matthing the process response characteris-
tics snd by detuning the Dahlin algorithm; this unstable oscillatory
behaviour of the cascade control system can be overcome and acceptable
performance can be achieved over a wider range of operating conditions.

In order to overcome some of the inherent problems associated with
controllers employing fixed parameters on a process which has variable
dynamic characteristics, it 1s logical to consider the use of self-
tuning and adaptive controllers. These control schemes should be ablelto
retune the controller as the catalyst activity changes with time, or as
the process gain and time constants change when moving into a different

reglon of operation. Self-tuning and adaptive control is discussed in

the following sectionm.

’



45

w

-~

4.& Self-Tuning and Adaptive Control

4.3.1 1Introduction

The design of automatic control systems normally requires an
accurate model of the system®to be controlled before a suitable con- -
troller can be designed. However, for many industrial processes, it is
very difficult to get an accurate model bebause of changing process
conditions and disturbances in the system. Fﬁrthqrmore, even though
identification schemes can be used to determiﬂ; models for stationary
processes, they may involve excessive plant experimentation and off-liné
analysis. It also demands a level of expertise sometimes not available
in thé industry. Thﬁs an adaptive control system in whiﬁh the parameters
of a simple model arg,estimated,on—line an@ subsequently used in the
controller is very httractive for practical applications.

In developing é sglg—}uning regulator (STR), the parameters of
a single-input, single-output stoéhastic model are estimated on-line
using a linear least square recursive technique. The updated parameter
estimates are then used in a minimum wvariance controller to calculate
the control signal at each sampling instant. Very little a priori
information about the process is required and the regulatof can be
easily implemented. This approach takes into account éysfem éime delays
and can be used to control processes with slowly time varying parameters.

This section presents the basic equations for the self-tuning

regulators (STR). as well as constrained STR. Their application to the

£iuldized bed reactor is also discussed.

e



4.3.2 Review on Theory of STR °

The principal theoretical developments of self-tuning regulators,
as discussed in Astrom et al. (18] and Clarke et al. [20], presumes
that the process may be described by a model of the form

e

Bl 1 1 .
A(z D) A(z ) ' 7
L P
whereas Box and Jenkins [le_use the notation
. - w!z—l) egi’lz
Yt+b U, + a4y | (4.3.2)

EE RS
Béth forms are capable of Providing an adequate representation of

a dynamic-stochastic system. However it is felt that the Box and: |
Jenkins notation érovides more insigﬁt into the nature of the pr;ceas
dynamics and stochastic disturbances by separating them into two tefgsﬁ
The common denominator in Astrom}s representation mixes up the dynamic
and stochastic mo&&ls and it is no more than a mathematical répresepta—
tion of the output. The Box-Jenkins notqtioﬁ is to be adoptedrin this
thesis because it clearly indicates the form of the estimation model in
an adaptive environment, "

- The definitions of the symbols are given in the Nomencléture. It

) . }
should be noted that in the Auto-regressive-integr ted-moving-average

{ARIMA) model for the white no%se,ball fzitro 1 the numerator~ and

denominator polynomials should lie insid unit circle in the z-plane
for‘stable opefaﬁioﬁ. Furthermore, the ailqwance for d roots equal to
unity (usually d = 0 or i) enables integral action in the controller.

?he next two seﬁtions summarize a&l the important equationé to be_

used in the self-tuning and adaﬁtive control on the reactor. For details

of the derivation, the reader is referred to Hatris [22,23].
y )



4.3.2.1 Minimum Variance (M.V.) Control with Recursive Least

Squares Estimation

47

S

}

(

Assume that the single—input, single~out put plant can be represented

by Equation (4.3.2) or

¥ - .Eié:ll Ut + N

t+b 5 ( Z-l) t+b

z 1
where N = Ei—-—l—

t+b - 8e4b
vde(z1)

The disturbance model can be' reexpressed as

1 ;1
N - (27 a - ¢,1(z-l) a ._;._T._(.z_)_
t'.f'b Vd¢(z-1) t+b t+b o(z Yy

(4.3.3)

(4.3.4) -

where wl(i-l) iy = the forecast error; and wl(é-l) is a polynomial of

-

order b-1

-1 - -
Iz ) a = the b step ahead forecast.
¢(z—1)Vd £

The minimum variance controller‘ut in terms of Yt is given by

U, Y RN (zh

w(z1) el vl ¢

Y (4.3.5)

Expressing the process output Yt+b explicitly in terms of the M.V. con-

troller parameters : ui,Bi
|
Y = a(z) Y <+ B(z 1) Vd u + e
t+b t t t+b
where u(z_l) = g + 1 zd 4+ ... +a z—m
m
-

B(z l) = BO+813—1+"'+81 2

and €ptty is the b step ahead forecast error ¢1(£-1) a

t+b*

(4.3.6)
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M v
The orders of m and g are

m = T+max(qg-b, p+d-=-1) | (4.3.7)
L = s+p+b-1 : (4.3.8)
De.f‘ine‘ s [~y Y Y ]'T
= ', t-1 t-wtl’ VU __, VUt_l \
T8 w a a, B 8 B ]‘T
¢ o " %pr By 1 see )
Equation (4.3.6) can be rewritten as
{ - : (.
Yt:-+-b -ﬁt 8+ € tb ‘ (4.3.9)

Equation (4.3.9) admits linear least squares estimation which may be

t

expressed recursively

~ ~

O, = By tR (Y- 007, | : (4.3.10)

T
Ee &

—t . T
" 1 +9it—b2 *2ep

’ o, )
The parametérs after being updated at every sampling interval can be
used in the control law
‘ .l
vy, - - 2Dy (4.3.11)
B(z 1)

4.3.2.2 Constrained STR

M.V. controller sometimes calls for excessively large variation
in the manipulated variable. In situdtions where this manipulatign is 5
too severe, it is common'practice to calcwlate control laws which minimize

the variance of Y subject to a constraint on the variance of VUt, that is

to minimize
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I, = E{Ytz-i- 5”(vdUt)2} ° (4.3.12)

However the solution requ%red to solve this line;r quadratic control
problem needs spectral_factorization.[24], or the steady-state solution
of a matrix Riccati ;quation [25].

‘An alternative and much_simpler approach to conséraining the
variations in the manipulated variable has been proposed by Clarke and
Hastrys-James [26] and Clarke and Gawthrop [26]. Rather than minimizing
Equation (4.3.12), they treat the simpler proﬁlem of minimiziné an

instantaneous performance index

~

Ip = (Y2, +¢ v %,)2) (43.13)

-~

) .
where Yt+th 1s the minimum variance forecast of Yt+b made at time t.

A

Clarke and Gawthrop [20] proved that minimizing (4.3.13) is

equivalent to minimiiing

. = d 2 o 2 1
I3 (Y, +EV U:} E{¢t+b} ‘ (4.3.14)
where § = '/u
The resulting controlle; can be shown [22] to be
vdUt - — '“(z_l)_ Y
B(z 1) + £ 8(z 1)o(z 1)
1 ‘ 1
- - 6z ) 1(z 0) Y (4.3.15)

w(z D91z ez ) + £ 6(z ez ) ©
€ is a tuning parameter. If £ = 0, a M.V. controllér without constraint
is obtained. Nolte that £ = £'/wp and since E' is positive, the sign of

£ must be that of wp. N

. ’ &



K\ | | 20
\\\ .

4.3.3 Application to the Fluidized Bed Reactor -
- -
4.3.3.1 Control of the Reaction Temperature * f

In the fluidized .bed reactor a self—élningaregulator wvas first
implemented on the inner temperature loop since the performance of this

loop was observed to change with time and with process conditions, apd

-

it also strongly affects the selectivity controller. The performance -
index upon which qhe controller was based was the constrained one-step
ahead criterion [20]. - (\

£ Set
rldjin E J [(Tp = T )2

] 2
t =z 3+l e Vl-j :

(4.3.16)

-

where Ut is the hydrogen-to-butane feedrate ratio and W!t is the change

in the ratio.

In developing a control moqel for the reaction temperature, the
following reasonablg*aséumptions mnay bg_madE:
(i). a first-order transfer function with no delay.is.a-reasonable
approximation for-tﬁe reactor témperature dynamics,

(11) the major disturbances to the inner (temperature-control)

/ .
laop were white measurement noise, and
e

o .

jrii). step disturbances 1in the temperature gsetpoint were called
for every 6 minutes by the outer loop selectivity controller.

Using these assumptions, the process described by Equation (4.3.2) ca?if

be represehted by:

=
~1
- i) l - Ox
Yt+1 ;—:;f:? Ut + L k_l at+l (5.3.17)
\

As illustrated in Appendix B.4.1, the orders 2, m, b and 4 were

determined to be £ = p = l, b=d =1, This meaﬁs that the optimal (in

-

‘ \
- -
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the sense that the output va’riancé 18 minimized) constrained controller
structure would be of the form:

set set
BgVUt Blvut_l + ao(TR-TR )t + aj (TR_TR )t"‘l (4.3-18)

Vi N
*where u, 18 the hydrogen-to-biitane feedrate ratio and Vut is the change in.

' Fd

this ratio from the previous control time to the pPresent one.

Furthermore, the reactor temperature can be expressed in terms of

the input as in Equation (4.3.9)

Bet set set
4 (Tp=Tp ), 00 Tp =T Vpmg = oa(Tp=Tp%) _, + BoW .1

“

/?—\ : - BUU,_, + e, e (4.3.19)

-

The controller parameter vector 8 was estimated using the

exponentially discounted recursive least squares algorithm (18]

*R (O -8 8 ) | (45.3.20)
. T . )
P
where K = =t £e-1 - (4.3.21)
FLAM <+ it—l 2 -1 it-l '
&
P o' 4 P
mt-1 2t-1 ££-1 ap-] : ‘
and -E_’t YT (g.t-l - ) (4.3.22)

B T
A 81 Bioy 8

FLAM ¢ 1.0, 48 the ,q:'r;b'onential discounting factor in the recursive least

squares algorithm to allow the controller to track changing parameters,

4.3.3,2 Control of the Propane Selectivity

Ny

~.

~

- As mentioned earlier in Section 4.1, the primary control objecti\fe
. .
1s propane selectivity control. Again the Clarke and Gawthrop [20] method

is used to minimize th;.instantaneous performance index:

g
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t

Mn B} (5= s3I, e wmH2 14.3,23)
T;et . 3=t _

.AE explained previously in Section 4,2, the élosed-loop response
of the selectivity lcop can be specified to resemble a fifat-ordet plus
dead-time procdess, where the dead—tiﬁé was 360 s.~ By a similar deri-
vation, as in that presented in Section 4,3.3.1, the optimal controller

structure of the outer STR would be of the form

set,  _- set : _ o8et
BQV(TR )t BIV(TR )t-l + 00(53 S3 )t '
‘ 4
+ a8y - 53°9) s (4.3.24)
. .

i -

The selectlvity expressed in terms of the reactor temperature setpoint is

set set set
{53 ~ S5 )t - -uq(S3 - 83 )t-l - a)(S3 - 83 )t—2
Y .
set get :
F BT ) B (T ), t e, (4.3.25)

Again, the estimates of the parameters ag, «y,,8p and 8; can be updated

at each time instant by a recursive least squares algorithm using equation

IS -

- (4.3.25) and then used in euqation (4.3.24) to calculate the current
control action. An exponential discbunting factor used id. the recursive'
least squares algoPithm will further allow the controller to track

changing parameters.

£
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reason, the dynamic simulation model for the reactor system, as described

in Chapter 3, was used to atudy the system before the experimental

o
‘5.2 (gmputer Software for the Simulation

5. SIMULATiON STUDIES ON THE REACTOR SYSTEM

L) .

5.1 Introduction

4

In this pilot scale fluidized bed reactor system, complex and &

highly exothermic hydrogenolysis reactions are taking place. For this
AN

studieg were performed.

The objective of this simulation study was to investigate:

e

. ’(1) .the sensitivity of the system response go the'parﬁﬁgzgr
. --Yalues in the Dahlin con;roilef on propane éelect?¥ity,; .
given a pfobortional¥integral (P1) controller on the
reactor temperature in the inner loop of the cascade con-
téol system,

(2) the behaviour of the system when a self—tuning regulator

(STR) 1is substitfited for the PI controller in the inner

loop, and
-t /-
. -(3) the behaviour of the systen when a STR was substituged for
Kk the Dahlin controller in the outer loop;
3. N ) -

.

"In order to accommodate the simulations indiqated above,

discugsed in Section 3.4.2) which are appropriate for the study of a *
given control scheme. The characteristic feature is that the program ,

could be run in{eractivelx to allow the following options:

53 ‘ :
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v (a) Meagdurement noise could be included if desired.

(bzd The inner and/or outer loop,could be openen or closed
(c) Any &Esired controller could be'implemenGEd in the inner
" and outer loop. This option provided flexibility in the
choice of a PI or STR controlﬁkr on the inner 100p and a - -
@ Tnlin oxr STIR controller on the outer loop
As shown in the flow_chert in Figure 5.1, the.progran oegina with-
the initialization of conetants/parameters and'definition,of'tne‘inpnfl
variables to subroutine HbDELl which, *in turn, ingegretee the reector

- wr

variable eguations‘from t Eo‘tn41.' It then enters into’ the various

-

control option specifications, Process measurement noise can be added.

Inner control loon options inclnde no'control; using'PI“controller or the
STR for the temperature control while thé onter loop can have the option
of no‘control implemehting Dahlin algorithm or STIR to control propane
selectivity. For all closed loop runa, the control signals_are contralned
to cdhform to the physical limitations of the reactor.srstem.

" After each integration step, the reactor and controller.(if any)

variables of interest are stored in a data file to be used in a plotting

routine. At -the end of the desired number of integretion gteps, the

"variables of interest for each.run are printed. A plotting program -

[N

"STPLT2 is used to plot the.variables. Listings of the calling program

DASTFF2 and the plotting program STPLT2 are included in Appendices C.5.1

and C.5.2 respectively.

5.3 Results of the Simulation Runs‘ ‘

5.3.1 Introdugtion ,

+ The cascade control configuration used in this study is shown in
1. - : .

)
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Flgure 2.1 and different control methods have been discussed in Chapter
4. This section presents ehe results of the dynamic simulation‘gescribed
in Chapter 3 using the various controllers. In all the simulation rums,
a measurement error ~N(O, _12) was added to the predicted response o?
reactor temperature, and to the responge of propane selectiﬁity was

w

added-an error ~N(0, .00z2).

5.3.2 Dahlin + PI

Ihroughouf all the reported simulations, total volumetric feed—
rate of hydrogen andlbutane combined and oil inlet temperature were
congtant at p;l w3/min (S.T.P.) and 247°C respectively. The tuning _
parameters of the PI algorithm, K.p = 1.03 and kI = 0.34 were ueed for
the inner temperature loop. As for the Dahlin controller implemented in
the outer selectivity loop, the gain K = -0, 022 was used and T and A were-
allowed to vary to determine the sensitivity of the system to these
parameter values, ’

Threelsets of 1 and.l values were choeen’to.further investigate
the performance of the cascaded Dahlin and PI controllers. They were
T,= 250, A = 350; T = 250, A = 500 and T = 1;50, A = 500 as shown in
Figures 5.2, 5.3 and 5.4 respectively. The choice of these th;ee sets
of values originated from the fact fhat T and X were thouéht to be under-
specified in previoes work [4]. It should be noted that all the graphs
whieh are to be presented in this thesis will have the eame format with
the different variables of interegg plotted versus the number of control
intervals. This control interval refers to the time interval between

control action on the reactor temperature (inner loop) which, for the

experimental system, was 30 s. Thus, 240 control intervals represent a
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time elapse of two hours. In the temperature plot, ghe top solid curve
glves the reactor temperature responge TR; the dotteﬂ lines'rep;esent ,
the setpoints TREt'which are the outputs from the outer loop controller
(Dahlin or STR); and the bottom curve 1s the iplet temperature (Toil,in)
of the cooling oil for the reactor. The second and third plot responses
of the butane conversion.and propane selectivity (S3), respectively:

4
Propane selectivity was the controlled variable; its desired value

BEt) is indicated by dotted lines on the third plot and was preset at

(53
any desired value by the operator. The last,plot shows the response of

the manipulated variable, the ratio of hydrogen-to-butane feedrates

uﬁz/ucu . - |
In the set of grapha shown in Figure 5.2, the selectivity setpoint
was changed In a series of steps in the order: 0.32, 6.25, 0.32, 0.36.
and 0.40, This was the range of selectivities expected.during the
actual experimental runs.
.It should be néted.that only durfng simulation studies can the

S3 response be predicted using the model in between the sampling interval
(6 minutes) of the selectivity loop. And the heavy dots on the graphé

TR’ S3 and uH2/uCq indicate the time when a chromatographic sample is
taken. ' N
Figures 5.2, 5.3 and 5.4 indicate the responses of the gystem for
the sﬁme Szasetpoint ch#nges but with different values of'tgz Pahlin
parameters-T‘and A. Looking at these results, it is obvious that the
results {n Figure 5.3 (tr = 250, A = 500) give the best response to
changea in S, setpoint. Using A = 350 as in’ Figure 5.2 éave a similar

53 response but required greater variations in / . These résponses
3 s, "n,,

for A 2 350 appear to represent a considerablﬁ improvement over that.

rd
F .
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obtained in previous work [4] with smaller A's.. This implies that the
model miswatch was probably too great to demand reasonab%e responses
from the system. This is further illustrated in Figure 5.4 when T was
increased to 450 (1 = 250 being more realistic). There even with A =
506 the model m%smatch had become severe enough thaé oscillations hadl
set in, |

The simulation results in Figure 5.5 show the performance of the
detuned Dahlin (1 = 250 and A = 500) ﬁlgs PI cascade controller respon-
ding to a change in S§Et from .32 to .2} énd a load disturbance on the
reacForAwall By lowering the Toil,in from ?47 to 242°C, The control
Bystem was well behaved.

As a setpoint change 1in §3 was introduced, the Dahlin controller

set
R

calculated a new setpoint by the PI algorithm for the hydrogen-to~butane

computed a new T for the reactor temperature controller which in turn
feed ratio. The unzluch decreased instantaneously in order to raise the
TR. The 53 stepped down smoothly to the new desired level.

Later on when the load disturbance occurred at Afﬁthe reactor
temperature decreased in response to the decreased oil inlet temperature
because the rate of heat transfer to the wall from the catalyst bed
increased. A greater heat genmeration by the reaction was'fequired to
maintain reaction temperature;-the temperature controller called for
decreasinghunzlucq yhicﬁ in turn, fell vefy quickly. This action caused
the seleétivity to drift off the target. On the other hand, a decrease
in T;et WBS‘C&lled for'when the Dahlin controller realized the deviation

of 83 from 4ts target and brought the S3 back to the desired level after

two sampling intervals. Note that the decrease in TZ®% was requested by
P ‘ R
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the Dahlin algorithm at point C, two s#mpling intervals after the load
disturbance‘had taken place. The reason for this becomes apparent when
one realizes that the selectivity data on the graphs {s plotted against
the time at which_the snﬁple was taken; those data are not really avail-
able to the computer until six minutes later, Thus at the subsequent
sampling point B, the Dahlin controller was comparing S§Et with 53 at
point A and, finding no error, the controller did not take any action.
It was not until the ne#¥ sampling interval at C, that the Dahlin con-
troller did detect an error and act accordingly.

In summary, tﬂis simﬁlation suggests that the performance of tﬁe

cascade control system with the tuning parameters T = 250, A = 500, Kp =

1.03 and KI = 0.34 is satigfactory,

53.3.3 Dahlin + STR _

A self-tuning algorithm has been developed for the fluidized bed
reactor as describedkin Section 4.3. Bagically the algorithm can be
divided into two parts at every Bampl_i.‘iustant: (1) estimation of the
new parameters in the control model: rand (Z)VimplemenFatidR-of appro-
priate control action. Before the sélf—tuning algorithm céﬂ be used,

the constants and initial values listed below must be specified;

Model order : \ m, L
Discounting factof FLAM \x
Const;;ining factor * £
_ Initial parameter esti@ates gﬁ
Initial covariance matrix )
:Scaling factor Bo ‘ -



The model structure of the controller was taken to be m=2=1 as
explained in Section 4.3.3.1. When the discounting factor, FLAM, in
the recurgive least squares (RLS) algorithm is less than 1.0, passed

data is discounted exponentially as

£ t-8
) FLAM g2 ' . ’
s=1 8

The effective time span (uindow length) over which data plays a role in
the evaluation _of the least squares is given by 1/(1 FLAM) Thus,
decreasing FLAM from 99 to .95 decreases the effective number of obser-~
vations used in estimating the parameters from 100 to 20.‘\?hg adaptation
of the parameters although faster will then also be less smﬁgth. There
is no discounting of past data when FLAM = 1. Figures'5.6 (FLAM = 1.),
5.7b (FLAM = .98) and 5.8 (FLAM = ,95) demonstrate the effects of varying
FLAM on the ;ontroller parameters. The first two plots give the varia-
tions in the STR param¢ter estimates and the lagt plot-showa the behaviour
of the pole of the cogtialler when the system was subject to the same
séquence of setpoint changes in S3 as iﬁ Figure.5.2. Despite the signi-
fi;ant difference§ in the three sets of parameters, the system responses
in eacb case are nearly identical as shown in Figure 5.7a.

Aftes iﬁitialization of the parameter estimating p;ocedure (first
four sampling periods), the controller parameters started adapting. .The
first setpoiﬁt change in S3 at the 3lst saméling instant led to the most
severe changes in the parameters for FLAM = .95 (Figure 5.8). The
parameters for FLAM = 1. (Figure 5.6) seemed to change hardly despite
the fact that a series ;f setpoint’changes in S3 were later introduced.
On the other hand, changes in parameter values'werg obserVed in the case

J Lo
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of FLAM = .95, At some phrticulnr ingtants, thE pole of- the cogﬁroller

lay outside the unit circle but stability was uchieved as these values

moved quickly back into the unit circle (see 1ower plot of Figure 5.8). (i‘
The behaviour of the parameters for FLAM = .98 gave intermediate responses
betwéen the two extreme cagses. Since the .performance of the.system was
basiénlly insensitive to the values of FLAM in the simulation study,

FLAM = :98 w§s'used for the reé; of the simulation Tuns.

The.E in Equation (4.3.14) is a cdnst;aining factor used to
weigh the past control actions. For E=0, a miﬁimum variance controller
without constraint isg ébtained.. The constraining factor is geﬁerally
very effective in reducing the variance of the manipulated variable with-
out significantly increasing the variance of the controller variable.
Figures 5.9 and 5.10 show the two cases of £ = .é aﬁd E =2,

respectively. These results are to be compared to Figure 5.7 with £ = .5,

The relatiﬁely unconstrained controiler with £ = .2 gave rise to large

step changes in the manipulated var%able “uzl“cu (Figure 5;9&?. In

effect tighter control was iﬁplemented on the reactor temperature. Theée

e%ceasive variations in the feedfate‘ratio upéet the production fase of

the desired products éf reéctiop giving the oscillaping‘beﬂﬁviour of 53.

This response can beiimproved by increasing_tbe £ value to .5 as'sﬁowﬁ in . .
:E;q?re 5.7a. The consecutive changes in the.feedrate ratio decreased in.

magnitude and the beyaviour 3f the S is more acceptable. However, ) St

further increasing the constraining factor to 2 0, the ‘ re#ﬁlts as shown’

constrained that it could not_bring TR to the.appropria e getpoint in.a
\:Ehagsgbié/ time. In this case, the dynamics of the reactor t dture .
_ v/ .
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were slowed to a great extent; consequently, oscillatory behatiour in S,
was observed. ]
Initial choices of the parameters‘gn and Bp:

The initial parameter estimates [ texcept Bo), were chosen to_be

' zero based onwehe assumption that prior information about the reactor

systeﬁ was unknowo. However better initial guesses are poasible by using
the tuning parameters from the PI algorithm. The behaviour of the system
and the responses of the controller parametera were found to be theﬂgame
whether the initial value for the parameters were asgumed to be zero
(except Bop = l) or were taken as the PI tuning paremetera.

> £
At the same time initial estimates for P Py are needed to start the

r;ive‘esti;ation me. Since 8g represeute the ptlor expectati::
of © and qQ represenyd a matrix proportional to the covariance matrix of
the prior distribution of 8, ome can either achieve very rapid updating
under the situation of little prior knowledge usio; large values for'gp
or very elow but smooth updatinglunder the situation ofjsubstantial prior
knooledge (Bg smalls. The choice of lOéL for P seems to.he appropriqte‘y
in this case (with no prior informationg‘ |

For the scaling factor BO, there is some controversy as to .

whether it should be constant. Poor guesses of a fixed Bg can cause
problems of gystem stability, and poor convergence. However_if_Bo is
’ beiuglestimﬁted, goor beheviour can occur‘whencthe paremeter converges to
a wrong‘value or a singular estimation situation can arise whentall‘the

Parameters -¢onyerge. Here in the aimulation runs By was allowed’to edapt
in order to observe possible changes which might occur over the range of
operation. Later, duriug\the actual reaction runs as discugsed in S

Chapter.ﬁu'ﬁg is fixed because the initial parameter egstimates are calcu-~
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"J
lated from the operating PI tuning parameters and By in that case can be

considered as a good estimate., This procedure should avoid any problems
of Btﬁbility or convergence.

The results in Figufe 5.11a show an identjical simulation run as
in Figugb 5.5. In this case the difference fs that the PI controller on
the inner temperature loop wﬁs replaced by a self-tuning regulator (STR)
while the previously descfibed detunedlDahlin algorithm (A = 500, T -‘250)

e —
was used 3? tHe outer 1oop_fo§‘nslectivicy control. For the STR, the
constraining factor, E,.and the least Sqaared discounting factor FLAM

were set equal to 0.5 and 0.98 respectively. ;

On a setpoint change in.S3, the controller gave an initialover-

shoot in 'I‘R but kept close to the target until a load disturbance on.the

-

reactor occurred. .The STR had tuned itself dn to provide comparable
DR s 1

l’ N
control as in the PI case in gure 5.5a.  Starting fo with initial 3 ~—
parameter estig;fes-of°zéro for all pa;amétérs except for 8; which was .
. “t r *
taken as unity, the varigtions in the controller parameter estimates are

v

shown in Figure 5.11lb.
A
5.3.4 STR + STR _ C s : , -

“ [
i

Figure 5.12a shows the same simulation run using a double STR N
£ . .
configuration for both the inner and outer loops. The imner STR had the -

- -
same tuning parameters as the one referred to in Figure 5.11 under

Section 5.3.3. The structure of the outer STR was taken to be m=2'=1 ag

- -

described in Section 4.3.3.2. The constraiﬁlﬁé factor £ = .5 and least
square discounting factor FLAM = .98 were the game as those used in inner

STR. The initial parameters were based on thé values calculated from the 4

Dahlin algortthm (ag = 67, 6, = 1.4, Bg = .2, By = .1). Since these :

ot
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Is .
could be regarded as good estimates,’ the initial Py was chosen to be 10I.

On ‘the setpoint change in S3, the outer STR called for a big

adjustment in-TgEt.nnd this was followed by a smaller second adjustment in

‘wBet

TR” to bring the S3 right'onto the target.. When the load disturbance

ad

on the reactor occurred, the adjustments in T;et were so gradual that the

"+

S3 could not recover until after four sampling intervals, one sampling
period later‘than the’ Dnhlin case. The variations in the inner STR

parameter: estimates are shown in Figure 5.12b and thoee for outer SIR are

_shown in Figure 5.12c. There are little variations in the tuning .
. -

K .
parameters ag and a ‘6T the outer STR. AsCfor B and 8y, the only change

-

occurred at. the’ setpoint change of Sq. It was recognized later (after

the reactor control runs to be described in Section 6.4.4) chat these

'.-liqcle variatiqns in ay and a) were due to the fact that-the BCarting

covariance values in , for ag and o) were not properly scaled according

to cheir magnitudes as compared to the magnitudes of 30 and 51° Later

on, load disturbance occurring in the reactor wall caused the deviation -

of S3 from ita target. However the magnitude of this deviation value uas :

small and.the outér‘STR;regarded S3 esgentially as nearly always on

terget and_tnerefore did not carry out any adjustment in'the'controller

.PQégmecere.:" ) L ' | | .

Fo
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6. EXPERIMENTAL STUDIES ON- THE REACTOR, SYSTEM .
. .

¥ .

# 6.1 Introduction /

> . . ' . . -

' This chapter-reports the experiﬁental observations assoclated t

with the cascade control strategies which were applied to ‘the pilot plant

fluidized bed reactor. The details associated with these sﬁtategieﬁ were . i
developed through the dynamic simulation program which was presented in

Chapters 4 and 5. ' } h .

6.2 Experimental Procedure

7
Because the chemical aystem is potentially quite dangerous and

conaiderable quantities of highly flammable gases are involved in the reactor
at a relatively high temperature level, it ia,important to implement safe
.operating procedures from start-up to shut-down. This procedure also
k\enta:f.la a thorough check of the reactor system prior to starting it up.
L'\\betailed-iustructions for expefimentat check-out, catalyst conditioning
and reactor operation were described in ﬁrevious work [3]. These prece-
dures were followed throughout but an improvement was made here by
upgrading the flow control system to enable much closer control of the
operation than was previously achieved.

-

The entire reactor system can be opérated either manually at the
eite or remotely under‘computer control using tﬁg Nova 1200 minicomputer.
It was foutd to be more convenient to allow computer-controlled operation
at the reactor site rather than in the computet room. This not only

reduced the operator travel from computer to reactor, but also meant that

fewer operating persodﬁel were required. This was important since, the

TTTRIRTTUTET.

experimental runs extended over long operating periods (16-18 hours).

P . 83 "
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The computer program can be initiatéd at the start up of the -

reactor for datalogging only. ‘The reactor data is collected and stored
on disk files at each sampling interval of the three major loops. .

(1) the flow loop eampleg-at every second .

(é) tﬁe'temperature loop eampleo.at every 30 s
.. (3) the gas ehromatograph loop sampled at every 360 s.
Prior tolthe\ioitiation of any of the controllers, satisfaetory operating
conditions.must be obtained under-manual operatioﬁ.cr As goon as the flow -

control loop has been activated, the whole Bystem can be switched over to

computer- control The different control loops are then initiated one at

a time: .
“
(1) the air cooler controller to control the inlet oil tempera-
ture to the regctor heating/cooling coil
(2) the temperature controller to control the average temperature
,_g88 meesured in the reaction chamber at 0.15 and 0.30 m from
the distributor plate
(3) the selectivity controller to maintain the propane selec-
tivity at a desired operating level,
Control action for each loop is taken at every sampling interval. The
control signals calculated from the control algorithms were skt as set~
points to the individual DDC control loops, that is, at every 360 s the
controller for propane selectivity computes accordiug to the control
algorithm a setpoint to the reaction temperature whose controller in
turn calculates a setpoint for toe onzluch ratio to the two flow con-

trollers givinglrise to.different setpoints for hydrogen and n-butane

flows based on a constant total flowrate of the mixture.

-




~
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At the end of each run, all the collected data were printed and

also stored on ﬁagnetic tapes. They were then transferred to the computer

4

system (Control Data Corporation) in the University's computer centre to

T 85

1 ‘

-’

have the results plotted. ‘

’

6.3 Minicomputer Program Setup for the Experimental Study
The real-time multitasking computer programs that were used in !
the experimental study of the fluidized bed reactor system were modifled

and ‘extended so that they could take care of thé following aspects:

B e e et it

w Y (1) Al1 values were echoed to the CRT screen and checked before

1)

’ .
final entry fnto the computer. This is very important in

on-line implementation because a mistakenly entered number
may result in disastrous consequences for the reacting
system. . .

(2) Many different controi'strateg;ea can be uséd. This means
that: ‘ _ ' :

a. step changes in the u_./u, ratio ﬁay be introduced with ;

b.

. I

open reaction temperature and propane selectivity loops.
either a PI or STR controller may be used in inner loop

for temperature control. ' .

c. elther a Dahlin or STR controllef may be'imp}ementeh in

the outer loop for propane selectivity control.

(3) Transition from manual manipulation to computer: control -
LY

must be smooth. ' ’

Since the computer programs have been extended to the extent that ?

the entire program-is more than double its original size, the previo

Yo

N

Fl

us o
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arrangement of the computer system did not providé énouéh’qemory to allow
the programs to fe executed. The configurathn of éhe existiﬁg facilities
had to be modified as described in Section 2.3. However, with this con-
figuration the computer is more susceptiblg to I/0 runtime error} as a
.result these errors occurred more frequently, v ,
A list of the variou; tasks and subroutines of the Eéér software -
developed for these data acquisition énd congrol studieStislincluded'in~

Figure 6.1. The arrows indicate their interactions. The main task, MSBA;

. in system A receives any parameter changes from'system B. ‘It activates

. « . L4
the other three tasks: :

(1) FSBA: flow sampling and control task
. (2) TSBA: temperature sampling and control task |
~+ (3) GCSBA: gas chromatoéraph sampl%ng and control taék
- and cooédinates_their sampling and controlling as indicated.by Ehé user
through parameter interrupts. The flow task which is sampled a the.
‘ {Fstgst rate of 1 8 1s respoﬁsible for the transfer of all the update

P

measurements of the differen; loops to system B thirough the iﬁter-procesaor

bus.(IPB). _In system B, tﬁe main task XPBP réceiveé any interrupt from v
" the console and facilitates the parameter changes as requested by the
uger, It then passes the parameters to system A to effe;; the chénges
via IPB. It also activates a printing task PRBA which prints cut the-
different measurements and setpoints when appropriate flags are set.
‘This'computer program has the option of filtering the flow and

temperature measurements 1f they are found to be tooc noisy but it was not

used {n the reaction runms to be presented.

o



SYSTEM B
XPBR ' | PRBA .
- facilitates parameter changes - reads data from $DPI
“| and transfers information to | | - writes data to files to bé
System A . . 'stored on disc
- activates printing task PRBA - prints data on line printer
Tries~
SYSTEM A IPB FSBA X
- writes data to $DPO
- samples H, and €, flows
[—’ - #{1ters flows(if necessary) .
. - calculates and takes control
"MSBA - action
- opens channels =
for information - TSRA
' - calls AIQFLIP and samples 16
transference . . : ATOFLIP
- receives in- emperatiires '
formation from A - filters measurements (if ne- |
, ) e FORM
System B . cessary '
: "= chooses desired control
.- activates tasks <chene S = uvince
FSRA, TSBA ; S
'and GCSBA .| -calculates control action and
: provides setpoints to H, and (¥ RLS <
Cy, flows '
BCSBA
- calls GCIBA to initiate a

gas chromatograph cycle
- wafts 360 s BCTBA
- calls GCCRA to calculate C, , )
L«* conversion and selectivities | .
- chooses desired control = [—* GCCBA
- calculates control action and
—nprovides setpoint *or TR

Figure 6.1 Structure of Minicomputer Software for the Fluidized Bed Reactor'
System .
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6.4 Results of the Experiments on the Reactor

To verify the main results of the simulation ‘study, a similar
set of experimental runs were perforﬁed except under somewhat different
operating conditions as described in thé hext paragraph. The cascade
~ control using PI and Dahlin for the inner temperature and outer p';;)pane

-
selectivity control respectively was applied first. Then the STR was
used for temperature control only. It was allowed to tune itself before
the propane selectivity control by the Dahlin algorithm was turned om.
Finally a double STR cascade control ‘strategy w;s implemented. Under‘
most conditions the parameter values obtained from the simulation were
used. When the outer STR was used, the actual system de;Lnstrated quite
large deviations from simulation rgsults. The effects of various design

decisions and parameter values were investigated,

There were some differences in the operating conditions between

v

the actual reaction and simulation rums. The actual reaction depends
very much on the activity of the‘éatalyst and the initial starting condi-
tions such as inlet pii temﬁerature to attain steady state operation.
These differences in operating conditions should be E;pt in mind when

the simulation results are compared with the.expgrimental results.

The ratio §f the hydrogen-to-butane flowrates was constrained
betwegn 4 and 20 throughout all the runs; similarly a constant total
volumetric flow rate of .08l w®/min (S.T.P.) was used. The oil inlet
temperature was held constant around 264°C by the air cooler controller.

The testing sequence of the p#opoéed control strategies is as

follows. The cascade scheme with PI and Dahlin for temperature and

propane selectivity control respectively was evaluated first (Figure 6.2)



by first turning on the PI controller for temperature gcontrol and a2 set-

. A - . f
point change for TR was introduced to test whether the PI tuning para-
meters were appropriate or not. The S; loop was then activated and the

control system was evaluated for step changes in Sg.

-~

6.4.1 Dahlin + PI

As a basis of comparison for the different control schemes on the
fluidized bed reactor, the cascadé control system was chasen with.a PI
controller on the inne;L}oop for reactor temperature and the Daolin
algorithm for control of propane gselectivity on tho outer loop. The con-
trol intervals on temperature and propane seloCtivity were 30 s and 360 s,
‘respecrively, The response under tho control scheme is shown in Figure

’

6:2. Testing of the temperature loop was first performed using a step
increase -of T;et from 265 to 267°C with the PX tuning parameters Kp =1.03
and KI = 0.34 (which were used in the simulation runs and found to be
adequate). Note that the PI controller for the feedratio responds
instantaneously to the change'reaulting in large.initial decreade in
uﬂzlqu' The reactor temperature achieves its setpoint temperature
within five.sampling periods (1 sampling period = 30 s); note initially
there is an overshoot of about 1°C but this is quiclkly damped. The set-
points for the Toil,in were introduced according ro the reactor tempera-
ture so as to maintain a temperature difference of about 3 to 5°C between
oil inlet temperature and TR' It was found that this differonce serves as
a reasonable driving force for heat transfer From the reactor._

The Dahlin coutroller for propane selectivity was then activozed
and tested for setpoiot changés in 53: a step up from .3 to .33 and a

1N

step down from .33 to .28. Since a dead fime of 360 s is introduotd.by
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the gas composition chromatograph analysis cycle}‘this controller was
designed (in Section 4.2).to incorporate dead time compeerCion by
apeeifying that the desired closed-loop response of the selectivity loop
resemble a'fi:st-order plus dead time ‘process. Theqparameters, time
constant 1, gain K and the desired’cloeeq-loop:time constant A were
chosen to be 250 s;'~0.22.and 500 s.respectively based on the simu-
lation results.. ’ : o T

Figure 6.2 demonstrates that the performance of the control

gystem with the above controller parameters was satisfactory; S3 moved
smoothly witK some oversheot to the neé setpoint .33. The reader is
reminded toat the plotted S, responses in all the subsequent graphs
correspond to the time at which the chrometograph samples'were_taken;
the analysis information was knowo 360 s later. Thus uhen the change to
§§t was made from .3 to .33, the setpoint change would not be effective
uncil after the chromatogreph'semole had been'anélyzeo.’.After'the 360 s
analysis time, control action would then be taken based on the error
computed from the difference between the new setpoint and the pravious
Smeasured. The Dailin controller calculated that the reactor temperature
should chenge'bﬁ ~0.82°C to meet the desired propane selectivity.

Figure 6.2 indicates that after about 120 control intervals, the
controller calls for a continual increase in reactor temperature to meet
the desired 53 level. At the same time, the reactor feed ratio increased
'.coneinuously. The selectivity and converqlon remain nearly constant.

The reason for this behaviour can be traced to a gradual change in
catalyst activity. The catalyst had been stored in the reactor for a

long ‘period prior'to this run. The reactivation period had probably been

.
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ﬁonstacionary condition reasonably well. And whén'a gtepdoyn in S5

92

too short énd the catalyst was gaining activity during thls reaction rum.
Furtherﬁore, {t must be remembered that the reac;of together with ;he
gsupport structure has.a relatively large thérmal capacity.which requires
congiderable time to be heated to oper;ting temperature, As it feacﬁfs
0pérating tpmperatufé,'it represents less of a yeqt sink aﬁd thus the °

reactor operating conditions chaﬁge gradually with time during this

initial time. Neote that the Dahlin controller was able to handle this

set

was introduced, the propane selectivity moved smoothly right to the

target resembling a first-order system as predicted by the Dahlin

algorithm.

6.4.2 STR in Inner Loop for Reaction Temperature Control

‘The experimental runs for the STR in inner 100ﬁ to control the

reaction temperature without closing the outer gelectivity loop are

" presented in tE;s section. The highly exothermic nature of the reactions

- colpled with the <large activation energies means that direct control of

the reaction temperature, T _, 1is necessary for safe and stable operation

R?
even though the propane selectivity is the ultimate economic control
ﬁariablé. Moreover, it is‘§ise to tune for £, the constraining parameter,
first, without the complication of the additional outer loop.

Model orders of m = L = 1 were uqed,‘baaed‘on an assumed or
previously idéﬁtified transfer function model for the process and the

noise model. The choice of mogél orders was pféviously verified by

simulation (Section 5.3.3).

Section 1l: Mininum variance STR

For the run shown in Figure 6.3(a) and (B), the performance of
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1:333, -0.320) were calculated from the tuning parameters of the '

95

f
the STR to control the reactor temperature in the inner loop was
~~
evnluaéed. The initial parameters of the SIR, Qo: (1,840, ~1.373,
PI controller, to,ensure a very smooth transition from PI control
to STR control. As soon as the STR started at point 4, the f£irst

-

four sampling intervals were devoted to filling the VU and Y

1

vectors, but ﬁith the PI controlrler still operative. Since we were con-
fident that the initia% guesses-for the values of the STR parameters
were reasonably good the initial conditions fdifthe estimation algo~
rithm gﬂre Py = %z; FLAM = 0.95 and § = 0.0. Here By was allowed to
adapt.

It was found that'when a .setpoint change in TR was introduced,
thig minimum variance control called for excessively large variations

in Fhe manipulated variable resulting in a bang-bang type ofrcontrol

action on the feedratio controller. These excessive variations in the
*

. —~
‘butane flowrate would- upset the level of propane selectivity and were

therefore unacceptable. Thus the imner STR was deactivated at point B T

and the PI controller wak allowed to take over. ’

h

Section 2: £ = 0.4 3

In order to reduce the variations in the manipulated variable,

Clarke's [20] constrained minimum variance algorithm which minimizes the ’ ‘
. * ra . b
performance index in Equation (4.3.16) was used. The inner STR was

-

initiated at point C for a second tims with the initial conditions for

_ the estimation algorithm as By =11, FLAM -.0.95 as previously in

Section 1 and with ‘some basis from the simulation § was chosen to be 0.4. <

The parameter, Bg, was fixed at a value of 1.33 (found from the simulation)
o .

- -
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since it was felt that this value was ; good guess and hence it was not
necessary for it to adapt.

| Four sampling periods were required go £f111 the YU and Y vectors.
After this initiﬁl p;riod, the controller parameter estimates (Figure
613bj started adapting (except Bp which was fixed purposely). As soon
as;the first setﬁoint changé to TR from.266 to 268°C was introduced, the
" controller parameter éstiﬁﬁtes'made immediate changes. As a piece of new
information had come in, the_sum of the diagonal elements of the P matrix
(trace) which is proertional to the average variance of the controller
parametef estimatés was found to decrease instantaneocusly. Since no
major new disturbances were epteqing.the system between setpoint changés,
the variaﬁces of the parameter eétimates wégg seen to grow by a factor of
1/FLAM (FLAM being the discﬁunting factor). We could observe this kind
of trend forlthe rest of the STR rums.

Aéter a few setpoint changes from 268 to 270 and then to 267°C,
the controller had tuned itself to give steady control on the reéctien
temperature holding it to 267°C. H;wever it was tﬁoﬁght that the.varia-
tions in the controlled ;;giable, TR’ causeé—by the variations in the
manipulated variable,'uHZ/ucu, were gtill too large in the initial
trahsient. Other value§ for the parameter, £, were investigated.

At point D, it was found that the spppl& of hydrogeg‘gas ran out
and the butane gas supply was cut off by the safety device mentioned in

Section 2.4.11. The system was momentarily under manual control. The

reactor temperature was observed to decrease geverely.

a

P
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Sections 3 and 4 of Figure 6.3: £ = 0.8 and E=1.6

The inner STR was re-initiated again at point E with By = 0.5 1
for a slower and smoother adapting of the c;ntroller parameters., The .
other initiallconQitions were the game except for £ = 0.8 and later £ =
1.6 (at point F). This change is rgadily accomplished on-line by simply
chéﬁging the value of the constraining #araméter £.
The contreller parameters were {gund_to converge to progressively
. smaller values than before. The ?ncrease in .E value effectively caused the
poia of the controller to move further inside the unit circle (Figure 6.3b)
| and reduces the variability in the uﬁzlucu gradually but aﬁ‘tﬁe expense
of incyeased variation‘in the reaction temperature. The controller

parameter also slowed down the response of the reaction temperature.
/ Since the variations found in prgp;ne’selectivity for different £ values )
' | were roughly the same, it was decided to take the £ = 0.4 setting with
the hope that the reaction temperature cou¥d be\stabilized within thel360 s

;: analysis cycle time of the outer propane selecti

6.4.3 Dghlin + S5TR

A < The value of parametef, L, was then ghauged on-Alide to 0.4 and

Tset

two successive step down changes in R

wetre introduced from 270 to 269

» and then to 267°C (Figure 6.4a) in order f‘r the STR to obtain new
;

: - {
. \:::::) infromation to tune its parameters. However, sustained oscillations were
‘ observed this time. The TR response to a decrease in setpoint change of

TR was different from the last time under similar conditieoens. When the °

+ . b .
reactoy temperature reached 267°C, the 83 was still at a low level of 0.2,

set

Another .decrease of 2°C in TR was intended in the subsequent setpoint

change to increase the propane selectivity level. In order to maintain a

driving force of 3°C difference for heat transfer acrqss the wall, T . .°
. oil in was
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lowered from 264 to 262°C. The alr .gcooler responded instantaneously by

opening wide the air valve and brought the '_roil,in

immediately. However this load change on the reactor wall forced the
- t

ratio controller for the feedrates to react in order to maintain the TR at

down to 262°C almost

the desired setpoint. Unfortunately the'temperature oscillations:persisted.

At thié point, the Dahlin controller on the propane gelectivity
was ready to be turned on, With this kind of sust;ined osciliatidns on
TR’ it was expected to upset the level of S53. Hence the constraining
parameter £ was backed off to a vélué §f 0.8 at point A. Two more set-
point changes of TR Jére.made in order to allow the STR to adapt. The
Dghlin controller was activated at point B. There were some initial
oscillations in S3 due to the unsteaﬂy behaviour of TR. After the con-
troller parameters in Figu;e 6.4b had some abrupt adjustments at each
setpoint change of TR as requested by the Dahlin algorithm, they tuned
themselves in by the STR and conferge nicely bringing the TR to target
by the end of 360 s.

At p;inf A, as soon as the first setpoint change for TR from 267
to 265°C was introduced, the controller pafameter estimates made an
immedlate adjustment, and the trace of the P matrix was found to decrease
instanﬁaneously again. At point C, the discounting factor FLAM was
changed to 0.98 in order to have a relatively slow updatinglin the
estimation algorithm.

The pe;formance of the control system was evaluated for a few
setpoint changes in S3: 0.23 to 0.19 and then to 0.21. The propane
selectivity was brought to the desired setpoint gradually each time

according to an overdamped first-order behaviour as designed in the Dahlin



101

’

algorithm. This was facilitated by the inner STR which brought the TR

right onto the T;Et as rgquested By the Dahlin controller at the end

of 360 s.

’ (-

i '

" In general, this Fontrol ébheme performed satisfactorily., Given

ot

et e

that the parameters used in the Dahlin algorithm gave rise to a very
detuned controller, it|is not surprising to see that ‘it took a very long : \
time (approximately 45 minutes to 1 hour) for Sz to reach the desired '

value, This is because the 53 is very close to the setpoint, the error

computed from the difference between SgEt and Sgeasured

has a magnitude

such as 0.01 that could only introduce a tiny fraction of a degree '

Centigrade change in T;et' ' : i

6.4.4 STR + STR

‘The last control scheme to be tested is the double STR configura-
tion for both the temperature and selectivity control. There were .

difficulties in running the outer STR for the gelectivity control and

(1) Initial estimates foy &y

As mentioned in Secﬁion\3.3. ,:if @g represents the best guess

for @ and Py represents the uncertain B¢, one can achieve very

rapid updating when little prior knowledge is available (large values
~of By are used). On the other hand, very slow but smooﬁh updating occurs

«yhen substantial prior knowledge on the parameters is available. However,
P .

the usual choice of Py = ol where v is a constant giving rise to homo-

geneous values for the diagomal elements in the Py matrix cannot be i
£ @

applied in this case because of the difference in the magnitude of the
parameters in 94: (6.119, -1.444, 0.2, 0.103). Since the diagonal

s
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elements of 2& represents var(@i t:)/vzau:(et), if the variances for 0,2
. . .

.

'

and 0.103 are of equal magnitude, the variance for «1.444 ghould be

about 10 times as large and that for 6.119 about 30 times the magnitude.

(2) The constraining factor ¢ -

Figure 6.5 shows the experimentai results for the e;aluation of
the double STR configuration. As usual there was in initial transient
for the fluidized bed reactor to reach a thermal equilibrium. The inner‘
.STR was turned on first nt point A with FLAM = 0.95, £ = 0.8, By = 0.5;,
89 =~ (1.840, -1,373, 1.333, -0.320) as determined from the PI tuning :
parameters and B; was fixed. After the first few setpoint changes in
TR from 265 to 266°C, the controller parameter estimates starned to tune

themselves in. The STR led to an initial overshoot on T,. - On subsequent

R
adjustmgnts in the tuniné parameters, TR was brought to the:setpoint
value quickly. '

At point B, the outer.STR was activated with FLAM = 0.95 and
£ = 1. These parameters were chosen on the basis from the simulation and

the plant experience with implementing the inner STR. The init{ial para-

meters for the outer STR, §,: (6.119, -1.444, 0.2, 0.103), were calcu-

lated from the parameters “of the Dahlln controller and the diagonal
elements of Lo (7500, 2500, 250, 250) were scaled to the appropriate
ratio as discussed in previous section. The initial four gampling
intervals‘of the outer STR were used to f111 VU.and‘Y vectors;

herefore, the Dahlin controller was operating during this stage.

The propane selectivity was controlled at 0.285 by the Dahlin
controller. On the next setpoint change in S3 to 0.23 the outer STR wags

effective and called for a large adjustment of I;et from 265.3 to 268.3°C.
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.

The inner STﬁ brought the ‘I‘R right to the target by decreasing the set-
point to the feedratio controller which responded accordingly. Hence
the 53 dropped to the degired level.in Lhe followiné sampling interval
and remained around there for a few subsequent sampling intervals. So
far the inner STR was performing éxéremely well and the controller para-
meters had converged, thus the discounting factor was changed to 0.98
on line for a relatively slow updating in the estimation algorithm at
point C.

Later on at point D, it was detected .that the zero of the outer
STR moved outside the unit circle and remained there for two sampling
periods. It was mistakenly thopght that this might result in an unstable
controller. The outer STR was immediately de-activated and the Dahlin
controller took over for selectivity contrel. 1In fact there is+mno
problem with zeto's of'controliér being outside unit circle. It is the
@ole, if being outside the.unit clrcle, that will give stability problems.

After two sahpling intervals, the S3 was still maintained at a
steady deaizéd level and the TR and quluCI+ were reasonably constant, the
outer STR was re-activated again at point E. The values of FLAM and £
were the same as the previous .values of 0.95 and l.O'reapectively. 8o
was re-initialized to (6.119, -1.444, 0.2, 0.103) again. However there
was a bug in the computer software so P; could not be re-initialized and
took the values of those left behind from the outer STR that was last
used: (B88.3, 76.3,..,078, .080). The ratios between these values were
adeqﬁaﬁe.

Again for the first four sampling.intervals the S3 was still

controlled by the Dahlin algorithm. When the outer STR became effective,
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the controller parameters started to tune themselves and at the third
sampling interval ag was observed to decrease drastically as in the
previous case. Nevertheless, the gain of the controller remained at low
values for the regt of the experimental run. Despite the-fact that two
congecutive setpoint changes Fn S3 from 0.23 to 0.28 and then to 0.33

were made, the S3 stayed at the same level and never moved closer to the

-
»

new setpoints except for the first two sampling periods after each set-—
point changes was made, In fact_after the change in Sget was Introducad

from 0.23 to 0928, the outer STR had only called for the first two

set

significant adjustments in TR

. Thé inner STR responded accordinglﬁ to
loﬁf? the TR by calling for a change in quluCu. Later on no appreciable
setpoint changes in TR were requested by the outer STR Qnd the reactor
temperatﬁre remained dn the setpoint value, thus requiring little
Adjustmgnt in the feedratio. | -

Detailed analysis of the phenomenon has disclosed the following
reason for this observed behaviour. A value of 1.0 was agsigned to £ in
thié experimental run. We can see that ag decreases significantly from
6.0 to 1.0 at that point where the trouble seems to arise. This means
;hat the gain was effectively reduced by six times as compared to the

. . .

Dahlin algorithm. Since the controller was designed to minimize the

d;;p A
performance indéx given by Equation (4.3.23)

<
12 2 £, 2
Min E ] [(5; - S3°%) +E v (TS0, ]
set =t 3 i+l R 73
TR

that is minimizing a weighted sum of the variances of the output and
input of the controller. For a step change in S3 from 0.23 to (.28 and

then to 0.33, the variance of the output is of the magnitude of (0.02)2 L



while the, change in TEEt can be

a variance of about (0.5)2, If
bracket og/Equation (4.3.23) 18
implies ghat the controller was
T§Et rather than in the propane
crolier ignored.the variance in

set

80 as to maintain the TR at a

108

of two to three degrees Centigrade having

we'put £ ag 1.0, the second term in the

about 600 times the first term. This

designed to minimize the variance in

selectivity.

It explains why this con-

53 but tuned the outer STR in such a way

steédy level,

Obviously £ would have to

-

be of the axder of 10”2 to obtain a reasonable STR.

Later on at point F, the escimation portion of the regulator

“-was turned off for the inner STR because the trace of P matrix was

observed to grow by a factor of 1/FLAM due to lack of information,

Furthermore the controller parameters were believed to be well~tuned

»

and converged at this stage. The trace of P matrix was then leveled

off.
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7. SUMMARY AND CONCLUSION

The main purpose of this research program was to determine the
adequacy of .conventional and adaptive multiloop cascade control on a
piloﬁwplant fluidized bed involving an extremely non-linear complex .

chemical reaction. Three cascade control schemes were examined for tem-

-

perature and selectivity control:
~

Control Scheme 1: ?fﬁixed Qroportional integral EPI) controller on
the inner temperéture loop and a Dahlin algorithm

for the outer loop selectivity controller.

Control Scheme 2: an adaptive self-tuhing regu}ator (STR) on the imner
" loop and a Dahlin controller for the outer loop.
Control Scheme 3: a double STR scheme for both the inner temperature
and outer selectivity loops:
The use of self-tuning and adaptive controllers wexe considered in

order to overcome the following challenging problems assoc ated with the

-

control of the fluidized bed reactor:

-»

(1) Aaymme&ric dynamics: ;hé;;iﬁe\constants and gains’ depend

< b t

e .
- ._upon the operating levels of TR,~$011 and the feedrate

.\

 ratio.
(2) Time varying parametex ": the catalysciéqtivity changes with

time;and the history of operation.

\

A\

(3) Long measurement delay: the chromatograph Egkes 360 s to
analyze.a sample. .
Based upon the mechanistic model equations describing tﬁe:masa

and energy balances of the system, an existing simulation [4] was modified

to include the dynamic effects of the disengaging section above the

109;



[ . . .
(.\/ B | . 110
/ . .
. ,
.fluidized bed which was modelled as a perfectly mixed vessel and to
enable the investigation of the different control schemes of interesﬁ.
Extensive simulation studiés were carried out. The conventional cascade
control system, consisting of a PI controller for the reaction tempera;
ture in the inner.loop and Dahlin controller for che propane aélectivity
in the ouher‘loop was improved ﬁy increasing the desired- closed-loop time
constant pargmeter, A, in tﬁé controller. The performance of the Dahlin
algorithm with A = 500 s (t = 250 8) was satisfactory in the simulation
regults dv;f a wide ;ange';f propane selectivity changeg and even when
the reactor éysfem waslsubject to a load disturbance. Thehacceptable
range of operation of tﬁe contréller has thus been‘greatly extended, by
gffectivé}y-deﬁuning the Dahlin controller. The well-behaved detuned
Dahlin was further verified in the experimental run. The tuning para-
~meters for the PI controller, Kp = 1.03 and KI = 0.34 weré used at all
times,
For control scheme 2 (with A = SbO, T =°250) for ;he Dan'lin
algorithm), the inner STR was firstc ihplemenced with the following
deaign parameters in the simulation: |
. 'l. model structure g = g = ]
2., discountiqg factor FLAH = (.98
3. constraininé factor E = 0.5
4. d4nitial parameter estimates 8 = 0 for all parameters except
for B4 which was taken to be

mity.

S

5. 1initial covarignce matrix Pp =100 1

This cascade control scheme in the simulation runs provided

- . W
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adequate control when the system was subjected to the same range  of
propane selectivity cﬁanges and load disturbance.

Later, an actual reactor run was conducted ﬁsing the same Dahlin
controller while the STR has the following charagterisfics:

1. model structure m= ¢ =1 '

2. discounting factor FLAM = 0.95 initially and 0.98 later
' afterwards

3. egns;raining factor £ = 0.8
4., d1nitial parameter estimates 6 = (1.840, -1.373, 1.333,
- -0.320) c¢alculated froﬁ the PT
tuning parameters

5. 1initial covariance matrix By = 0.5 1.

The conﬁrol scheme 2 was found to provide effective control and
was able to be;ter handle the control problems (1) and (2) mentioned

earlier. -

The double STR control configuration for both the temperature and
selectivity control, 1.e. the control scheme 3, was used Eb better
account for all the control problems mentioned above. It should be noted
that this control scheme was'onl§ tentatively tested by the simulatien.

The iﬂner STR-had the same simulation tuning parameters as describéﬁ
above. The outer STR had the model structure of m= £ =1 and the same
inftial parameters for the estimation algorithm except for tggjén para~

meters which were (6., 1.4, .2, .1). These values were calculated. from

the Dahlin algorithm and P, = 10 I. The performance of the control

scheme was found to be quite acceptable. Several unsuccessful attempts

*
were made in the reaction runs. However, it is felt that the reagsons for
the failure were not a fault of the basic algorithm but of poor choice of

parameters used in this implementation.

e
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Based on the experience of implementing the STR on the temperature

: ’ ©

loop with the Dahlin controller’on the outer selectivity loop in one case
and a double STR on both loops in the other éase, the conclusions con-

cerning the practical considerations in using self-tuning regulatoré in

this particular application can be summarized as follows:

(1) RLS Discounting Facfor, FLAM

The discountiqg factor, FLAM, in the exponentially discounted
least squares algorithm was found to be very useful in the tracking of
the parameters in time-varying processes. In this case, FLAM is set

less than 1.0.

Starting off with a value of 0.95, FLAM was changed periodically
on-line as follows: .1t should be increased when the parameters have nearly
couverged.and'depreased when known changes (for instance, in set point

or in constraining factor E£) are being made.

{2) Constraining Factor & . .

Thé numerical value of-£ was found_to be &ifferent in the experi-
mental runs than.in‘the simu}acion work. The appropriate value for £ has
to be ed on-~line. A.judiciqus choice for the value of £ in the outer
STR requires further investigétion and is recommended to be of the'order

of 10 3, '

(3) 1Initial Choices of the Parameters @, and P,
The initial estimates 8p wefe based on the tuning parameters
of tﬁe PI controller in the case of inner STR and those of Dahlin con-

troller in the case of outer STR. With this prior knowledge, small values

for P, were adequate for slow 6ut smooth updating of the controller para-
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~

meters. Beéring'in mind the difference in the magnitude of the parameters
9 : (6.19, -1.444, 0,2, 0.103) in the outer STR,” the initial estimates

Py should be scaled accordingly. If not, poor control performance results.

-

(4) Deterministic Disturbances
The major disturbances to the inner (temperatq;e) loop and the ’

outer (séiectivity) loop were the measurement white noise and deterministic

step diéturbances in the form of setpoint changes. The disturbances must -

be frequent enough to excitethe system seo that the P matrix does not

become excessively large due to lack of iﬁformation. The sum of the

diagonai elements oé the P matrix (trace) which is proportional to the

average variance of the controller pafameter estimates was found to grow

by a factor of 1/FLAM between setpoint changes. It decreased instam-

taneously'a; a plece of new information had come in. In this application,

it is advisable té implement the STR to allow tuning of the controller

over the }eriods when setpoint changes are introduced. As soon as the

controller parameters have converged, the estimation portion of the

regulator can be turned off when no major new disturbances are entering

the system.

7.1 Future Work

The simulation and experimentél studies in this thesis gave not
only satisfactory results but also offered some insight inte the control

of the fluidized bed reactor. However there are a number of areﬁs that

require further investigation and these will be discussed as follows:

1. The double STR control configuration should provide a fruitful area

of investigation by decreasing the value of E and aupplyiﬁg appropriate

Py values. \ﬁ:?
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An obviéus extension of the univariate STR is to multivariate STR to
account for process interactiong. A rather straight forward extension
of the STR concept was proposed by Boriséon (271]. 'Hoﬁéver for the
multivariable STR, a large nqmber of parameters has.to be. identified,.
Unl;ss some model reduction technlques are applied, this extension

appears too cumberscome to use.

The on-line measurement of the product gas compositions via the gas

y

chromatograph with an analysis cycle of 360 s is in fact too slow for
a direct feedback controi scheme. Some predictions of the exit
conversion and product selections in between the sampling intervals
are necessary. Some form of inferential control based on complex
nultivariable models of the reactor (see, for example, referénces

[28},- [15] and [29]) should provide better and more effective control

of the flulidized bed reactor system.
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NOMENCLATURE

Section 3.3 - .
A area for heat transfer between oil in heating/cooling

coil and wall, m?

area for heat transfer between catalyst bed and wall, m?
concentration, mg mol/m3 ~ ‘
heat capacity of catalyst particles, J/(kg.K)
average molal heat Eapacity.of gas, J/(kg mol.K)
heat capacity of oil, J/(kg.K)

effective hea; capacity of wall, J/(kg.K)

bubble diameter,.m N

average particle diametér, m

= 0.9, fraction of n-butgne that reacts to form propane
acceleration due to gravity, m/s? -
height of bed at fluidization conditiocns, m

heat of reaction of the jth reaction, kJ/Kg mol

effective heat transfer coefficient between oil and wall,
J/(s.m2%.K)

effective heat transfer coefficient between catalyst
bed and wall, J/(s.m2.K) .

mass of reactor wall, kg

number of holes in perforated plate per unit areas, m 2
number of bubbles per unit volume of bed, m 3

transfer rate, m3/(s.bubble5

heat loss from the wall, J/s

gas law constant, m3.Pa/(kg mol.K)

. rate of reaction of a component, kg mol/s

rate of reaction of a component, kg mol/s

117
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cross sectional area of bed, m?
surface area of bubble, m?
time, s

temperature, K

Subscripts for T: -

oll,in-
oil,out
R

olil

oll entering heating/cooling coil

oil exiting heating/cooliﬁg coil

reactor catalyst bed ’ ~

average bulk temperature of oil in heating/cooling coil
reactor wall |

bubble rise velocity, m/s2 = ' '
superficial velocity at minimum'fluidizaﬁion, mli

= SH, bed volume under fifiidizing conditions, md

average bubble volume; m3 -~
volume of emulsion phase, m3

total volumetric flowrate of inlet gas, m3/s

weight of catalyst, kg

mass flowrate of oil in heating/cooling circulating
system, kg/s

Greek Letters:

bed void fraction, dimensionless
average molal density of gas, kg mol/m3

average particle density, kg/m?
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Subscrigts:
b bubble phase

e emulsion phase
o feed

Section 4.3

Az Dy denominator of process dynamic transfer function {4.3.1)
a random shock

§(z-1) numeérator of process dynamic transfer function (4.3.1)

b number of whole periods of delay

c(z 1y polynomial {in z 1 . .

d order of the pole lying on unit circle of disturbance
model (4.3.2)

E{} mathematical expectation operator .

FLAM forgetting factor for discounced least squares (4.3.21)

Et weighting vector for recursive least squares (4.3.10)
2 order of g(z 1)

m- _order of u(z*i) '

N, + disturbance affecting process Butput (4.3.3)

(p,d,q) orders of polynomials in disturbance model

gt wéighting matrix for fecuraive least squares

t time .

u manipulated variable or Process input; (mean corrected)

Y controlled variable op process output (setpoint corrécted)’
-4 - feedforward variable

z 1 backward shift operator

a(z-l) numerator of controller transfer funceion -

B(z 1) denominator of controller transfer function
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€t b step ahead forecast error (4.3.6)
gt vector of controller ﬁarameCers to be estimated

0(;-1) moving average term in disturbance model (4.5.2)

. -¢(z-1) autore%ressive term in diéturbance model (4.3.2)

o . objective function for constrained control

6(2-1) denominator of process dynamié traﬁsfer functisn (4.3.2)

£,6",4"  constraining weights

0

.

wlz 1) numerator in process transfer function (4.3.2)

v difference operator (1-z"1

SuEerscriEts: o . )

-

estimate of the particular value
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A. Calibration Procedureg -
B. Illustration

C. Computer Prégram Listings



A.2.1 Calibration Procedure for the Flow System

A.2.1.1 n-butane_flowrate

A wet-test meter‘Qas used to caTibrﬁte the flowratgs of n-butane
which ranged from 0045 m3/min (.15 s.c.f.m.) to .02 m‘/mih (.70 ;ic.f.m.)
for a total volumetric feedrate of .1 m*/min at S.T.P. when the ratio
Was constrained between 4 End 20. The zero and span on the butane AP
"~ transmitter was adjusted so that appréximate]y 2 to 9.5 volts were pro- '
duced respectively, across the dropping resfstor on the output of the‘4}.
transmitter. At a.suppling pressure of 239.2'kPa (20 p.s.i.g.) and a
. backpressure of 128.9 kPa (4 p.s:1.9.) on the rotameter, the calibra-
tion ;urve'for the rotameter is shown in Figure A.2.1. A straight 1ine
fft to the calibration data in Figure A.2.2 gave the n-butane calibration _

equation for minicomputer software: -t
/

( Ug, )2 = -.6233 + 15876 * ( ADC units )

where

+

uC was in s.c. f m.
4

'

“and ADC units are 0-4095 computer units corresponding to 0-10-

volts at the A/D input.
' *
k -

- "A.2.1.2 hydrogen flowrate ) ) E‘ |
The f10wrates€%f hydrogen ranged from .08 m./min (2.8 s.c.f.m.)
to .095 m /min (3.34 sac.f.m.) for the same total volumetric feedrate
of .1 m/min at S.T.P. and the ratio being constrained between 4 and 20.
Since these are high flowrates, nitrogen and a precision nozzle (Cox

Instruments) was used and the results were corrected for hydrogen. The

121
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Q2
zero and span on the AP tr;qsmftter was'again adjusted to produce approxi-
mately 2 to 9.5 volts respectively across the dropping resistor,

At a supplying pressure of 211.6 kPa (16 p.s.1.9.) and a back-

- pressure of 128.9 kPa (4 p.s.i.9.) on the rotameter, the-rotameter

calibration curve is shown in Figure A.2.3, The straight line fit to the

calibration data in Figure A.2.4 gave the hydrogen calibration equation:

4

o \ | _
( Uy, ) = -6.11014R9 + 3.1037964 * { ADC units\)

where Uy, was ins.c.f.m. ‘ . *
> ,



Hydrogen

Figure A.2.4 Computer Calibration Plot for Hydrogen Flow
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n _
A.2.2 ,The Beckman Model 6700 Gas Chromatograph

oy

- b

A.2.2.1 Setfings of component boards in the programmer

¢« 125

The settings of the component boards used for the experimental

study reported in Chapter b were as follows:

Component Cl 9 C3 C4
On 212 300 39 90
Time _ -
Off 279 348 74 195
X1 range OFF ON OFF OFF
X10 range OFF OFF ON ON
Component  ,ute zero OFF  OFF  OFF OFF
Function  otarity OFF OFF " OFF OFF
Switches reverse ON ON ON ON
hi/lo Lo L0 L0 LO
Memory
5 4

Se&ect
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A.2.2.2 Procedure for preparation of a calibration sample
The'procedures for preparing a calibration mixture is as follows:
1. Ventl bottle with 'BOTTLE VENT!
2. Close a1l 'A' valves (1.e. hydrogen, butane etc)
3. Ensure 'VACUUM TO ATMOSPHERE™ and "VACUUM SOURCE' are closed
4. Turn on vacuum pump and slowly opén "VACUUM SOURCE' until the vaiyum '
s 2131.mm on Teft leg of Hg manometer.
5. Satrt adding gases

a) butane

crack cylinder, pressure = 20 p.s.i.g.

N | .
open main butane valve on packed bed front panel

quickly vent butane supply line by opening 'SUPPLY VENf'

add butane by'opening 'A' valve for butane

.

éTose butane valve on front panel
b) propane - (i? o A

- craék cylinder, pressure = 30 p.s.i.g;

- vent 1ine with 'SUPPLY_VENT ' toggle

- add desired amount by opening 'A' valve for propane
cf ethane '

~ same procedure as (b), but pressuré

48 p.s.1.g.

d) methane

- same procedure as (b}, but pressure : En—p.s.i.g.
e) hydrogen - ' o .
- same procedure as (a)

6. Shut off all cylinders. Vent supply lines with 'VENT"

4
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A.2.3 Calibration curves for different components
The calibration procedure for the gas chromatograph can be found
4 . The calibration data used to fit the'calibration equatidn.fof
methane, ethane, propane and butane are shown in Figures A.2.5, A.?.6,
A.2.7 and A.2.8 respectively. The straight 1ine fit to the data gave

the calibration equation for each of the components :
. = -.12230.+ .1633e-3 * ( ADC units )
= =-.71312E-2 + .89712E-5 * { ADC units y -
.xc3 = -.45635e-2 + ,70969E-5 * (- ADC units )
), | |
= -.44743E-1 + ,55301E-4 * ( ADC units )

where X is the abs gyte mole fraction of the component in the sample,
/
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B.4.1 To Compute the Structure of Constrained{STR for Reaction Tempera-

ture Control in Inner Loop . -

From Equation (4.3.17), the term
N,y = —-——-Tl"ez-l': . - > (-Bﬂl)
t+l 1- 2 at+1 A

can be represented by the one step ahead forecast and the forecast error

as in Equation (4,3.4)

N . :

-1
1l -0z -1
A+ a wl(z'l)a + wléie-l a & (B.2.2)
-1 t+l t . .
1 - Z 1 - "'1 I

wi(z"l) aﬁd T(z” ) can be found by equating the coefficients on left-hand-
side and right-hand-side of Equation (B.A .2)

1-027b = 101 - 27Ty T(z'-’)z"l"
-0zl = 17412 g)pd
=1
nizh) =1 - (8.4.3)
Tzl = 1.4 . (B.4.4)
The Equatipn (B.4.2) becomes
4
<z ——-——l'ez-la = + L=8, (B.4.5) .
R 2 SR S B 1t ' "
.<i 1-2z ‘ 1-2

Substituting Equation (B.4.5) into Equation (4.3.17) yields

T 1-9 (8.4.6)
Yia1 R T T -
1-352 1 -2

' 2
The minimum variance controller can be derived by minimizing E(Yt+1 ).
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Taking expectation of the square of Equation {B.4.6) gives

\ ) F—wo gy 4. 1-8 " ,° 3
1 - 3z 1 -2 ‘
W 2 \
2 E{(—2— u, + —E)(ay,y))
-1. -1
1 - 8z l -z

13

+

(B.4.7)

The thir;)term on the right-hand-side of Equation (8.4.7) is equal to"°

zero, thus Equation (B.4.7) becpmes

t.

' 2 2 | T2
- [ 1 - 6
E(Yt"‘l ) = E{ —_—_— ), + ———— at} + E{at+1}

1 -1

1- 62" 1 -2z

2
E(Yt+1 ) can be minimized by setting

We

Thus

u - Q=s)i-8),

t t

Wo o

where U, = U, - U

t t ~ “t-1 ' ',»*)7

Under this controller, Yt+1 = A4 or Yt = at', Subst{tute a
Equation (B.4.10) gives
\ .

. = (-8 -6 o

t
Wy

P

t

{B.4.8)

(B.4.9) -

(§.4.10)

into

(B.4.11)

By Equation (4.3.15) Clarke and Gawthrop [ 20 ]constrained STR will be of

3

—

'5'0'-

e .
-~ f
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»

i;“the form

‘ -1 - .
w, = Q=82 )0-0y b.8.12)

-

. E' -'-1
we + EF(I - &8z )

'fhe controller thus has the structure l::PhQD

CBoWUL = BTU g ¥y taa¥y ' (8.4.13)

A . -
.
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A

€.3.1 Program Listing of Module HOLDOL : TYPE 8 -

10

20

&0

. DO 50 I=1,5
. II=T45

SUSOUTINE TYPE 8 ,
COMMON/CON/IG,KLOOP,NCOMP, NCS4DELTyNE,TIME(30) NSy NPR,TOLL,TOLU,
oo SRS PO eI e
Eoﬂnguluuxrfrﬁ.uﬁp ’ yRRCeTITSTTY
COMMON/PRED/S1452 53, CON
REAL MHW(5) .
DIMENSION Y(410),X(5),0Y{(10)
DATA MW/58eyslaltey30epibeg2e’ .
REACTOR DISENGAGING SECTION MODULE
WRITTEN DEC 07, B0, SM YANG
PEQFECTLY MIXED TANK
INITIAL CONCENTRATIONS IN THE DISENGAGING SECTION TAKE,THE
VALUE OF THE CONC OF THE GAS LEAVING THE REACTION SECTION
OBTAINED AFTER THE FIRST PREDICTOR STE
INFORMATTON STREAM LIST
STREAM NO | .
FLAG
TOTAL FLOW
TEMP DEG C
AME THE STREAMS AND INFORMATION
N=MP ( TM, 3) .
our *naitﬂP(IH 6Y)
0=SUEG, TN, &) =EP ( IN,2)
EBEE IN$ VOLUMETRIC FLOW RATE BEE .
IN = VO hErRIc ELDHR&TE IN {IEEG
MOLE=0.
0 ’.5 ¥=1'5
IT=I45
MOLE=AMOLE+S(I6s INJIT) Z7MNII) «
IN=AMOL Y, '
DETERMINE VOLUMETRIC FLOWR ouT - Cm

QO=QIH*(T0+273.Z)/273/3{1651N 5)

DETERMINE MASS HOLD-UP OF EACH conpousnr IN THE VOLUME ON
CORRECTOR STEP .
INDZ X=MP(IM,NMP+1)
1F(1G.ED,1 .1rso YO 21-
po 20
II=I+5
EXCINDEX+IT=1) =S¢ IGyINyII) *EP (TMy1) /QIN
Do 30 T=t
O3 LEXTHBE X+ (16-1)%541-1)
00 40 I=te5 v

DY(I}“S(IG.IN'II)-QO‘Y(I)IEP(IHoii . o "
CARRY OUT INTEGRATION VIA FUNCTION Y1 _ N

>
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;EKIINDEX+I-1)I

I)
P+1) ¢1I-1)

E
+
\

FILLING IN CUTLET STREAMS

e

wmn
-

-l
nw
H$
Bt bt bt ot bl
O rerene
[Te] ST LILYEILTLIL)
Bl b el et bt e ek

UT,111=0.
91?
vh
+5)
2)

QUT o IT)=NO0*Y(I) /EP(TIM, 1)
urY
uT
Uy
ur

0
9]
o
0
0

NECESSARY

IF(MP(IM,5)«GE.D) GO TO 500

CHECK' IF SAMPLING STREAM IS
SET UP SAMPLING STREAM

i

[ 2 ]

v,

TABS(MP(IN,5))
- CALCULATE SELECTIVITY

-

ToUTY

+

L

Y/, .
X(2)+.25%*%X (1)

I
x
Y/FAC+1)

M o
Ol Il sy
Pobd o 1] DCHCHC 1) ™

(SIS TANININTE-4 ] =
O wdeltuMmOoOwEZ
O " xunnnyww

[ (=]
wn




137

C.3.2 Program Listing of KACT1

I(INPUT;DUTPUT.KXIOU,KXOOU.TAPES:Kx[ou,TApES=QerUr,

+OIFF(1)4SIGNS(1),SCRAT(250)

o

x

"

a_—

o .

-

[{y)

-

=] -

- []

[11) o

L i

[ e

- larh o ™

Ty} 1 oo
- [} L swd
Lo et in -
i il
To e\ )
-t i, [ =10 ]
ee WNah XN
N Aded & N D
NN e m o oZ
MlUXA N XD

OD > X0 «MMLI_It)
a6 TTUmO s el e
WOZIZE skl ol
XOOJIIN sN\Vi-1u
EXHHING IO
q NNZZZZ-WTO
oMmMITFEND

A0 Ik 1L 1D o ool of «f oY o
OO XX T b b o b o=
Ot b b=t 2 O T Tt oY uf 2
N S AT == T=T=T=)
-

min

co
rx
d bt
TXx
Ly
o

N " e a™ &
Mt P Pl B
M) o™ ™ ™) -
™) ™) e™) 2™ »
o) il pded et ab=t

At o ld L el S
LNl % 3t 3 s P e D
0 S 3= 2 3 2 - 2C D 20
¢ O vl D e D v 2 o P e
Tl bl o, S e, Y e W g, W e,

"whouowCoo oo
U -2 a[=T 1T T-YoT-1%"1
el ol ovd oyl ol o

o o) D 2 e
O LD o L e L0 e L e LN e
(= L d VL STV I T TY)
o OV b= D b D (0 b=

4 1 -¢ °F 4P #07. § &
oW uuywo
[on]e e o Jo 8 o' Jo4n 4

READ AND VERIFY DATA -
READ TEMPS AND FLOH$

P=1.1

B %ER L 4

bl miDo D

-
a o
) B
-l - o«
[ ] N a
(2] r )
M~ W ~ X
™ [ &N "m o
i bt (7ol o} -
. Y b . n
Loz O «t [T -
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DD 500 I=1,I08S

~32.1%(5.79.) ¢+ 273.1

I)®1.460k2
{I)
MNF ‘
*1.043
281  ({{U~UEMUL)*HN) ** 0. 4)

(
T
U

ON
Ki
Ho
.3
.0

FL

L
=g
=1

a=
nrxu

WX Ol
IADTOW



139

2. 06 *TEMP*HNF)

AX + DBMAX®(HT-HDBMA H
001)63 ! D X})/HT

-

-

_—

=

[

w

=

o)

[ =]

»

&

o

| -]
. (2] ol
- -
D o
» -
P [ 4 M
(e T /| - -
w» - =
n » - 4 b=
(=T o oY -4
x =t (V1] w
x ~ - = T
» s ITo O - o D)
4 o O O Ndeee S
e w Do gt -
ww M Iy > ) =
w e S = o | waiy ~
NN Ol - .|
L 2D e+ O tOXX - D
L X ©om w OXWK -~ X
D W FE e sl wONE W
»POD ~aZe i e D
o~ o} Ollwxly e ol ot Al I
CoD OxXun WwemiDwal S ©O
e - 10X = L e ol g bt .
11 >Oos Awd ) O -
X ¢EILIOA el wer | -
M aXiin el e O UL > | -~
Faould>coh O DX O MO
MY oX Ol o ¢ wrodllbimd<ew ¢ o
038 i el i Clibs AWl e
o £} e ) e ) e e OOk - [T,

[ =] N D ermeimT [ N

-l 3
Ll LR T OO =M s DY)

x VNIT O HO0wwTw 0 w|il

ORI TWEOLLS e ThHaliwell L
St D>IAXO el IOWHHE-RE < |t
0 L) Ner bl F N nNH Nettutal>
OX (NTwll il XX _H-OmAN L X
X0M kol TNUNO = el 50 W W 2T LN

OrOTOOOX ZZY XU Xy ot
o~ .

TICS FOR EMULSION WHERE THE

]
-l
3] [N
I
n - (=]
o ™ (=] b=
-— « Y
(&) v - (=]
(4] » - 4 w
, 0 - -d -
o - W = -
x - x (&) -t
(=] o 4 -l 7.
[ a * | =
- SN — (&) (=]
[ &) [+'4 ‘e x -
-4 + L il nx
w S W [LE [ +]TH *
o [ ) + oy - L1 ]
Lal < - (o]
> L ~N (3N 75} . ™
=J » et it L. b _}
» xr ~ o -t -dl
- 4 -~ ] m bt
1.3 ] + X w0
+ - o oy ) b »
m . o472 )] -l
N o~ . in (= 2T
) - A [+ 417] o c.om
- LS o »X - wiln
[3Y) Wem = in e
b (Y917 [ [+ K Q=0
» N LA ol [ 3 X O b
@ a s X @@ = a
¥ 74 Xe+a+ = 4 0D
x [+ 4 SO0 o - (=104 ot L]
. * U Ol (4 MO
+* o » vl O o. T WN
. -~ X - O o
z e LW (-] -0Vl
-t wig W ofy o - LNl
(L 0 ook MXT ~ o Vel OO =-LN
e IV +0MO . ™ (-] o D0 D
-, w« Pbo 10 o0 o « o T T .
- omiDdeon o 1 L M i -~} » - tniL
x PY RPN o7 [ = B \D -t 0 (=]
£ SO aMwhNuEY OO | o r (o] -4 1 - ¢
Lo v | D 0W =0 [ TY] - &
» g (NS D O - - s o 2O
- TgmMmuna s b O [ B-] bl b e O e L
O B s YO TP o o 0
e B3OS 1 L o o o [ -] (L] x e s s
Weds WNDWMNOOMLUN . -t - o - g
Fowd ALAANE | T ~e ¢ D A - (TR TR 4T
taw Y weli =y b OONN » o s -t gL A b
WUl o +Mp Al B ey o0 2 | . . QRO ¢
B lLip Deiediditg e o WIOO Y] 1l O 2 S L oo o
e LN WHeiolL N W e o o W = (e awidINA
Ol Wil o sty O ¢ 10 Avitd s O N oL
A ooty Noe 4 IOAXHH AL o - oXune M= m= |
- N o ltw JIN=0N0MNONA0 HIN TUZTONOWMA HNMNOSaTLU I
£33 n Hexi {1} ]] H orLEOLA NINDKEHZE = O N - - 0 &
o N It Nt UMMM - w Xl Lo wilY OwhkU T s epbiowll

WS- MMA STNUHINLOL LN INHW INLINA O X OUL Jk-nol bl o
RYPRZZPRZPRD.PSPII"D-PDIPIPIGNGIPDNST_I"IIPD

a -l © g ] =
(=] [ == B — ] [ =] wt
o© M~ M M ~

oo - .0



140

't
-

-l
[T
(=]
D .
< ] 22 I 3 2
[+ 4 [+ N.N.N.N.§
(T8 I I I, 2 [ -] [ -]
. - Wil il B - o) =a
(] A S Y m -
S . g
~ [A [V R4V 14 V1N [~ =]
, - N M 2N - -
[T - aonan v
” - [ I B B ) [ =) o .
M~ e - g g g g w (L]
! ] et bt bed Beed Bl . - - e
o b= A RXEXEXRS DNOOIOINN & o s M
-, [+ 4 "M 2N bbb < . e -
o "t et g T - - o
N b [a]alela]al "iNmIIN e = e N b
(L) [ 3 Wwuwwul Saompooe = o~ O [
- wutuiuwy wagaaftdw © w ) =
W LLLUlUU adddbpd L | o w
- - e wrwr IR0 [ ] ] LS
T3 [ =] SOvitlMm2the ~0O0 [ ] - o
- L O W o W ot T 0AAOIIa-DE ek O o (=] =]
W - s M w i T N N N N RS S ol a % e | B N 3 V]
bt O S O SNV MNAAMD Delrivrlvid st s OM oY) oD o\ [Ny
~ONA NJNa X OO - m.?.__:u.u._bﬂ LLUL S oMot (el e (=1 a1 8
QG 0 MNel MO O Qa0 aWIINl i OO 2O wIwd o
it n - n N o D e O LIOW = Ol Ll ey,
n N ocn on H o nNnpn VM INWWLDS oLt «DCWL ¢ el DX
= =l e . I , Nl wwwawel Wil OO L LL OO LILOSS>D )
Bl =l wkll =il e UM bbbl P RH w»lignfl LuapdgnEZu=
Oo=HIHOL IO k-0 OEOO0-ENDIDIDSDIU IOMNOL HOMNO I OO T
VOoOLDOUHAOUAODA0OAY QA0 A0ALLOOCOOHULOMNUDKMLONVYL SO
un [ -] [Ts) (=] -+
(al M 2] wn (=] o [ -] (-] [~]
[ . S ~ ~ ~ -] o (=] wl
' 2] M - 4 -4
[ &

~

e
2,

21k,

—~=

» GOHNEGATIVE ON FIRST STEP OF SEARCH FOR P52, 5XyI3;3F1
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zgéS;TFFZ( INPUT,OUTPUT,DATA, 0235, TAPES=0ATA,TAPEG=0UTPUT

C.5.1 Program Listing of DASTFF?.
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229
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DO 39 IR=1,10
0818 tTRY=0]
YS10(Im) =0,
CONT INUE
oy
PRINT®,“0UTER LOOP Acrrvnren? -= 1.DAHLIN "2.STR™
READ®, fOP
95F§¥§P-'”$'thgo *3a%°; ‘NC2* |
RE{D"ﬁAE.HEZ,NCS’
PRINT® ,“ENTER FLAM2, ZETAZ t AETA2"
READ®, FLAM?, ZETA2 ,AETA2 |
PRINT®,“ENTER IR2™
READ®, 182
NP2=NAZ+NB2+NC2
00 219 IR=1,NP? ,
DO 219 J=1,NP2
P2(IP, V=00
CONT INUE
D0 229 IR=1, NP2
PHTIZ(TRY=0.
P2 (TR, IRV =10,
IF(IR .GT. NA2)P2 (IR, IR)=1.
CONTINUE .
FTHETAZ (NA2+1) =o 2
DO 239 IR=1,40
US102 ( IR) =0
YS102 ( IR) =0+
CONT INUE
NDELT=30 )
INFORM SUBROUTINE MODEL1 THAT A NEW INTEGRATION HAS BEEN INITI
IFLAG=0
DEFINE INITIAL TR TH AND, TOIL
TR1=253,
THL=249.1
TOTL 122471

DEFINE DESIRED TOTAL VOL FLOWRATE TD REACWOR

SCFM=3.5

DEFINE VECTOR OF INPUTS o TFEED AND TOILIN.
TFEED1=253, '

T EEDZ=TFE 01

oYL IN1=

DEFINE VECTOR OF DESTRED S3 SETPOINTS , | o~
S35ET=.1

CREATE VECTORS OF ERRORS FOR OBSERVED RESPONSES

AM=0,
SDi=.1

231402



- 143

c DEFINE THE FIRST 25 TR SETPOYNTS WHICH WILL BE USED FOR THE INM
c LOOP UNTIL THE S3 CONTROLLER TAKES OVER N
. TRSET=253, .
IF(IT1. £Q. 0)G0 TO 1100
c INITIALIVE PAST ERROR FOR YR-RATID CONTROL.ER
E2=D. '
C SET TR - RATIO PI PARAMETERS
J
1=1.B3 -
82=0-3k . L
c DEFINE INITIAL FEED FLOWS FOR INTEGRATIOM STEP, UNTIL TR RATIO
c CONTROLLER TAKES OVER . :
1100 RATIO1=10.29 :
CLSCFM1=SCFM/(RATIOL+£.) .
C4SCFM2=C4SEFML —
stEFné=scrn-cuscsn1 . -
- H2SCFM2=H2SCFM1 - : ,
31 % 7
U=RATIOL
USSP=RATIOL '
- :
' IFCIOP LEN. O)GO TO 1900
c SET DAHLIN®S PARAMETERS
EXK=-.022
T=360.
Ef?isgﬂésun.
Afz1,-EXP(-T/ELAMBDA)
AZ=EXP (=T/TAW)
AI=EK* (1. -EXP (- -T/720))
INITIALIZE PAST ERRORS FOR S3. CDHTROLLER
ERR2=0.
TR2=253, - ,
o TR3=253, S ‘
c PRICEED WITH NSTEP-1 INTEGRATIONS, APPLYING CONTROL ACTION
¢ AFTER EACH STEP _ .
1900 NUMB
Do ?: =17 NUMB
C DEFINE CURRENT AND ONE s EP Anan INPUTS
c 2 IS, CURRENT TIME, 1 IS ONE STEP AHEAD
TOILIN2=TOTLIN1 ‘
. IF(I .6T. 252V TOILIN1=282.
c IurEéRATE MODULES OVER ONE TIME IMTERVAL ;
CALL MODELLCTR1,VTH1,TOTL1,TFEED1, TFEED2, TOILINL, TOIL IN2,
1stcrn1.uzscrnz.cnséFni.cuscrnz.fnp.rup. 0IL Py _
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e
ADD NORMALLY DISTRIBUTED ERROR TO RESPONSES o,
. "IF(NOTIZ <ENe 0)GO TO 2010 | S -

2010

1125
1126

CALL GAUSS(&SZSigSDi.AH.ERi!
NT=e 7®NTL4ERL"

TRP=TRP+ERL .

NT1=NT :

ALL GAUSS(137,5D2,AM4ER2)
P=THP+ER2 .

LL GAUSS(1331,S024AMLER3)
ILP=TOILP+ER3 .
LL GAUSS(1234567,SD3,AM,ERL)
3=S3+ERL . :

STORE THE PREDICTIONS IN THE APPRDPRIATE PREDICTION VECTORS
VS3(I)=S3 '

VESV PN REERE S l!‘llU".“'-l"."".'."'ll"l"". FYI IR YT 3230 3 S 3 )

TAXE CONTROL ACTION

BRPERLE ""'.‘"Il'-‘."-“'".“!"‘.““l““l"“ FYRYSYSA TS S 242

pI=b-

C
T
c
T
C
S

GORITHM ON OUTER S3 LOOP

A1 JRERATED SONTROMSSCTERYRED ROTEER ¥E-eedbrhlo’’

YO 428 | .

DAHLIN®S

TEST IF THE
NEW S3 DATA

3MEs 2060 TO 1126
6T. 25160 TO 1125\

12=Y5P12

t

SP

P4 2=SISET
PMZ=AETAZ*YSPH124(1-AETAZ) ®YSP12

P _ :
szs;r : ' ' ‘ :
B2-YSP12 - |

2" EQ. 0) YSPM2=YSP2 (

TO 1129 . ST
SPH2,72,US102,Y5102, 25102
2402t1¢t827,08102(1+182),
7

ETA2%US102(141B2)

) ‘
25102(14IB2) 4 NA24,NB 24N
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CALL RLS(OBFCNZ.PZgPHIZ'THETAZ'FLAHZ.NPEl

-

—y

i

-

N

L ¢ N '

—_

w

£ -
LS -
- (41}
N (&)
- o 0N
[3Y) o - - -t
[ -4 NIV - - (=]
- [+ 4 S NI V] +*

w » [S I 5 ] -
- -4 oN o0 N _ N

| N e e b [A1.1)
1 294 0o oo [72] 4

I O KO w w | ] ]

i OOmEOR D - (=]

LI e el &N
NeliDD+OMmE ¢ YUON
0 b W WAL HEa NN N
Nl mamed b B 1B =)
NI NNZMMN sD Al Ol =
Fwww wXp-Odual OYXOQ
enr OIS o Y IR AU XD Y
ORI eI ¢ XX  «ape=in
Wiethl-Zea Jib b =T wel
oh-tulilel sl e il 38 <L
WITII XOorOLws O COIWRINNT
ST 0= NN Z il oD
= HU IR sl s ORI )
ZHOedZ0O0O 1 o 1) (=100 €Y o= 1)
O N w (N wXeld M oYX {Harlalm
L vt AU L = I NI IO T O - U
HOY XY O DX O RHOD DD M

(3] o,
[

+DET2, IDET?2

62)
1,6

2964 NP2, DET2,IDET2

(p
07215 (P2(JeJ) 4J
CALL FORH(PHIZ.YSiUZ(i)gUSlUZ(il.28102(1)iNAZ.NBZ.NCZ.NPZl

UDE

c2%

R2A
A2(NA2+2}/820

MD
1

LL
INT
PRINT"'KNTlof'KNT.aUZTP(KNTl

82

{I
RR1-A2*ERR2) + (1.-A11*TRZ2 + A1*TR3

250.) TR1=250.
UPDATE FOR NEXT CONTROL ACTION

RR2
R3

RUY2, YSPH2,Z2,U0S102,Y5102,25102}
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[4Y] Y- 23 2
m [ ie
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awn ~ICEA (N
zmv SO =N
=>>l Lot et NNl

B> O Ll

o

~ ~
-
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TMPLEMENT S.T.R.
1)50 TO 130

.LT.
=ERR1
TR2

‘w NE o

IF(TRY

. TR2=1R1
CONT INUE
IF IST=1,
IF(IST

E 3% 33
o
T 128
L3 X 3 )
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129 CALL NCRUY,YSPM,Z,US10,4510,7510)
YSblaggé ’ vZ» ’ )

130

5910

YSPMI=V¥SPM o , ] ///,_
TR=RATIO CONTROLLER .

N : :
IF IP=0, S3CONTROLLER HAS NOT TAKEN ITS FIRST CONTROLA CTION .
S0 JSE PREVIOUSLY SUPPLIED STARTING TR SEYPDINTS

IF(ITL .EQ. 0)GO TO S62

FCIP «EQ. 1)GD TO- 540

1=TRSET - TRP

FIEL oLT. 4060 TO Su2 -
RSET=TRP+4, HM/S

e — ¥

560 - L /‘
E1=TR1-TRP T .

IF(EL.LT.4.01G0 TO S&6 s
El=4

TR1=TRPe4,
EL=-E1

CONT INUE o
RATIO1=RATIOL ¢+ C1%(E1~E2 + C2%E1)
BASZD ON THIS NEW RATIO, SET C& AND H2 FEEDRATES, SCFM

ATIOL LLE. &.)}RATIO1=4. :
I01 <GEe. 20.)RATID1=20, . -
1

SCFM/(RATIO1+1,)
C&SCFM1

SCEM-C4SCFML

H2SCFH1

UPDATE FOR MEXT CONTROL INTERVAL " .

IF(ITL EQ 0150 TO 590
E2=Z1

RECIRD NEW RATIO , C4SCFM AND H2SCFM FOR LATER PLOTTING

»
1%

{NCREHENT COUNTER FOR S3 LOOP

IC=IC+1

IF_S3 LOOP HAS JAKEN OVER ssr#gus TRSET, RECORD THESE FOR LATER
ourPyT | N

IF(IP .EQ. 0350 TO 590
TRSET=TR1 :

CONTINUE

‘UF."“"%F."I.""“"."""!ll"‘.“""*"'.3""“"'."!

END OF CONTROL ACTION

)
o
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PROGRAM STPLTa(INPUT.OUTPUT,0236.TAPE3=0235.TAPEB#OUTPUTI

C.5.2 Program Listing of .STPLT2

N

I
ENsXLENy) YLENy XOFF, YOFF

/
/

EOHHON XYy(u00,23) -

OMMON/XYDLIM/XDMINy XDMA X, YDMIN, YDOMAX
COMMON/PLTSPECZIP

REWIND 3
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att VI TTL8n)

‘ " CALL SPLOT(1,7,NOB) __

. PLOT S.S3, 10.S3SET

YDHIN-U 1
YOMAX=

:' zih‘—

a9

\

=

N

L FRME b

L XTIC(20.y»08)

L XTICI“G'QUS, \

L YTIClois-DS!

. L CPLOT(1:65NO0B) k

: * PLOT 2.TRy & TOIL, 9.TRSET, 11.TOILSP

. YOMAX=260. - . -
“ YOMIN=260, ' , a

a7s C ) T

b 3-2-0-0- 3} B le]ng
(o O e A AL,
[t et et ol i T 4
DQO<< XX T
VT oA =i~ Ve
Pr Pt X

. QOOD0O0O<<
3 ocgoaaao

0
-
-
r~
.
P
Q

asea

PLIT STR PARQNETER ESTIMATES _'
IF(IST «NME. 1)G0 TO 900
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3225

YOMIN==4,

CALL. PARPLT(1,14,15,N08)

YOrF=s5.2
ALL PARPLT(1,12,13,N0B)

YOFF
YOMA X< 4.
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YOMTIN, YDMAX
LEN,YLEN, XOFF, YOFF

DMAX

3

1
X
P
CALL NEWPEN(4)

»H 8

s YSCALE ¢ XORG y YORG 9 XMINy XMAX, YMI Ny YHAX)

L
U
p g
I
r «0
(=178
»U
1=} 4
=
- O
X »
- (=100} 3
m. ) 4
= o)==t
4 4 -4 > oD
ity » ¢ 4%
wd o -2 s
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CALL PLOTTIXY(1,ITH)4XY(1,1J},+3)}
CALL NEWPENC(IPEN) :

+AND« IJ «NEes 5)GO TD 63
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+ XOFF 4 YOFF
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