Aston University

Some pages of this thesis may have been removed for copyright restrictions.

If you have discovered material in AURA which is unlawful e.g. breaches copyright, (either
yours or that of a third party) or any other law, including but not limited to those relating to
patent, trademark, confidentiality, data protection, obscenity, defamation, libel, then please
read our Takedown Policy and contact the service immediately




COMPUTER CONTROL OF TWO CONTINUOUS
STIRRED-TANK REACTORS IN SERIES

by
NKONGHO EBOBEBANGAH, EGBEWATT,MSc

A Thesis submitted to the University of Aston in
Birmingham for the degree of Doctor of Philosophy

Department of Chemical Engineering
Septenber 1984



~ BEST COPY
. AVAILABLE

o V'eiriable print quality



VOLUME CONTAINS CLEAR OVERLAYS

OVERLAYS SCANNED SEPERATELY AND
OVER THE RELEVANT PAGE.



ACKNOWLEDGEMENT'S
The author wishes to express his sincere appreciation to:—

Mr. A. R. Cooper for his supervision and advice with the research
and review of the manuscript.

Dr. B. Gay for his suggestions and supervision, especially with the
camputing aspect of the research.

The Overseas Research Students Committee for provision of part-
tuition scholarship during the period of this research.

Mr. D. Bleby for giving a helping hand with the electrical equipment
whenever the need arose.

My family, whose immeasurable sacrifice and patience enabled me
carry out this study.



Dedicated to my mother Anna EBANGAH and sister Esther BATEY BESONG,
who both gave so much and ask for nothing, and in memory of Gabriel
Besong BESONG, whose selfless contribution was incalculable and will

forever be appreciated.




The University of Aston in Birmingham

COMPUTER CONTROL OF TWO QONTINUOUS
STIRRED-TANK REACTORS IN SERIES

NKONGHO EBOBEBANGAH EGBEWATT PhD
1984

SUMMARY

This study is focused on reacting systems in a train of reactors
and the different digital control strategies that can be developed
to eliminate the effect of disturbances entering the system. A
Honeywell 316 minicamputer is interfaced via HADIOS to a pilot plant
containing two C.S.T.R.s connected in series and a partial simula-
tion of a first order irreversible exothermic chemical reaction
taking place in them is carried out. This control system offers only
a single communication channel fram the user to the output multi-
plexers and since all the control functions are performed by
software of one digital system, the frequency with which the control
functions are updated is of utmost importance. The reaction heat is
provided by heaters placed in the reactors which are triggered on
receipt of appropriate signals from the camputer.

A judicious use of solenoids and multiplexers allows the regula=-
tion of two pneumatic process control valves using one air supply
line and the scanning of eight thermocouples. Two coils, one in each
reactor, provide the conduit for the independently controlled cool-
ing water whose flow rate is used as the manipulative variable for
implementing the different control schemes and a surface for heat
exchange with reactors. Using differential equations to represent
the plant, a total simulation of thesystem is achieved in a FORTRAN
programme that runs interactively on the HARRIS 800 camputer and the
experimental runs provide data suitable for verification of the
theoretical model. Based on the large axial temperature gradient in
the cooling coils, the model assumes a chain of cells each of
uniform temperature but necessarily different from the rest and
twenty five of these are used for the total simulation.

All implemental control functions are performed by the software of
the control camputer in the direct digital mode. Unstable systems
are stabilised using controllers and the relative stabilities of
open and closed loop stable systems are established by constructing
Lyapunov's function. The control strategies adopted vary fram those
based on absolute error of control variables, through absolute
values of measured disturbances to others derived fram system equa-
tions and plant parameters. The first group consists of feedback
controllers centered on the first reactor and a cambination of feed-
back and feedforward controllers in the second reactor. Invariance
control of reactor and coil temperatures is attainable on both reac-
tors by using an iterative method that updates the system parameters
and calculates flow rates fram the system equations. Decoupling con-
trol of the model is made possible by first establishing an axial
temperature profile in the cooling coil and using piecewise decou-
pling to select an appropriate response constant for the system that
leaves it within the stated constraints.

Keywords :— Simulation; Single channel control; Invariance and
Decouplig control.
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CHAPTER ONE

INTRODUCTION

The use of digital computers to supervise, monitor, control and
simulate processes in chemical industries is receiving greater ap-
plicability due to their cheapness, ease of implementation,
flexibility in operation of plants and fast speed of resolution of
large and difficult mathematical problems. While mainframe computers
are employed in supervisory roles or as database systems in whole
plants or units thereof, microcomputers are increasingly being used
as controllers in the different process units. In certain process
plants the use of conventional control becames inadequate because of
large throughput, the need to regulate by-products and frequent
property changes in a variety of feeds and in such circumstances
more advanced control techniques are applied with the aid of the
canputer. Human interference is reduced to the barest minimum as the
integrated camputers strive to maintain the plant at same predeter-—
mined optimal state of production making the necessary adjustments
if there is a change in operating parameters. The use of camputers
for simulating processes has became a valuable tool for monitoring
and improving existing plants and for the development of new
processes. The appropriateness of the simulation technique depends
on the closeness in representation of the mathematical model to the

actual system.

The objectives of this work are:



(i) the study of the stability problems inherent in a series of two
to compare

connected C.S.T.R.'s and,the partially and totally simulated
results. |

(ii) the development of camputer control strategies that wiil ensure
a stable system operating under the influence of different

disturbances.

The process unit in this work consists of two C.S.T.R.'s connected
in series in which a first order irreversible exothermic reaction is
taking place. Water is used both as reactor feed and also as cooling
liquid for the reactors. The experimental rig is interfaced to a
Honeywell 316 minicamputer which plays the dual role of supervisor
and controller. It calculates the mass balance and sends out signals
proportional to the heat of reaction to immersion heaters situated
in the reactors. Flow rates and temperatures are monitored by com-
puter and when necessary, signals are issued to flow control valves
to regulate the latter. In addition to propdrtional controllers
which are based on deviation of system variables from set values due
to disturbances, noninteracting and invariance controls are imple-
mented on the system. Due to the propagation of disturbances leaving
the first reactor into the second, both feedforward and feedback
controls are implemented on the latter. The system is operated at
the open loop stable steady state and the effects of disturbances
with and without controls are noted, simulated and experimental

results being displayed on graphs plotted aon the Harris 800.

There has been a greater emphasis on constructing a unit that is

representative of those employed in industry rather than using one
2



whose mathematical model is simple and elegant but which differs in
important respects from actual industrial units. In this respect
stirred cooling jackets were discarded in favour of cooling coils
whose velocity distribution is essentially plug flow. A residence
time distribution (RID) study of the cooling jackets, as reported in
Appendix A.4.l(a-d), clearly portrayed the unsatisfactory heat dis-

tribution due to channelling and dead space.

The total simulation of the described system is achieved on the
HARRIS 800, the interactive program being written in FORTRAN 66.
This simulated program covers a wider range of the system steady
states than is cbtainable on the experimental range of heaters and
liquid flows. Each of the steady states is analyzed for stability

and stabilized if unstable.

Before emﬁarking on the tasks enumerated above, the starting point
was to review studies of similar systems in the literature so as to
get a better perceptioﬁ of the need for this study; this survey is

the context of the next chapter.



CHAPTER TWO

LITERATURE SURVEY

2.1 Introduction

In tackling the objectives enunciated in the introductory chapter, a

literature survey encampassing the following areas was reviewed.

a) Utilization of a single or of a multiple train of reactors in
series for chemical processes.

b) Simulation of reacting systems.

c) Multiplicity and stability in reactors.

d) Application of computers to control of process units.

2.2 Series C.S.T.R.s:

Since a C.S.T.R. operates at or close to uniform conditions of tem-
perature and camposition, its kinetics and product temperature can
usually be predicted more accurately and controlled with greater
ease, especially if a single simple reaction is taking place(2). The
use of a single C.S.T.R. for the study of reacting systems is a
well-trodden path both theoretically and experimentally. Semenov(4)
seems to be the first who pointed out for zero order reaction that
the heat generation curve can exhibit two intersections with a heat
removal curve and later van Heerden(5) independently found that for
first order reactions three intersections can exist. Bilous and
Amundson(6) handled this case analytically. Aris and Amundson(7)
studied stabilization of unsteady states by implementing different
perfect control strategies and phase plane plots of the camplete
nonlinear reactor equations were constructed. They generated limit

4



cycles by varying the controller gain and extrapolating the results
to cover multiple reactions and reactors. Luss and Amundson(8) in-
vestigated the behaviour of a completely segregated two phase
C.S.T.R. and the effect of stirring on the various steady states and
the latter author analysed a case of polymerization reactions(9,10).
Hlavacek and others(ll) extended the nunber of dependent variables
in the phase-space treatment of first order exothermic consecutive
reaction. They established regions of multiplicity, stability of
steady states, behaviour of limit cycles and shapes of separatrices
in relation to the dimensionless variables Damkchler number and the
Frank-Kamenetskii temperature. Cohen and Keener(12) took this work
further by using a multi-time scale perturbation technique in
analysing the multiplicity and stability of oscillatory states of
the system equations. Poore and Halbe(13) investigated the same sys-
tem using perturbation techniques based on an extensive numerical
search method. They discussed different types of jump phenomena in-
cluding the classical ignition and extinction process and stated
Hopf bifurcation formulae which have been successfully used in dis-
tributed parameter systems. Varma and Huang(14) gave a theoretical
treatment that tied in with their experimental results on a gas-
liquid system and recognised the non-existence of limit cycles in

fheir system.

In the case of multiple highly exothermic reactions accampanied by
great change of physical properties, control becames more difficult
and a slowing down of the reaction rate may become necessary.

Reactors connected in series are used in industrial polymerization



processes in order to achieve the right product mix with a refine-
ment unobtainable in a single reactor(l). Since a polymerization
process is a chain of intermediate reactions (initiation, propaga-
tion and termination), inhibitors are deliberately added to the
reacting monomers to prevent premature polymerization; their con-
centration is controlled to get the right product in each reactor.
In order to reduce composition drift in product polymer  particles
which is apparent in usage of a single C.S.T.R., feed streams of the
more reactive monomer are introduced between reactors when in cas-
cade control. These reactors are sensitive to changes in operating
parameters because highly exothermic reactions are involved and
relatively minor fluctuations in the operating variable can cause
difficulties due to particle nucleation, conversion oscillations
leading to limit cycles and latex flocculation due to uneven heat
loads(2). The industrial platforming process which is the upgrading
of the octane ratings of straight chain natural and thermally
cracked gasolines into aramatic campounds, represents simultaneous
multiple endothermic reactions which require a fine temperature
tuning in the different reactors to produce the right mixture of
benzene,” toluene,xylenes and other aromatic hydrocarbons(3). An
inter-stage heater raises the temperature of feed into each sub~

sequent fixed bed alumina catalyst reactor after the first.

2.3 Process simulation
The use of mathematical simulation techniques to develop new
processes or improve existing ones is as old as the science of

process design. The initial absence of fast calculating machines to



take the drudgery out of long mathematical calculations made simula-
tion quite unattractive. The situation improved on the introduction
of analogue computers, but these had the drawback of bulkiness and
needing the scaling of some variables in order to increase their
range. Digital camputers offer an unlimited range and flexibility in
the system variables being simulated and they are fast and
efficient. Actual chemical process systems can seldam be modelled
exactly by mathematical equations due to unpredictable deviations
fram ideal behaviour of some components like transducers, valves and
others. The noise and inaccuracy of measurements all contribute to
the overall nonideality of a control system and these are hardly
ever accounted for in the system model. While a bench scale ex-
perimental model of the system being studied is expensive and time
consuming to build, same parts could be constructed while others are
represented by their mathematical analogues on a digital camputer.
Herein lies the idea of the partial simulation technique which has
been exploited a great deal in chemical reactor studies in this
department. Expensive chemicals are saved by using a digital com-
puter to simulate the kinetics of the reaction process and to
determine the mass balance of reactant and product in the experimen-

tal set-up.

Previous studies can be broadly divided into two groups: early re-
searchers like Chao(15), Alpaz(16) and Buxton(1l7) who used analogue
computers with conventional controllers and Farabi(18) and
Mukesh(19) who used digital camputers to effect more sophisticated
control action. Unlike his four predecessors whose studies were
based on a first order irreversible exothermic reaction, Mukesh

7



simulated reactions of order -2,-1,4,1 and 2 in a C.S.T.R. The
present work had-to revert to a first order exothermic reaction when
initial surveys of a first order reversible reaction indicated con-
straints imposed by the experimental rig in terms of limited

temperature range and heat generated.

2.4 Multiplicity and Stability of Steady States

A detailed analysis of the multiplicity and stability of the steady
states of a system is necessary in the operation and control of
chemical reactors as their response to control action should not
lead to unpredictable patterns of behaviour. The case of a first or-
der exothermic reaction carried out in a lumped~parameter system has
been studied exhaustively both theoretically(23-27) and
experimentally(22). Conditions for uniqueness and multiplicity have
been established and it is well known that the system can have one
or two steady states. When there are three steady states, the middle
one is unstable to infinitesimal perturbations in any of system
variables while the other two are stable. The situation gets more
camplex with simultaneous reactions in a system or camplexity of the
occurring reaction, as the reaction rates of the different species
change with temperature of reactor or concentration of particular
species. Luss and Cheri(20) have shown that multiple steady states:
exist when a single reactant participates in two simultaneous first
order endothermic reactions, although it is well established that
only a unique steady state exisf.s for the single endothermic
reaction. Pikios and Luss(2l) developed criteria for multiplicity

for first order consecutive or parallel reactions in a C.S.T.R. They



found that a maximum of five steady states existed when both reac-
tions were exothermic and a maximm of three if one of the reactions
was endothermic. Hlavacek et al(ll) described a systematic clas-
sification of the regions of multiplicity based on dependence of
system equations on Damkohler number (Da) and the dimensionless
adiabatic temperature. Their study of a consecutive first order ex-
othermic reaction identifies a max:.murn of five steady states and the
stability status of these.is established using the Routh-Hurwitz
criterion(28) after constructing the characteristic polynamial. Sabo
and Dranoff(29) analysed the above system and their analysis also
included the estimation of the regions of asymptotic stability ob-
tained by an application of Lyapunov's direct method. Berger and
Lapidus(30) apply Lyapunov's direct method to a single and a’ series
of three C.S.T.R.'s using the Fletcher-Powell minimization technique
to develop a Krasovskii kind of Lyapunov function. Their method is
criticized by Davison and Kurak(31l) who point out that all points on
the surface of the hypervolume formed are not rigorously tested for
the differential of the function being less than zero. The latter
then develop a camputational procedure which involves LaSalle and
Lefschetz's(32) theorem, and an optimization routine using
Rosenbrock's(33) hill-climbing method. A fine grid mesh set up in n-
dimensional space and a search where this grid intersects the
Lyapunov's hypersurface guarantees that the hypervolume encompasses
the region of asymptotic stability (RAS). In a system with multiple
steady states, this RAS is local and not global and formation of the

Lyapunov's function is a sufficient but not necessary condition for

stability.



2.5 Feedforward and Feedback Control

The cammonest controller,usually employed in chemical processes to
vary the manipulative input vector in such a way that known and un-
known input variations will result in minimum deviations in the
process output, are feedforward and feedback controllers. The latter
is used to adjust the relevant process variable following the intro-
duction of any unknown disturbance into the system and is based on a
measurement of the output deviation from the set value. There is a
time lag between measurement of the deviation and application of
corrective action which tends to cause over or undercompensation
with increase in this lag. In addition to stabilising open loop un-
stable steady state systems, a variation of controller setting will
cause the system response to exhibit various forms of behaviour in-
cluding the generation of limit cycles as noted by Aris and
Amundson(7). Feedforward controllers take remedial action in expec—
tation of a known disturbance entering a process and thereby
forestall any deviation in any of the process variables. In the case
of reactors in series deviations in preceding reactors enter sub-
sequent ones as disturbances, so an elimination of those using
feedforward controllers becames desirable. As there are other chan-
nels for unknown disturbances entering the reactors, both
feedforward and feedback controllers acting in concert will counter
the effects of the disturbances. While most of these controllers are
linear, Chen and Ku(34) have shown in their paper that multiplica-
tive feedback (nonlinear) controllers could effect better control of

their linear system.

2.6 Noninteracting Control
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Since there is usually strong interaction in a system with multi-
variable inputs and outputs, there sametimes arises the need to have
each output variable influenced by one input variable only. The
variable thus segregated or driven to a new state by this input only
is said to be noninteracting with respect to other system inputs.
All the variables in the system are said to be noninteracting if for
every particular input only one corresponding output is disturbed or
influenced. Tokumaru and Iwai(35) treated this control problem as a
variational one and derived necessary and sufficient conditions for
nonineracting control of linear (time invariant and variant) multi-
variable systems. Other authors obtained necessary and sufficient
conditions for systems using state variable feedback. Linear time-
variant systems cannot be made noninteracing by using
diagonalization techniques as applied to time-invariant systems but
variational methods can. Falb and Wolovich(36) introduced the con-
cept of decoupling to multivariable systems and discussed necessary
and sufficient conditions for decoupling linear time-variant systems
using feedback loops. Wnile their definition coincides with Tokamaru
and Iwai's(35) concept of noninteracting control for time-invariant
systems, it is inconceivable that it can be expanded to include
general continuous linear and nonliear systems. Hence we may con-
clude that the concept of noninteracting control is a more general
one than that of decoupling. Mesarovic(37) achieved noninteraction
by first transforming the linear multivariable system to the so-
called V-cannonical form so that the cross effects to be eliminated
became internal feedback signals and these were eliminated by addi-
tion of corresponding external feedback loops. Foster and
Stevens(38) used a modified form of the V-cannonical structure with

11



inputs greater than outputs. They then developed a method by which a
linear multivariable system represented by a set of first—order dif-
ferential equations may be decoupled into a set of subsystems
characterised by first-order transfer functions. On a study of a
C.S.T.R. using an analogue camputer, noninteraction is achieved by
means of feedforward amplifiers and feedback proportional plus
derivative controllers. Luyben(39) implemented positive feedback
campensation between product camposition on a simulated distillation
unit to achieve noninteraction between product campositions at both
ends. Tokumaru et al(40) used relays and linear campensating net—
warks as controllers and noninteraction was obtained by the sliding
motion of relays; this system was easily constructed because it did
not need cross-term controllers. Most authors are concerned with a
diagonalization of a closed-loop transfer function matrix which of=-
ten requires camplex campensators; this classical approach lacks the
ability to incorporate constraints on the system variables. Liu(41)
developed an algorithm for piecewise noninteracting control of

linear and nonlinear systems that takes care of the system

constraints.

2.7 Invariance Control

The realization of invariance requires that at least one of the sys-
tem output variables remains invariant (independent) for any
external disturbance, load or interference in a specified input
variable. Although invariance control theory has been developed for
over a quarter of a century especially in the Soviet Union,
theoretical treatment has not been matched by experimental evidence

12
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and few nonlinear systems have been studied. Linear invariance
theory has been presented by Petrov(42) and Kulebakin(43) and been
restated by Bollinger and Lamb(44). The classical approach they
adopt is the transformation of the equations using either laplacian
or differential operators. Rozonoer(45) tackled the invariance
problem for linear and nonlinear systems using variational mathe-
matics and developed theorems for necessary and sufficient
conditions. He distinguished between 'weak' and 'strong' invariance
in a system; the latter applying when the output variable of inter-
est is independent of a particular external disturbance for the
whole time range under consideration and the former at a particular
instant only. Haskins and Sliecevich(46) applied invariance control
to a C.S.T.R. in which a heat transfer process between oil and an
ethylene glycol and water mixture was taking place. Both an analogue
computer simulation of the system and an experimental run were

tested with the designed invariance controllers being implemented.

The attainment of invariance is fundamentally based on three

requirements:

a) The mathematical model adequately describes the system behaviour,
including the important process disturbances. Especially in sys-
tems where ther are severe nonlinearities, an inaccurate
nonlinear model may not be any better than its linearized
equivalent.

b) The control system is allowable by satisfaction of the dual chan-
nel conditions, which as stated by Petrov(42) requires that in a
dynamic system there must be at least two channels for propaga-
tion of the influences between the point of application of the
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external effect and the point of measurement of magnitude, whose
relation to this effect must be secured.

c) The theoretically derived controller equations can be accurately
executed except where a pure dead time is encountered or control-
ler equations based on the second derivative of a variable are

involved, as these are not always reliable.

2.8 Conclusion

2.8.1 Research in the Literature

From the literature it can be seen that extensive theoretical work
has been carried out on:

1) single C.S.T.R. units.

2) First order irreversible and oonseg;ive first and mixed order
exothermic reactions.

3) controlling single . units using conventional feedforward and
feedback controllers anci recently greater use of camputers to
apply more advanced control algorithms -

Most of the researchers assume a uniform temperature profile for the
cooling coil and same of the cooling methods(19) are not feasible
for engineering on large scale plants. An appreciable amount of ex-
perimental work has been recorded especially in this department to
camplement the above theoretical studies but there are no reports on
series connected reactors and the inherent problems in control that

are apparent due to interaction of the reactors.

2.8.2 Work covered in this study
In view of the the areas already covered by the existing literature,
this work was started with the objective of using a reversible first
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order reaction which would have provided more control challenges
than the first order irreversible reaction used, as deviation in any
of the fixed variables will cause the reaction to proceed in the
favoured direction. But this was not to be as the calculations in
appendix 4.2 show that for a significant change in the effective
direction of reaction, a large temperature change is also required,
which is unobtainable on the experimental plant due to the limited
heating capabilities of the immersion heaters used.

In this study coils, whose modelled temperature profile is plug flow
and are employed extensively in the chemical process industry, are
used for cooling the respective reactors. Although only the inlet
and outlet temperatures of the coils are measured experimentally,
the intermediate temperatures are simulated for nonconventional con-
trol, like decoupling and invariance control which are applied to
both reactors.

In the experimental set up described in chapter four, the existing
plant scanning and control capabilities were expanded at very low

cost due to a careful study of the available alternatives.
Having surveyed reported works in the literature, a description of

the mathematical model and how this was derived, logically forms the

contents of the next chapter.

15



CHAPTER THREE

MATHEMATICAL DEVELOPMENT OF MODEL

3.1 Introduction

Before enbarking on writing a mathematical model for the system un-
der study, a series of residence time distribution (RTD)
experiments in cooling jackets was carried out as reported in
Appendix A.4.1 so as to verify and confirm the chosen model. These
experiments indicated the nonconformity of the flow pattern in the
cooling jacket to either of the two standard forms of plug or cam-
pletely mixed flow. The cooling jacket was replaced by a cooling
coil which does conform to plug flow and because of the small radius
of the copper tube of which the coil is made, it is also assumed
there is camplete radial mixing within the tube. The coincidence or
nearness of the simulated to experimental values will be a measure
of the rightness of assumptions made in formulating model

equations.

3.2 System Bquations

The following assumptions were made in synthesising the system

equations:

(a) The heat of reaction does not depend on the temperature or
campositions in the reactors.

(b) The volume change due to the reaction can be neglected and
liquid volume in the reactors is maintained constant with large
diameter drain pipes.
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(c) Heat capacities of feed and products and the heat transfer
coefficient are temperature independent.

(d) Heat loss from the system is negligible and only pure A
component feed is introduced into the first reactor.

(e) A first order irreversible exothermic reaction is taking place
in the reactors with the product of the first reactor being
feed to the second reactor.

(£) Each cooling coil is divided into n equal theoretical cells for
heat balance calculations and each reactor is supplied by fresh
cooling liquid.

A mass balance on camponent A for the first reactor feed and product

and energy balances on the reactor and cooling coil result in the

following equations based upon the notation of fig. 3.1 (page 21):-

Reaction kinetics A—X s

Camponent balance
F(c_C)) + v(r)=Vdca/dt, vhere r = -koexp(-ﬂE/Rr)
F(cao-—ca) + V(-koexp(-ﬂE/RI‘)]ca = Vdca/dt (1)

Energy balances:

Reactor
n
Iach('I'z:.m—'I'2 )+V(-°H)koexp(-ﬂE/Kr)Ca—j§q' (t),=BC deTz/dt (2)

Single cell in coil:

[ ] ] 2
avacp('ra' x'Ta,xwx) + 2ga°xq (t) =BR Axlacpd'r

3, x+0x/ at

4, %00%

3 where q'(t)=U.1. (Tz-T3'x+Ax)

3
'/ AL
% A=2Zpnfx (total surface area of coil)
/A‘ - 2 i
Tak 'y ez V= Z2R°nBx (total volume of coil)
L
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2
Bcppc (TB' 255 +Ax)+2aaﬁxu('r2-'ra‘ ) ~aR -'5xI?CPdT3' ” mx/dt (3)

Converting equations (1) to (3) into dimensionless variables,

(Y; =X, )-DaX, exp(X,/(1+<X,)) =aX, /at' (1a)

(Y,=X, )+BDaX, exp(X,/ (14X, ) )= (p/n) (nX,= X, ;)=aX,/dt' (2a)

(X3, 5173, 1 ¥ (b /m) (XyXy ;) = (¢ /ne)axX, ;/at’ (3a)
where i=1,2,.....0, t' = t/e, &=V/F

For the coil divided into 25 equal units the following unsteady

state equations result:-

Xy p =055 1) + (b/n)(XyXy 1)) (nefe) (3b)
X3, =((X3 1% ,) + (b/n) (XyXy ) (ne/e) (3c)
X3, 257((X3, 247%5 25) + (b /n) (X;=X3 o0)) (ne/e ) (3a)
Total heat transferred through the coil
n n
Q (t)=gt)i=2mﬁx§2-’l‘3'i) (4)

Similar equations are written for the second reactor and its
corresponding cooling coil. These equations describe the dynamic
state of the system at any particular time and the trajectory of the
variables as the system moves from one initial state to another can
be obtained by integrating the equations. The method of numerical
integration used in this study is the Runge-Kutta(47) fourth-order
method and the variables are plotted in pairs to give a phase plane

profile of the system behaviour for these initial conditions.

3.3 Steady state

If the system is at a steady state, the right hand sides of equa-
tions (la) to (3d) are equated to zero and the resultant
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equations are solved simultaneously to obtain the steady state
values of the variables employing the Newton-Raphson method. A cor=
rect choice of starting values for the iterations in this method is
necessary in order to discover all the steady states of this system.

Thus at steady state equations (la) to (3d) became:

(¥, =X, )-DaX, exp(X, / (14X, ) )=0 (5)
n

(Y,-X, ) +BDaX, exp(X,/(1+<X,) )~(p/n) (nxz-}gc3 40 (6)
1= '

T R L L e T L R {7

Xy =(n/(n¥p ))¥3 +p X, (1/(n¥p )in/ (n¥p ) (7a)

Xy =0/ (nth ) ¥3¥b X, (1/ (b )n/ (ntp )%) (7b)

X, 55=(0/ (n#p ) 22 3#b X, (02 (ntp )P40 (mip ) 2+
ceeestl/(np ) (7c)

It is already known that at steady state the heat removed fram the
reactor and that absorbed by the cooling liquid equals the heat gen-
erated by reacting system. A heat balance of these two streams over
the first reactor will also give the steady state values of the
variables (since the treatment of both tanks follows the same pat-
tern, we will concern ourselves with equations la-3d only). The heat
generation expression is

v(—'ﬂH)klc'_:1 (8)

and the heat removal expression is

PCF(T) ;) +§' (£)4 (9)
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These two expressions are the components of the energy balance
equation(2) over the reactor at steady state. A plot of
expressions(8) and (9) versus the reactor temperature will indicate
the steady state tank and coil temperature distribution at intersec-
tions of the two curves, and substitution of this resultant value
into equation(5) will yield the concentration of reactant in the
reactor.

Integration of the set of equations(la-3a), describing the dynamic
state of the system, will ultimately end at one of the stable steady
states; so a judicious choice of the initial starting values is
necessary to identify all the stable steady states. It is not easy
to identify the unstable steady state with this method, even when a
backward (in time) integration is carried out. For each of the
steady states in the first reactor, there is a maximum of three
steady states that can be attained in the second reactor by a
manipulation of the cooling liquid flow rate or temperature in this
reactor. Actual steady states obtained in this reactor during ex-
perimental runs depend on equipment constraints.

A modification of assumption (£) in the above mathematical develop-
ment allows counter-current cooling of the reactors, with the
cooling liquid entering the coil in the second reactor and on exit
being fed into the coil of the first reactor. Thus there is only one
cooling stream and it can be manipulated by one control valve. Fram
the contacting arrangement illustrated in the diagram (fig. 3.1,pg
21), a heat balance on the cooling coils for this single coolant

stream results in the following dimensionless equations:
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Coolant stream outlet Coolant stream outlet.
Fig. 3.1 Diagram of Reactors and Cooling Coils.
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Tank One

X3,l={nx3,ﬂ—(n_‘-pc)x3,1+Jpc)5)tftc=(nx6,n_(m.pc)x3,l+pcx2)t/ﬁc (10a)

R3,27(nX5 = (b )X; SR Ky )efe, (100)
XB, n=(nx3, n-1" (Iﬁpc)xii, n+ch2)E/ % ; (18c)
Tank Two

Rg, 10X 5= (WD )Xy (4D Xo)e/e =(nYy=(nth )X, (tp Xo)e/e,  (1la)
Xs, 2=(nX6' 1"“*%”‘6,2*%’{5)*5/% ' (11b)

XG (o 6n—1 (mp )X *Jpcxslt/tc (1ie)

At steady state equations (1@a) to (llc) are equal to zero. These
are solved simultaneocusly together with the reactor mass and heat
balance equations(5) and (6) to obtain the steady state values. An
iterative Newton-Raphson method is used and since there are four
equations to be solved, derivation of the iterative method is in-

cluded in Appendix A.4.3

3.4.Stability

The stability of the particular steady state is tested by finding
the eigenvalues of the Jacobian matrix formed by differentiating the
system equations at steady state with respect to the state
variables. If all the eigenvalues are real and negative, then at
that steady state the system is asymptotically stable and will
return to the particular steady state if it is slightly disturbed
fram its state of rest. If any of the eigenvalues is positive,it im-
plies that the system is unstable and if slightly disturbed fram
that particular steady state will move to a new steady state which
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will be more stable than the previous ocne. If the eigenvalues turn
out to be camplex, the system oscillates with decreasing or increas—-
ing amplitude depending on whether the real part of the camplex
roots is negative or positive. In the case of purely imaginary
eigenvalues, cyclic motions at fixed amplitude ensue.

Three steady states have been identified for the first reactor using
the heat balance expressions and Newton-Raphson method for solving
autonomous equétions. The topmost and the lowest of these are
stable, while the intermediate is unstable. While local stability of
each steady state of the second reactor is determined using the
above method, the global stability of the system is determined by
considering the effect of the first reactor on the second, knowing
that products of the former are feed to the latter.

With several dimensionless groups in the state equations, the in-
fluence of each on the stability of the system can be explored by
varying the particular dimensionless group while keeping the others
constant. This approach will result in a myriad of diagrams whose
value may not match the effort. Rather, a verification of a collec-
tion of dimensionless groups at a time (as some of them are
interrelated) is carried out and the effect of this change is
analysed in terms of the nunber of steady states available and their
stability. While the eigenvalues of the Jacobian matrix at steady
state give an indication of the system, they do not define the ex-
tent in phase space of the stability. A method that determines the
area or volume of the region of asymptotic stability like the
Lyapunov function is employed to get a feel of how far the system

could be displaced from its steady state and still remain stable.
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3.5 Lyapunov Function

The actual extent of the region of asymptotic stability (RAS) can be
determined by integrating the dynamic equations (la-~3d) and similar
ones for the second reactor starting from different initial
c:orﬁitions. Fram a phase space display of the trajectories, the RAS
can be calculated. This is a rather tedious task and a way round it
would be the construction of a Lyapunov function V(X) which has the

following characteristics(31):

(a) v(X) > @ X=|=Xss where X__ is the steady state value of the

variable

(b) V(xss) =g
(c) V(X) = F'(X)grad V(X) < @ x#xss

(a) V(XSS) =0

This function will define a region within which the system X = F(X)
is asymptotically stable. While this function is not unique for a
particular system and does not necessarily mark the boundary between
asymptotically stable and unstable regions as it does not always in-
clude all the region of asymptotic stability, its advantage lies in
the ease of application.

In constructing the quadratic Lyapunov function V(X)=X'AX, the fol-
lowing algorithm as suggested by Davison and Kurak(3l) was used.

(i) Evaluate the Jacobian (J = (dF/&X)y_. ) .and solve for A in the
Ss

expression J Ao +A°J = -1
(ii) Maximize function X'AX =g

subject to the following constraint
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5 3
R N 7
(o} i _
~where X is the vector of control variables,
AO is a matrix of constant coefficients,
y; are mesh of unit vectors spanning the phase space and

E is a small constant.

(iii) Find A so as to minimize )\max(ﬁ) subject to the constraint
Anin(%) > ©
3 fpamest <0
F f/y]!_ iAjyi Ay

where A is the matrix of constants after first

optimization.
_ n
(iv) Using A as initial value, find A so as to minimize TI')\i(A)

subject to constraints

min )\i (n) >0

el s,

- F'i/F;TYZ) Po¥ 121,2,...11
The volume of the Lyapunov function is considered to be directly
proportional to the product of the eigenvalues of A, the matrix of
constant coefficients. The ratio defined by expressing the volume of
constructed Lyapunov function with different control schemes gives
an indication of the enlargement or reduction in the stability
region achieved on using different control schemes. The above method
which the authors found to be superior to several other techniques,

is conveniently implemented in the LYAPON section of the total
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simulation programme on the fast speed and large memory Harris 800

mainframe camputer.

3.6 Control
Systems where control presents difficulties because the static and
dynamic properties of the system depend on certain operational
ratings which vary over a considerable range are frequently
encountered. In such situations the often used control method, which
| is based on the operating controller rating being a function of con-
trol deviation only was not capable of adapting to the new state of
the system as the controller parameters were unalterably adjusted.
Systems that are supervised and controlled by large memory and fast
speed mainframe camputers do not suffer this disadvantage as the
parameter values can be re-evaluated quickly and the controller se-
ttings adjusted. Any system with more than one steady state will
have both stable and unstable steady states. Within the immediate
neighbourhood of the stable steady state, the system will return to
the same state if slightly disturbed. In the vicinity of the un=-
stable state, the system will need control action to maintain it at
the stated steady state, otherwise it will drift to a stable steady
state whose position is different from the former unstable state.
The system is said to have local and not global stability at or near
each of the steady states. The system under consideration has five
manipulable variables(52) and these will each be considered in turn,
either singly or in carbination, for the types of control action
that are possible. Each of these manipulable variables

(Tye #Cao +Teo ,F. ,F) can be directly or indirectly made a function of



the controlled variables (TZ'Ca’Ta) and a feedforward or feedback

control system output.

While theoretically it is possible to use any of the said five
manipulable variables,effecting actual control is difficult for same
of them. The convenient ones that can be employed are the flow rates
as a process control valve is provided which responds to pneumatic
signals which in turn are generated fram a conbination of D/V, V/I

and I/P converters.

3.6.1 Feedforward and Feedback

The stabilization of the open loop unsﬁable steady state and in-
crease of the RAS of stable steady state can be effected using
conventional feedforward and feedback perfect controllers. While the
latter controller relies on the actual deviation of variables from
their set values, the former takes remedial action based upon the

measured value of a disturbance. If the deviation of the controlled
variables (xi) fram the steady state values are chosen as functions

of the operating controllers and the cooling liquid as manipulable
variable, the following feedback proportional control law conse-

quently evolves:-

~

Fc = -chi (12)

where Fc= Fc— F

1 1 XJ‘.ss i=l,2.ccc..m
m is the number of state variables

Kc is the controller gain and
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~

denotes perturbation variable

Rewriting the dynamic equations (la-3a) in perturbation form and
noting that changes in inlet concentration of reactant fram values
established at steady state constitute forcing disturbances into the

system, these equations became:

Yl s Y1 X1 SS | 1 Da(x +X1)exp( (X2$s+x2)/ (IH(XZSS-.-
X,)))=a(X, X, )/at’ (13)

~

Yous Yo %oes™ 2+BD&1(K +Xl)exp( (X255+X2)/(1+4 (X2$s+

X,)))=(B/n) (n(Xy H)=(Ky | HKs ())=A(Xy 4K,)/dt" (14)

(%3, 5-165%%3,1-1%3, 15553, 1)F (5, /Fess) %3, 1-186™%3,1-17%3, 1"

-~ -~

3 lSS) (b /n)(x295+ ,1ss 3 > & ))=e d(x3,133 3; 1 )/meae! (15)

i=l1,2,44e.n
If the manipulable variable is made a function of reactor tempera-
ture and the proportional control law (equation 12) is applied to
equation(15) which implicitly contains the cooling liquid flow rate,

the following equation results:

(X3, 5215673, 1-17%3, 15673, 1) KXo Fess) X3, 118653, 1-17%3, 1~

)

X3, 155 (Po/D) (Koot Xy 4 oKy 4 ))=E Xy 4 Ky ;) /nedt! (16)

i=1,2,40¢000en
The following equations are realised when the manipulable variable
is made a function of the reactant concentratim(l?j or the coil
temperature(18) and the proportional control law (equation 12) is

applied to equation (15):
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-~ -~ -~

((x3 =188 9. 3e1 5 e 3. 1) *e ( 1/ chs)(X3,i-lss+x3,i-l-x3,i_

x3, iss)+(pc/ n) (x235+x2_x3,iss-x3, i)=Ecd(XB, iss+x3, i) [reedte (17)
((XB, i—lss+x3 b i—l-x3 - iss . :|. x3, 3 css 3 . i—lss+x3 ' i-—-l-x3 ok

)—nfed(x3 iss+x3,i)/dt. (18)

+(p/n) (x255+

3 iss 3 iss™ 3 i
i=1'2;ooocon
The proportional control law encampassing feedforward and feedback

control analogous to equation (12) as applicable to the second reac-

tor will be
E_ =K, (Xi+Yi) (19)

where X. is the error signal expected (disturbance)

fram the first reactor and Yi is actual error

signal in reactor two.
The use of the carbination of feedforward and feedback controllers
in the second reactor is due to the source of disturbances into it,
viz a carry over fram the first reactor and disturbances in cooling

liquid inlet temperature.

3.6.2 Invariance

The general criterion of complete invariance of a multivariable sys-
tem is the development of relationships based on fixed or variable
system parameters between measured external disturbances or loads
and controlled variables, such that one or more of the latter became

independent of one or several of the former.
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Its practical realization requires(46) that the following conditions
be fulfilled:-
i) the mathematical relation developed adequately describes the
system.
ii) the control system is allowable by satisfaction of the dual
channel conditions.
iii) the derived controller equations can be implemented.
In the well-ordered system represented by equations(la-3d), complete
invariance is achieved if the following relationships apply to the

controlled variables for their steady state values

]
X, =& /at' =0 (20)

- _ -~ .
X, —dxzxdt =0 (21)

-~

Xs'i=d}{3'i/dt =0 (22)

i=1,2,440000.n
Only partial invariance is attained in this work as the feed is not
made invariant with respect to load disturbances of the feed. This
is due to the fact that the manipulable variable cannot be related
to the feed and also, since the feed is computer simulated, it is
not possible to monitor its value without simulation. Substituting

equations (13-15) results in the following equations:

Y

Y, Y X ss-xl—Da(xlss+xl )exp(Xzss/ (1+4x255) )=d(xlss+xl) /at' (23)

YogatiaXog DA ( Xes™ Jexp (X253/ (1+<

n
Xzss) )=(p/n) (nx233-1=lx3,iss)=ﬁ (24)
(X3, i—lss-XB,iss)+(Fc/chs) (X3 . i—lssnx3, iss)+
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(b /n) (X )=0 (25)

2ss | 3 iss i=1,2,ee0een

Noting that }{3 =Y. +Y., substituting to replace the unmeasurable
@ "3ss "3

intermediate temperatures in equations (24) and (25), combining and

rearranging these two cquations results s

YZSS 2)(2 +BDa(X +x1)e@(x253/(1+‘}5ss))-(p;n)(n}(Zss-

((An-1D+An-2D2+...+Ang)(Y3ss+Y3)+(Pc/n)(nAn BT O ) s S

g n~-1

seseBA D TIX )/a™)=g (26)

Zss Zss

where A—(1+(FC/FCSS)+pc/n) and D=(A-p_/n)

The above is a nonlinear polynamial relating the cooling liquid flow
rate, and the reactor and cooling coil temperature responses to dis-
turbances in reactor and cooling coil inlet temperatures. An
iterative Newton-Raphson method is used in calculating the flow rate
required to annul the effect of any of these disturbances, having

first integrated equation (23) for the perturbation in concentration
(Xi). If disturbances through the feed are eliminated, then total

invariance can be attained in the system. While it is not easily
discernable from equation (26) whether the inlet reactor temperature
disturbance or inlet coil temperature disturbance has greater ad-
verse effect on the system, experimental runs with disturbances of
equal magnitude are carried out to ascertain this. The maximum mag-
nitude of acceptable disturbance is limited by the difference
between the steady state flow rate and the maximum attainable from

the cooling pump.
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As there is no time element involved in equation (26), it is
theoretically assumed that inlet temperature disturbances can be
eliminated instantaneoﬁsly, while those involving feed concentration
disturbance will not lead to temperature rise, but their annulment
is time dependent. In actual practice, it needs to be stressed that
valve settings and temperature scanners have in-built dead times and

these must be taken into consideration.

3.6.3 Noninteracting

In multivariable campletely interacting systems a change in one sys—
tem input variable affects the output of all the variables. The need
to maintain certain system output variables noninteracting with
respect to input variables other than their own is of paramount im—
portance when the system outputs are tailored to certain physical
characteristics. For instance, an increase in feed rate may change
the conversion rate, which in itself will not change the physical
characteristics of the product if a change in the reactor tempera-
ture can be prevented. Noninteracting control is said to be attained
in a system if a change of any one reference input quantity causes
only the one corresponding controlled output variable to change. For
the system under consideration, camplete decoupling is achieved if
- the nonlinear mathematical model equations can be resolved into the

following linear dynamic(4l) equations:

= Y,-a,X, (27)

5

Xy =¥y= aX, (28)
ka =Y - aX, (29)
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where a; are positive constants whose values are dependent on the

system parameters, X:.L are the perturbation variables and Yi are load

disturbances. With the cooling liquid being the only manipulative
variable, it is possible to decouple only one of two state variables
at a time and in this study, the reactor temperature was singled out
for decoupling. If the total disturbances entering the system are
restricted to feed and coolant temperatures, equations (13-15) can

be rewritten as:-
1sz]. =—X1—Da( (Xlss+X1)exp( (x253+x2) /(1+< (X253+x2) ot

Xlssexp(XZSS/ (1+4X2ss) ) | (39)

X, =YX ¥BDa(X, __+X Jexp((X,__X,)/(1+(X, +X,))-

A~ Na

X) 2P (X5 e/ (144X, ))=(p/n) (n}%-j;x& i) (31)

-~ -~ -~ A

%y ;=((bo/n) (X, Xy | )+(X

3,i-1ss x3,:|.—1 3, iss 3 i )nt/t (32)

On decoupling coil temperature from the other two state variables,
equations (29) and (32) will therefore represent the same state.

Equating and manipulating these two equations results in

Fc =((Eca3/n )§3,i+(pc/n) (;&2_;{3,i)+(x3

,:L-l 3 1))F
/%3 365%%3,17%3, 1186753, 1-1) (33)
Xy 1 Y3~ aXy (34a)
X320 3,17 3353, 2 (34p)
X = - 34
Ay oy oy P (34y)
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In order to make the system described by equations (3@),(31) and

(34a-y) stable, a3 the exponential decay constant must be positive.

Its value determines the speed of response of the system to a
disturbance. The larger the value, the faster the response and hence
a large adjustment flow rate, but an excessively large value will
introduce oscillations and instead increase the settling time. A

reasonable practical approach is to have a small value of as when
the error is large and gradually increase this value as the error
decreases. There are physical limitations to the maximum value of Fc

attainable on the experimental rig based on the cooling pump maximum

capacity. While there are several values of a, that can be used, an

3
acceptable value is one whose flow rate adjustment still falls short
of the maximum cooling liquid flow rate. If for a particular value

of ag, the flow adjustment exceeds maximum flow, a lower value is

adopted and a new flow rate adjustnent(Fc) is calculated. With the

digital computer as controller, an algorithm that autamatically

selects new values of a3 when the flow rate constraint is

breached,is employed and this procedure known as piecewise decou-
pling is as follows:

(a) Select a large value for ag (a3max)
(b) Integrate equations (39), (31) and (34a-y)

(c) sSolve for F, in equation (33)

-~

(d) Check whether F__ -F > F > -F__ , If F_ is acceptable,
cmax css ' c css c ‘
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set the flow rate, else reduce ay by 10% say, and go to

step (b).
Decoupling of reactor temperature has the advantage of leaving feed
load disturbances independent of the coil temperature and cooling
liquid disturbances independent of the reactor concentration as the

equations consequential to this decoupling are:

%) =¥,y Da( (5 X Dexpl (K, 4,) /(L Ky )=

xlssexP(xzss/ (1+‘x2$s)) (23)
’?‘2 =§2'az’22 (36)
Ry, 1= (B/mI Xy WKy 45X, 4 )me/=g D)

Substituting for the different cell temperatures, summing and
manipulating equation (15), the flow adjustment (Fc) becames

-~ n a

~ n - ~ -~
o e/ 3, ;~(b/n) (m(z-le'x:*' 0¥y SYRIF
1= =

~ ~

(Y353+Y3_X3, nss_x3, n) (38)

Equating equations (31) and (36) results in
Il A -~ ~ ~
lgx?. : i=( (1+ By’ )xz'BDa( (xlss+xl Jexp( (x255+x2)/ (1+< (x2$s+

X,)))-X, _ exp(X,_/(1+<X, ))n/b (39)

Differentiating equation (39) with respect to time

n . ~ A ~
EXB' i=( (1+ -az)Xz—BDa( (x1+(xlss+xl) /{1+< (x2ss+

X2)) )exp( (X255+X2)/(1+< (xzss+X2))))n/p (49)
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Substituting equations (39) and (49) into equation (38), ¥, is then
calculated with X, being the value obtained fram equation (37). A

more accurate value for X3 n can be obtained from equation (31) if
’

an empirical relation is evolved for the temperature profile’ along
the cooling coil for the dynamic state, in which case the summation

equations can be decamposed into their individual units.

3.7 Effect of controller Gain
The properly controlled system responds to and eliminates the ef-
fects of any disturbances entering it, thus ensuring its stability.
The effect the various control strategies have in enhancing this
stability can be studied by applying Krasovskii's theorem(3d) to the
system equations. This states that for a system defined by X=F(X)
where F(X) is a linear or nonlinear continuous function with partial
derivatives, if a quadratic function of the form V=F'AF could be
defined with the following characteristics:

(i) A is a positive definite symmetrix matrix

(ii) V=0 at X=0

(iii) V —> oc as X =-=> oc

then the region of asymptotic stability extends to the surface

where V < @. A notational representation of the Jacobian matrix for

the uncontrolled system at steady state is

911 912 @ |
I= [Ty Ty Ta)
|2 I3 Iy
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where the reactant concentration and reactor and cooling coil tem-—

peratures are respectively stated as

. 91 J12 9 - l'n 912 o
(1) J =3y Ty Ty (1) T =Ty Ty Ty|
1931 I3z Ja3] lo 932 33|

where J, .,J and J are derived fram equations 17,16 and 18.
3,1'"°3,2 3,3
Considering a general symmetric matrix A and applying Sylvester's

theorem for positive definiteness to the matrix --(JTA+A:|’ ), the fol-

lowing relationships ensure the asymptotic stability of the system.

§1=-2(J1 121 W A 913 Ay 3) 0 (41)
Sy=2(J oA W5 R 13 A ,) >0 : - (42)
S3=2(J3R3135R43) >0 ' (43)
S =5.8.,-82 >0 (44)
475155757

S.=5.S 425.5.5.~5.5> -5.8% >@ (45)
5-5354+25,545475,5g =5,5¢

S.=5.5.-§2 >@  (48)
65253759

where S,=A) , (Jy W50 )0 Ay oo Ay 3Ty 5B T3R5
Sg7A3(J) 1 W33 ) 5 Ay hT g AT oA

Sg o3 (T 33 )41 A 31 53R00 W 30Rs3
Examining the six equations (41-46) for the qualitative effect of
large controller gains, it can be seen that the control laws do not
affect equations (41) and (42). For proportional control of the

reactant concentration, J31=(—KC/FCSS) (Yl-Xl) which is always posi-

tive for values of Kc>ﬂ. Equation (42) is weakened by a large J 31

especially as this increases the value of S_. Equation (45) is

7

strengthened by a large J31‘ so that the overall effect is that the
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condition for asymptotic stability is reinforced for certain values

of the controller gain and weakened for others. I3 is increased for
large controller gain for the control law of equation (16) and Jq,is
reduced to zero. This has a mixed effect on S7 and increases values

of §, while reducing that of Sge Since equations (44), (45) and (46)

are off the principal diagonal of the matrix -(J'A+AJ), large in-
creases need to take place in order to influence the eigenvalues of
this matrix. A range of gains for stabilizing unstable systems for
different control laws is given in Table 3.l. These clearly confirm
the fact that control laws 16 and 17 need smaller controller gains
than control law 18. A quantitative expression of the relative areas
of stability for different controls are given in Table 3.2 with the
upper half of the symmetric matrix A constructed using Lyapunov's
functions. Having evolved the required mathematical representation
for the sfstem under study, -the next stage will be a review of the
tools that will be employed for both the experimental and theoreti-

cal study and this is the basis for the next chapter.
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TARLE 3.1 STABILITY OF SYSTEM FOR VARIOUS GAIN VALUES FOR
DIFFERENT CONTROLLER BQUATIONS.

| OONTROL |REACTOR|STABILITY | MAGNITUDE  OF CONTROLLER  GAIN |
l | |of steady | : |
|equation|munber | state | and effect on stability. |
|I 16 I 1 i unstable } unstable for all range of values. |

|
|7 16 [ 2 | unstable | unstable stable unstable |
I | | | g 3E—5 ——memm === 3 . 61 E=5 > |
| 17 [ 1 | unstable | unstable stable & oscillates. |
| I | | g——————>3,75E-06 >2.0 |
i Y [ 2 | unstable | unstable stable & oscillates. |
| I I | g——————>2.29E-06 >2.0 |

TABLE 3.2 REGION OF ASYMPTOTIC STABILITY FOR DIFFERENT CONTROLLER
BEQUATIONS AND VARIOUS GAIN VALUES.

| REACTOR | STEADY [ CONTROLLER |

| VOLUME |RATIO OF

|
I | statelgain(ke) &l MATRIX | | controlled/ |
Inunber |number |equation | | enclosed|uncontrolled |
| [ 0.9902 ©0.0380 0.0243 | | |
| 1 | 1 | 2.0 | 0.0829 ©.0471 |1.42E-4| 1.0 |
| I | | 2.0504 | | |
| I | [ 0.3252 0.1850 ©0.1015 | | |
| 2 | 1 | 9.0 | g.1811 ©.2923 |6.55E-04| 1.0 I
| I | I 0.0749 I | I
| I | [ 0.1888 0.0357 0.0057 N I
| 1 | 1 | 5.0e-05 | 3.1120 9.9173513 49E-P4| 2.46 |
I | | 18 | 2.0772 | | I
I | [ [0.2168 ©0.0341 @.0086 | | |
I i | 1 | 5.0e-05 | 2.1755 -3.2190 |2.1E-93 | 14.8 I
| | | 16 | 3.9597 | | |
I | I [ 0.2566 ©.057/8 0.01357] | |
| 21 | 1 | 5.0e-05 | 2.4119 -0.0368 |5.5E-04 | 3.87 |
I I | 17 | 2.9585 | | |
| I I [ 0.5619 ©.2397 0.0491 | I |
| 2 | 1 | 1.0E-94 | 1.8453 -0.0782 |9.72E-04| 1.49 I
| | | 16 | @.1292 | I |
| [ [ [ 3.1989 ©.3499 0.0037 | [ |
| 2 | 1 | 5.0E-95 | ?.1129 ©.9121 |2.76E-24| @.421 |
| I | 18 | 2.9219 | | |
| [ [ [ 0.2000 ©.9277 ©.0078 | | I
| 2 | 1 | 4.0E-24 | ?@.1345 -@.9119 |1.5E-@3 | 2.29 I
l I | 16 | 9.0589 | I I
| | [ [ 0.2028 ©.0578 0.09136 | T |
| 1 | 1 | 1.0eE-94 | @.1755 -0.919¢0 |2.36E-04| 1.67 |
| l | 18 | . 0.0597 | I |
I I I [ §.2440 ©.0687 0.0167 | I l
| 1 | 1 | 2.0e-94 | 9.7991 -0.0499 |8.6E-03 | 6.05 |
| | | 17 | 2.2489 | I |
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CHAPTER FOUR

EQUIPMENT AND COMPUTER SYSTEM

4.1 Introduction

The experimental assembly consists essentially of two modular units.
The plant module wherein the actual experiment is taking place and
the supervisory and control module which is the Honeywell 316
camputer. These two are interfaced through the Honeywell Analogue

Digital Input Output System (HADIOS).

In modifying and expanding the plant which was used in the research
thesis as described by Mukesh(19), two essential factors were taken
into coonsideration:-
i) equipment set-up and operation were to reflect actual
industrial plant application and
ii) cost of additional hardware was to be minimized without
sacrificing the appropriate operational technique or ac-

- curacy of results obtained.

In keeping the cost of this research low, water was used as reactant
and product medium and its characteristics were used for modelling
reacting species; the actual reaction kinetics and the mass balance
were therefore part of the software in all the experiments. While
flow rates and temperatures were monitored on the plant which _j.s -
schematically displayed in figure 4.1, the vélues were oonditmned
and relayed to the Honeywell which after executing scme oor;‘elations

or algorithms for the mass balance and required controller setting
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in turn sent out digital values which were converted to analogue

signals for heat of reaction generation or control of flow rate.

4.2 Description of Equipment

The prominent features of the experimental plant were two cylindri-
cal copper reactors connected in series in which the reactions took
place. Each of these feactors had a concentric copper insulating
jacket enclosing it. The reactors were supplied with water from one
of two feed tanks and a solenocid valve arrangement in the pipe line
controlled the flow fram either tank, with the discharge from the
first reactor being feed to the second. An overflow pipe in each

reactor maintained a constant volume of 9.61731113 and stirrers within

them ensured uniform temperature and concentration. Heat losses were
minimized by having insulating material between the concentric walls
of each reactor and its jacket and wrapped on the outside of each
reactor and connecting piping. Immersion heaters fitted to each of
the reactors simulated reaction heat, each set being controlled by a
unique analogue output channel. Water fram two large feed tanks was
pumped through a copper cooling coil in each reactor, the flow rate
being manipulated through a process control valve. Temperatures of
liquid into and out of the reactors and cooling coils were monitored
by eight Camark thermocouples arranged in two groups, readings being
taken via the Thermocouple Interchange Box by addressing one of two
analogue output channels. Rotameters placed strategically along the
flow path of the liquid streams indicated flow rates which were fed
manually into the camputer as the need arose. A switch panel on the

plant offered control of individual or groups of similar electrical
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items and a ‘'sudden death' switch for shut-down in case of an
emergency. While the operation of same of the equipment was self-
evident, a detailed description of some other parts and their

operational ranges is necessary.

4.3.1 Process Control Valve(47)

The two pneumatic control valves were manipulated by the same air
supply lines and arrangement of D/A, V/I and I/P converters. This
was made possible by the attachment of a solencid valve to the in-
strument air supply line of each of the control valves, and the
loading and unloading of the latter was preceded by the excitation
of the former through cne of two analogue output channels. The con-
trol valves were fitted with valve positioners to reduce the reset
time and hysteresis. Digital signals fram the camputer in the range
@-32767 were converted by D/A converters to analogue signals in the
range @-1@volts. A V/I converter then translated this signal to cur-
rent in the range @-20mA DC and the latter was subsequently
converted to a pressure signal in the range @-15psia by the I/P con-
verter and a flapper-nozzle mechanism provided the means of
controlling the pneumatic output which was applied to the top of the

diaphragm. A correlation was developed between the voltage range and

the rotameter range (6-1.67)x16 'm>/s and this had to be
'récallibrated often to forestall any drift in the settings. The valve
:;_:':olsiticxl had to be calibroted using the following procedure:-

| i) Shut off the supply pressure to the positioner, Connect the

necessary tubing from the positioner output to the actuator
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pressure connection. Connect instrument pressure to the
positioner and set the instrument pressure at midrange.

ii) Move the flapper to approximately position 6 in the proper
operating quadrant and apply supply pressure to the positioner.
The actuator should move close to its mid-travel position. If
it does not, first check for loose linkage or improper cam
installation.

iii) Apply an instrument signal equal to the low value of the in-
strument pressure range. Adjust the nozzle until the actuator
strokes to the proper end of its travel.

iv) Apply an instrument signal equal to the high value of the in-
strument pressure range and cbserve the actuator stroke. If the
actuator does not stroke to the opposite end of its travel, in-
crease the travel by moving the flapper towards a higher
number .

v) Repeat steps (iii) and (iv) until the correct travel is

achieved.

4.3.2 Immersion Heaters

Three 3kw immersion heaters in each reactor were controlled by a
thyristor assembly and two analogue output channels. The thyristor
unit consisted of two thyristors arranged in inverse parallel form
and sent current pulses to the immersion heaters when triggered. The
power emanating from the heaters was inversely proportional to the

trigger angle which was related to the voltage supply and heater

resistance by P = Vz(z -oGt+ sin2oc)/ (ERl )
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The digital signal output by the camputer was related to the trigger

angle as D =32767(%-cc) /%

4.3.3 Thermocouples and Interchénge Box

The thermocouples were connected to eight anchors on the
ﬁmmles Interchange Box (TIB) arranged in two groups, the box
containing wetted reed relays facilitating alternating contact be-—
tween the two groups, switching from one group to another by
addressing either of the analogue output channels which connect that
set to the A/D converter. The analogue signal fram the thermocouple
was amplified five-fold to a signal in the range @-5v and then con-
verted by the A/D converter to a number in the ra'nge P-1023. A
linear correlation was developed between measured temperature and
its digital equivalent. Regular recalibration of the thermocouples

was necessary if used over long periods as errors accumilated due to

thermal emf and noise in the relays.

4,4 The Honeywell 316 and the Hadios Data Acquisition System
The data acquisition and manipulation system was comprised of the
following three hardware units:

i) A Honeywell 316 digital camputer and its associated peripherals
ii) A Honeywell 316 Analogue Digital Input Output System (HADIOS)
iii) A remote signal conditioning box

4.4.1 Computer and its Peripherals (48,49,50)
The basic Honeywell 316 minicomputer includes a main frame and a

control panel mounted on a rack cabinet. Integrated circuits are



used in its construction for system reliability and dense packaging
and the camputer is a stored programme, parallel binary type using a
two's camplement machine code to shorten camputation time. The sys-
tem memory of size 32k is a high speed, digital storage device
capable of storing a maximum of 16 bits of information in 8k of ran-
domly accessible locations. Some of its characteristics include a
;nwerful 72 instruction repertoire, high speed arithmetic unit op-
tion, indexing, multilevel indirect addressing, a real time clock,
interrupt line and interface ‘1ogic for camunication with peripheral
devices. The computer system is designed for real time systems ap-
plications involving on-line control, data logging and formating,
process monitoring and message switching. The system software avial-
able makes it possible to run source programmes in BASIC-16, FORTRAN
IV, DAP-16 or any mixture of these in separate subroutines on the
camputer. In addition to its standard devices, the following addi-
tional peripheral devices were used:-

i) A High-Speed Paper-Tape Reader operating at 200 characters per

second.

ii) A High-Speed Paper-Tape Punch operating alt 75 characters per
second.

iii) A Magnetic Tape cassette unit for input and output of 375 bytes
per second.

iv) A Newbury 8006 camputer terminal operating at a baud rate of
9600. This VDU has four different modes of display, ranging
from standard characters display to graphics modes. Some keys
on the VDU console are programmable and deperﬁxng on mc}'; are

set, any of the four dz.splay modes is accessed.
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4.4.2 Honeywell Analogue Digital Input Output System (HADIOS)
The Honeywell Analogue Digital Input Output System which consists
basically of a controller connected to input-output data highway and
control lines of a camputer is an extremely economic and flexible
method of interfacing the camputer to a wide range of input-output
devices on-line. The controller generates subsidary data, addresses
and controls up to fifteen analogue or digital sub~interfaces, and
the latter can be increased by addition of as many as seven extra
controllers. The highway controller contains interrupt mask circuits
which enable the system to operate under interrupt control. Fram the
several standard subinterfaces included in the HADIOS system, the

following two only were used:=—

(i) High Level analogue inputs:
This subinterface consists of a single channel analogue to
digital converter (A/D) with 1@-bit resolution, that is con-
nected to two sixteen channel multiplexers which individually
enable uni-polar analogue signals to be converted to decimal
nurbers in the range 0-1023.

(ii) Digital Output:
This subinterface has sixteen parallel output lines and
analogue signals can be sent to an equivalent number of
analogue channels via a digital to analogue (D/A) converter
which utilizes twelve of the sixteen-bits for data transmis-
sion and the other four for analogue channel identification.
The digital output corresponding to the range 9-32767 is con-
verted to analogue signals in the range 0-10v. Using a
multiplexer, sixteen analogue channels (@-15) are provided on

46



0M] Yue] J03IedY - 9 *4DIJIAUOY [/A - G :dUQ NUBL JOIJRAY - p ‘3A[RA
[043U0) $S3J044 - ¢ *Syue) A(ddng prnbty Bujploo) - 2 f|dueqd YdIIMS ULRY - |

xperimental Plant

-
-

The

PLATE 4.1







TR LALL

PLATE 4.1 The Zxperimental Plant

48



: -9 ddng 41y - G $J3JJIAUO) /I - ¥
*JIPJ029Y JJdey) d4njesadwa) - £ toM] jyue| Jojdeay - 9 ‘dupq A
ummogw 24nssatg - ¢ ‘soydnodcwaayy yJewo) - 2 xog abueyduaju] sadnodouwsdy] - |

PLATE ‘4.2 The Experimental Plant

NS






*AIPJ029Y JJ4RY) d4njeuadwa) -

PLATE 4.2 The Experimental Plant



J3jutdg 0168 Aangman - 9
‘NOA 0008 Aungmay - G *A|ddng 43m04d SOIQYH - ¢ *3tun 2de| 3yasse) - ¢
t493ndwodjuiW 9ICH (1IMAUOH 2yl - 2 t3jun Isyp Addogy nOLE 3V - |

3 The Honeywell H316 Minicomputer System: ..

-

L]

PLATE 4

. e
.

a4
F

-

@ad Peripherels

50

=N

BT —. Y



4-~dnc.‘4. p

i sam iy J




- Newbury 8000 VDU;

%
W
-
|
=9
E
o
L)
=
=
“
)

PLATE 4.3 The Honeywell H316 Minicomputer System
50 ead Peripherale -




Tig 4.1 SCHEMATIC DIAGRAM OF PLAN] L COMPUTER SYSTIM INIERFACIOD - ‘

MERMOCouUrLES
INTERCHANGE BUX

-

e

TS 220 AMPLIFIERS el g ngig g

T -——-

- e e = e e o aw S wm  wm w  ——
e e S e e = S

o W wmm e wm = e e w w w wm — ———  —

-
. b

et T TR R e Rkl e |
]
1

HONEYVIELL - u,_.

ANALOG DICITAL
INPUT QUIPYT
SYSTEm

ST

HONEYWEIL =318
COMPUTER

HO
013

¥ 1
]
v,

J i
Z..J_
xk |

- - -

(PP
TAP
RIA

I _rc.J
SUAl

W,“”f m“_w_v;-

N1

r;nu TArg

READER/ACCORDER

A
A

PR 1

PE PUNCH

REACTOR

1

e - " -

co

HERTERS

v/0D
NVERTERS ~

— ﬁzp:snaz

on E3
UNIT [E2

[ 1

REACTOR
GNE

J -

)

|
-

e

- - - =l

!
==l
1
1

pr———

‘AR

]
mmcs

i

ny

=SOLENDID
VALYE
ASSEMBLY

e s W e s

51



CHAPTER FIVE

ON-LINE SOFTWARE DEVELOPMENT

5.1 Introduction

The development of software for interfacing and controlling the ex-
perimental plant from the Honeywell 316 computer was the most
intricate and time-consuming aspect of this research. Different
problems were encountered which did not exist in off-line comput-
ing,the least of which was understanding the DAP-16 command
repertoire. In off-line camputing where total simulation of the sys-
tem was involved, the digital range of the Harris 80d camputer is
very large and not easy to breach while the same cannot be said of
the Honeywell camputer, and this led to corruption of core resident
programme in the Honeywell and needed reloading. It was necessary
and mandatory that the control camputer should have the ability to
cammunicate effectively and efficiently with the process instrumen-
tation and control equipment and have the capability to operate upon
data fast enough to provide effective control action and, as ex-
plained in the preceding chapter, the Honeywell 316 fulfilled these
requirements adequately. Since the control process involved many in-
terrelated variables énd required extensive data reduction and
logging, camplex calculations for advanced control algorithms or
models, the first requirement in building up the operating programme
was to set up a logical hierarchical structure for programming these
stages. The Honeywell 316 has a maximum memory size of 32k words for
loading the core resident programme and working storage and this re-
quired a streamlining of the numerous subroutines to occupy as small
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a memory space as possible. While there was enough provision for
swopping of part of the core resident programmes at any time of
plant operation for programmes from qther storage devices like
floppy disks and magnetic tape, problems associated with overwriting
core resident programmes do arise, the most praminent of these being

the waste of time.

Subroutines with numerous calculation steps had to be executed in
the shortest time possible, with the input and output of data being
accamplished in like fashion, so that the scanning of the different
measuring equipment was done with the same regularity. The need for
the central processing unit to communicate with several devices at
once, and also to perform camputations at the same time required it
to be capable of simultaneous or essentially parallel operation,
which the Honeywell 316 is incapable of. In order to reduce execu-
tion times of these large subroutines, they were written in a high
level language, viz FORTRAN or Assembly language (DAP-16 is
Honeywell 316 dependent), and campiled before loading into memory,
and they could then be accessed fram the BASIC executive. The BASIC
executive shared same of its library subroutines with the compiled
subroutines so as to minimize storage memory. The BASIC executive
needed a core resident interpreter and this comparatively slowed

down the execution of the BASIC programme.

Input and output operations were reduced to the barest essential
minimum as the peripheral devices like the paper tape punch normally
operate at slower speeds then the CPU and made a significant con-
tribution to the lengthening of intervals between scans. The
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interval or dead time between sending out successive analogue sig-
nals to control valves had to depend more on their reset times and
this was taken care of in the form of executing dummy routines, as
too fast emission of these signals without due regard to the waiting
time would have resulted in muddled settings for the different

valves.

The essential software consisted of seven subroutines written in DAP
16 and FORTRAN and accessed from the BASIC main programme. These
subroutines performed various tasks like input and output signals,
simulation, graph plotting and other house-keeping tasks for the

smooth execution of the programme.

5.2 HADIOS Executive ' "

The first three subroutines which are in Assembly Language (DAP 16),
are the embodiment of the HADIOS executive, which as used in this
research is a modification of the one listed in Webb's thesis(51).
Subroutines 1 and 2 which indicate the initiation, execution and
termination of the scanning of the various analogue input channels
and are always used in tandem, retain their original form. These
subroutines make use of the camputer clock to maintain a fixed scan-
ning interval which is user specified. Subroutine 2 causes the
programme to wait for the next clock interrupt if all scans re-
quested have not been successfully campleted or else the scanning
process is terminated and the programme continues execution of sub-
sequent instructions. Subroutines 4 and 5 of HADIOS EXEC 02 were
deleted to create more memory space for other programmes as these
were not needed and subroutine 5 became subroutine 3 of the present
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version of HADIOS EXEC @3. Subroutine 3 sends out digital input to
the specified analogue output channels without waiting for a clock
interrupt. The address table was modified to reflect the above
changes and the HADIOS executive was campiled and loaded into memory
location '25000 and extended to address '26777. In the event the
computer interrupt facility was not used as the turbine flow meter

became faulty and was therefore removed fram the plant.

5.3 Utility Subroutines

The next two subroutines (4 and 5) in the software package were also
written in assembly language and these requlated the cammnication
of the camputer with the peripheral devices. Both subroutines appear
in Mukesh's thesis(19) and only slight changes were made so as to
provide campact loading into camputer memory. These subroutines per-
formed the following functions:-

i) Sent output data to the visual display unit or high speed paper
tape punch or magnetic cassette by setting or resetting sense
switch 4.

ii) Punched leaders on paper tape to separate different sets of
-results.
iii) Started and stopped the camputer clock after execution of cer-

tain instructions and gave the elapsed time of each stop.

5.4 similation Subroutines

There are four FORTRAN subroutines, three of which represent the

reactant and product concentration in the system at unsteady states.

The first of these subroutines is the precusor of the other three

and acts as the control subroutine with options from the main BASIC
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programme for accessing any of the other three. This subroutine only
is represented on the Basic CALL address Table and transfer of vari-
ables between Basic and this control subroutine is facilitated by
the argument transfer subroutine F£AT, the latter being loaded fram
FORTRAN library subroutines. Unlike in Basic where declared vari-
ables are avatlable to both the main programme and its several GOSUB
routines, a COMMON BLOCK statement is needed in Fortran for the same
variables to be made available to each of the subroutines. A Fourth
order Runge-Kutta method is used in integrating the differential
equations and the integrating step is the time elapsed between two
successive calculations,. the recorded temperatures and flow rates.
being made available through the CALL arguments. Since all the can-
piled Fortran subroutines did not fit into one sector of computer
memory, enough space (Base) had to be provided for intersector
linkage and _this was a tedious trial and error job.
5.5 Graphical Subroutines
The graphical subroutine as called from Basic is a combination of
several - Fortran subroutines grouped together to produce patterns on
the screen. As the Newbury screens do have different character and
graphical display options, auxiliary subroutines were needed to
programme the keyboard to effect a change to the right display mode
before characters or pictures were drawn. Digital and graphical dis-
play of some results alternated with each other on the screen.
Labelling of screen pictures was not included as this would have
needed loading more subroutines in camputer memory and an increase
in execution time and since the pictures were used merely to monitor
the overall progress of each experiment.
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5.6 On~line Basic Programme

The Basic On-line programme co-ordinated to the Basic Executive,

HADIOS and the other aforementioned Fortran subroutines to achieve a

smooth control of the experimental plant. Having set the relevant

HADIOS parameters, the programme scanned the analogue input channels

and using flow values input manually from keyboard calculated the

dimensionless variables in the model equations. Correlations

developed for flow rates and control valve scale were used in set-

ting the latter. The computer clock was started and the following

cyclic operations were executed as the reactions progressed through

the unsteady state in search of a steady state.

1. Scanning the input channels and calculating temperatures.

2. Integrating the mass balance equations.

3. Calculating the reaction heat release and sending appropriate
signals to the immersion heaters.

4, Outputing results to paper tape punch or display on VDU.

5. Plotting reactor temperatures and concentration against time.

The above process was terminated when the temperatures and con-
centration of masses were constant over a period and these steady
state values were recorded. The next stage dealt with the introduc-
tion of disturbances into the system and its transient response to
different control strategies. A control strategy was selected from
the control menu and a disturbance was input fram the keyboard if it
was a mass disturbance or else the heaters in feed tanks were set
for heat disturbances. The following tasks were then performed:-

1. Scanning the input channels and calculating of temperatures.

2. Integrating the transient response mass balance equations.
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3. Calculating reaction heat release and sending of signals to im-
mersion heaters.

4. Calculating coolant flow rates for the control strategy on each
reactor and setting control valves to reflect new flow rates.

5. Outputing results to paper tape punch.

6. Plotting reactor temperatures and concentration against time.

The above steps were executed repeatedly until constant temperatures
and concentrations were attained before the programme stopped. In
cases were the coolant flow rates required for a particular control
strategy exceeded the maximum flow rate available on the plant, the
programme printed an error message on leaving and could only be
rerun fram the unsteady state. While every effort was made to reduce
the time between successive scans in the transient response section
of the programme, the setting of the control valves used up substan-

tial time as the following execution times show:

a) Scanning of channels 1 sec
b) Executing simulation routines 2 secs
c) Executing graphics routines 3 secs

d) outputing results to paper tape = 2 secs
e) Setting of one control valve 4 secs

f) Setting of both control valves 7.7 secs

In setting both control valves in succession a time delay was needed

in order that the analogue signals did not get mixed up and produce
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inaccurate settings. This time delay, which was the minimm per-
misable by the electrical arrangement, was more than the total time

for simulation,scanning and executing of graphics routines.

5.7 Basic Interpreter
The Basic=-16 Interpreter is the Honeywell version of Basic for
series 16 machines and is an interactive High-level language with a
simple command repertoire. The campiler is interactive and all con-
stants are stored as floating points.-When used with FORTRAN
subroutines in which a distinction has to be made between real and
integer variables, conversion has to be made in the FORTRAN
subroutine. In addition to the usual GOSUB routines, there is provi-
sion for CALL statements which enable FORTRAN or DAP-16 subroutines
to be accessed from the main BASIC programme. The general form of
the CALL statement is:
CALL (L,S1,52,¢¢44.,5n,V(d))
where L is the subroutine reference number
and S1,S2,......,5n,V(0) are arguments to be passed to the sub-

routines called.

A maximum of ten subroutines can be accessed with the starting ad-
dress of each being loaded into a reference table that occupies
location '516-'530. When subscripted variables are passed as argu-
ments to FORTRAN subroutines, the first subscript in Basic is
numbered as zero while in Fortran the first member of an array is
one. Special care is-taken when these.arrays are dimensioned in both

Fortran and Basic.
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In the Basic on-line programme for this research, the different sub-

routines called and their arguments are described in Appendix 2.

5.8 Preparation of Software Tapes

The writing of subprogrammes in languages other than Basic is the
first stage in preparing subroutines accessible  from Basic. The
source Fortran (DAP-16) tapes have to be campiled (assembled). The
compiler (assembler) is a system programme that converts High-Level
(symbolic assembly) language into machine code. The compiling
(assembling) process involves setting of the A-register for selected
Input/Output bit pattern and sense switches and the campiler is able
to detect coding, typing or printing errors and send out diagnostic
messages whenever these are encountered. Using OBJCHOP, another sys-—
tem programme, the object Honeywell 316 subprogrammes are
selectively grouped for easy subsequent loading into any of 32
memory sectors. Self-loading system tapes (SLST) or ones which can
be loaded using the key-in loader and a two-part self-contained
loader have to be prepared for the core resident programmes; this
reduces the subsequent loading of memory to a case of merely enter-
ing of 1 in P-register and pressing the START pushbutton. All the
object tapes are loaded into memory by a relocating loader (LDR-APM)
and then punched out of memory by the punch and load (PAL-AP)
programme. After PAL-AP has been directed to an output device and
the limits of memory to be dumped have been set, it dumps the two-
part self-contained loader that is used to supplement the key-in
bootstrap at programme load time and whatever is contained in com-

puter memory within the set limits. In between loading and dumping



onto tapes a memory map of the loaded programme is obtained and is
recorded in Appendix A.l.8.

5.9 Conclusion

A review of the Honeywell 316 software relevant to this research was
discussed together with a summary of the user constructed package
for running the plant on-line. A detailed description of the locading
procedure and the making of SLST tapes was left out as these can be
obtained fram several of the referenced user booklets. Although this
was not described as a separate subroutine since it was not acces-
sible from Basic like other CALIABIE routines, there was a pointer
subroutine whose main function was to make available to the Fortran
programmes the addresses of certain functional routines cammon to
both Fortran and Basic. This eliminated the need for loading these
routines from the Fortran library. The final, campact package as-
sembled was versatile enough to accommodate the different
sophisticated control strategies applied to the system and how the

experiments were carried out is the subject of the next chapter.
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CHAPTER SIX

EXPERIMENTAL STUDIES

6.1 Introduction

The experimental studies on the plant were the means of verifying
the applicability or otherwise of the total simulation of the system
implemented on the Harris 80@ mainframe camputer and also to make a
qualitative camparison of experimental and simulated results.
Though this in itself was not totally experimental as the mass of
reactant and product components had to be simulated on the
Honeywell minicamputer, the reaction heats released, flow rates and
monitored temperatures were as real as would be found on any scaled
down industrial equipment. Each experimental run consisted of two
sections, a run up to the steady state and transient response to
disturbances applied to the steady state of the system under dif-

ferent control strategies.

wWhile most of the experiments were carried out with each reactor
having an independently controlled coolant stream, the advantage or
otherwise of using a single cooling stream flowing counter-currently
to the process feed stream was also investigated. The stability im-
plications to each of the reactors were also studied for the various
control strategies and coolant flow arrangements. This chapter out-
lines the type and range of experiments conducted. The details of

the individual experiments are set out in chapter 8 and Appendix 6.2

6.2 Run Up to the Steady State
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a = Concentration of reactant versus time graph in Reactor 1

b = Concentration of reactant versus time graph in Reactor 2

c = Temperature versus time graph in Reactor 1

d = Temperature versus time graph in Reactor 2

Sample output of experimental run from start-up to steady state.

Fig. 6.1
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Depending on the existing tap water temperature, different process
feed flow rates were set manually and with a fixed feed concentra-
tion the experiment was run to its steady state value, the latter
being attained when the concentration of product in the second reac-

tor changed in two successive scannings by less than 2xlﬂ_5% of the

final product which was at an operating level of the order of

lE!.Skg/m3 . For counter-current cooling of both reactors, a change in
the flow path of the cooling liquid was made by closing and opening
certain flow valves, but change in location of thermocouples was 'novt
made as these were strategically placed to monitor temperatures in
flow routes. The process feed rate had to be cbserved throughout the
run to make sure it was constant and slight manual modifications
were made to maintain it at the required value. The cooling liquid
flow rates were intermittently reset to arrest any drifts in their
values. The reactors' reactant concentrations and temperatures were
displayed on the VDU between scans, a copy of a typical run being
shown in figure 6.1 (page 63). Two methods were used to reach the
steady state. In one case the system was allowed to run its course,
the only heating caning from the reaction heat; this took a long
time (on average 5@minutes). In the second method, .vmich on average,
tock 15 minutes, hot water was introduced into the reactor before
reaction started and this high temperature accelerated the reaction
rate. For such 'quickie' runs, the criterion for attainment of
steady state was tightened to a tolerance half the value of a normal
run. In a normal run using the first method, reactor one usually got
to its steady state before reactor two, but for a 'quickie' run a

careful observation was made such that the second reactor did not
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satisfy the stated tolerance for steady state before the first
reactor. It was observed that in cases of liquid hotter than the
steady state temperature of the first reactor being introduced into
it, a higher conversion than the steady state value was obtained for
same time. This overshoot was then eliminated as the reactor cooled
to its steady state, thereby taking a longer time than usual.The

temperatures of the process feed and coolant streams for most of the

experiments was below 14°C. on warm days when the tap water tempera-

ture was above this figure, a high flow rate of cooling water was

needed to get a steady staté temperature of reactor cne below 20°c;
this in turn reduced the range of cooling liquid available to imple-
ment control on either reactor if,say, a step increase in
temperature were introduced. Such runs for inlet flow temperatures
far in excess of this value were unsuccessful and were consequently

discarded.

6.3 Transient Response of Controlled System
The input of temperature load disturbances was done manually by
turning on the heaters in tﬁe feed tanks and adjusting the rheostats
for the appropriate heating rates or sending a hot water stream into
the feed tanks.
The disturbances introduced into the steady state were:
(i) Step change in feed temperatures by switching on heating coils
in feed tarnks.
(ii) Step in coil temperature by sending hot water into supply

tanks.
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(iii) Perturbation in reactor or coil temperature by the addition of

hot water to the appropriate feed tarks.

(iv) Step or perturbation in reactor concentration by feeding the

disturbance value into the camputer programme.
On days when there were freak weather conditions, changes in tap
water temperatures were utilized as load disturbances. Step in-
creases in feed temperature and concentration were applied only to
reactor one as the second reactor took its feed fram the first and
its inlet was inaccessible. While step changes in feed reactant con-
centration were instantaneous, it took 1-2 minutes for changes in
temperature to reach the maximum values. Whenever step changes in
feed temperatures were implemented, the process flow rate had to be
kept constant by manually adjusting the flow valves.
The flexibility of the digital computer as a controller was ex-
ploited to generate different control strategies, which is not
possible with analogue controllers. These latter would have needed
part or total replacement as different strategies are implemented.
Due to the trial and error nature of tuning PID controllers and the
sensitivity of the derivative mode to process or measurement noise,
only ideal proportional controllers were used in the experimental
runs.
The control schemes implemented for these disturbances by manipula-
tion of coolants rates were as follows and are shown ‘in block
diagram on page 347:

(i) Proportional feedback control in reactor one of:

a) reactor temperature at outlet

b) coil temperature at outlet

c) reactant concentration at outlet.
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(ii) Cambined proportional feedback and feedforward control in

reactor two of:

a) reactor temperature at outlet

b) coil temperature at outlet

c) reactant concentration at outlet
Also simultaneous invariance type control in reactors one and two of
reactors' temperature at outlet:
The disturbances applied to reactor one for this control scheme
were:

a) step in reactor inlet temperature

b) step in coil inlet temperature

c) step in reactor inlet concentration

d) steps in reactor and coil inlet temperature
Only disturbance (b) was applicable to the second reactor as it
received disturbances in the other variables from reactor one.
Block diagram representations of these control arrangements are
given on page 346.
Responses of transient studies were punched on paper tape for sub~
sequent transfer to the Harris camputer for plotting of graphs and
on-line displays of both reactors' concentrations and temperatures
were done simultaneously. The calculations and display of results
were reduced to the barest minimum so as to reduce time between
scans. The resetting of process cantroll valves was the major time-
consuming routine between scans,taking up about 50% of t.h.e 16
seconds interval. Sampling of responses was carried on for over 30
minutes in each experimental run. In runs where the cooling water
demand exceeded the valve's maximum, the computer printed an error
message and the run was aborted. This was found more likely to occur
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when large load disturbances were introduced or large controller

gains were applied.

6.4 Stability of Open and Closed lLoop System

The stability of each of the controlled and uncontrolled reactors
was established by applying step disturbances to the steady state or
by starting from an unsteady state and observing the direction of
movement of the response, that is, whether this was towards an open—
loop stable state, a closed-loop stable state or an unstable steady
state. In cases where the reactor was moving away fram a particular
steady state, the demand for control action became cbvious and how
easily it was restored to its initial steady state depended on the
type of control applied, the controller gain and the parameters for
the system. The controller gains and other parameters for the ex-
perimental runé, were chosen as far as possible, to be the same
values as used for the total simulation so as to have a cammon basis
for comparing the results of the two methods later, and also the

need to keep the system in a controllable range.

6.5 Conclusion

The above documentation has described the control schemes imple-
mented on each of the reactors experimentally and the disturbances
whose adverse effects these controllers were supposed to minimize.
With the description of the total simulation being the obiject of the
next chapter, the stage will then be set for the camparison of both

results.



CHAPTER SEVEN

TOTAL SIMULATION OF THE PLANT

7.1 Introduction

The total simulation of the plant was carried out on the Harris 800
mainframe camputer with no constraints on alloted user memory space,
a large library of subroutines and throuch an interactive FORTRAN 66
programme described in much detail later. This simulation provided
the testing ground for some of the control strategies which were
later applied on the plant. Scme of the control modes like decou-
pling control, though not implemented on plant due to the need to
know the temperature profile of the cooling coil, were easily ap-
plied in this simulation due to the ease of calculating the
intermediate temperai:ure values. As mathematical instabilities in
the calculations were encountered when the system of differential
equations was numerically integrated using long step lengths of time
corresponding to scanning intervals, short step lengths which do not
correspond to intervals between two successive scans on the plant
were used in the total simulation. This mathematical instability is
a consequence of the large difference in residence time constants in
the reactor and the cooling coils, resulting in one coamponent of the
solution decaying much faster (a feature of stiff system) than the
other two. Thus the eigenvalues of the Jacobian matrix show one of
the three values to be more than twice the sum of the other two.
The camplete model includes the chemical process, the measuring ele-

ments and the final control element, the time lags associated with
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measuring elements in their transfer functions, the transfer func-
tions of control valves and the characteristics of P/I, A/D and D/A
converters. Thus the model equations used for the total simuilation
are a modification of the camponent mass balance transient equations
and the heat balance transient equations for the reactors and cool-
ing coils as set out in chapter 3 plus additional dynamic equations
representing the thermocouples and control valves. Parameters like
volumes of vessels, flow rates, heat transfer coefficients and
others were taken.fram the experimental plant after averaging values
of several readings or measurements. The following assumptions in
addition to those stated in section 3.2 were made in formulating the
ocmpléte plant model equations:

(a) The temperature of products from first reactor is the same as
the inlet feed temperature into the second reactor, emphasizing
the negligible heat losses fram the system.

(b) The time lag between products leaving the first reactor and
entering the second is neglected due to the small diameter
(9.0022m) and short length (2m) of the connecting tube and the

high flow rate through this tube (about 4x10_4m3/sec).

(c) The transfer functions for the thermocouples ard control valves
are first order with the time constants given in Appendix
4.5.(page 127). The gains of V/I and I/P converters are coambined
into the valve transfer functions.

(d) The time delay in the release of reaction heat was neglected.

(e) Sampling time during each run was constant.

(f) Noises entering the system via A/D and D/A conversions and due

to drifts in electronic camponents were neglected because these
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were small. Their effect was minimized by taking several rea-
dings during each scan and averaging these for the actual
reading. Installation of analogue and digital filters would have
reduced the noise but this would have added to the equipment
cost. At zero scale reading on the rotameter some liquid still
seeps through the control valve into the cooling coil and this

is also neglected in the simulation.

7.2 Model Equations of the Plant
The schematic representation of the plant given in figure 4.1 is
represented by the following nondimensional equations as applied to

the first reactor :

Camponent balance
(¥, =X, ~DaX, exp(X, /(1+<x,)) =X /at" (41)

Energy balance

Reactor
%* * * * n
(05 a0 exp /(1)) (/) (- ), macyfae’ (42)
Cooling coil
X3,1 = ((Y;-X3‘1)+(pc/n) (X;—Xa'l)n:t_-':/tc | (43a)
%y 5 =((X3 ;X3 )+ /) GX; H)ne/s,  (43p)
%, =((Xy, K5, )+Ee/n) (GK; ) Ine/e, | (43¢)
Measuring elements
SR AR 2 - (44a)
* *
G (0¥, /AL I =T, (44b)
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tm(dxz*/dt' )+X;=x2 (44c)

#* *

tm(d:'(:i,n/dt'|I )+x3,n=x3,n (44a)
Control valve

tv(chact/ gt )+Fcact=Fccal (45)

At steady state, equations (44a-45) cambined with equations (41-43c)
will be equivalent to equations (5-7c).
A set of similar equations applies to the transient state of the

second reactor.

7.3 Canputer Programme

The user-friendly camputer programme written in FORTRAN was run in-
teractively and not only simulated the plant but entailed sections
for calculating steady state values and determining their stability,
calculating of Lyapunov's functions and plotting of both simulated
and experimental results. The constraints imposed on the system by
its parameters are taken care of in the writing of the programue
with error traps inserted to stop any ridiculous results being out-
put due to input and acceptance of faulty data. These error traps
are especially useful as it was experienced that for bulky
programmes some undefined variables or parameters often obtain
default values and the error analysis software of the operating cam-
puter system does not spot the undefined arrays.The initialization
of values was fram the WU terminal and the different options of
calculations provided a flexibility which could have been lost if
the programme was run batchwise and data was read from files. The

only data read from files was that fram experimental runs which had
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to be read into the 1904S computer from paper tapes and subsequently
transferred to the Harris system. Most of the VDU terminals have
graphics capabilities and, though not of very high resolution, al=-
lowed the user to plot results on the screen and only produced hard
copies when he was satisfied with these. On the system being heavily
loaded, execution of jobs slowed down considerably and running of
programmes as background jobs (batchwise) would have saved user
time. Interactive camputing during such periods was time wasting and
boring but still provided greater flexibility in inputing of data
which influenced subsequent calculations performed. In most cases
the choice of calculations depended on the results of the preceding
sections and since the user followed closely the execution of the
programne, he had the opportunity of making judgments and altera-
tions that batch processing would not have provided. The dynamic
differential equations describing the controlled and uncontrolled
system were integrated numerically using a fourth-order Runge-Kutta
method with a fixed step. Solution of the steady state equations was
by the Newton-Raphson method, and since this required an initial
guess which is near the solution, a plot of the heat generation and
removal for the system preceded this iterative method so as to set a
good initial quess. The commands for compiling and runnning the
programmne were as follows:-—

FO.MEWND MANX

VU.R KNOX

LIB *NAGL@D *GINO-F *LIBERY

BE

AS 8=*
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An alternate method of determining the steady state values was to
integrate the equations of the dynamic state from some initial
state, until constant values of the state variables were obtained.
This invariably ended up at one of the two stable steady states and
gave no indication as to the position of the intermediate unstable
steady state. A typical result for the uncontrolled system starting
from different initial values in both reactors is displayed in
figures 7.1 and 7.2 (pages 76&77); in each case the integration ends
at the stable steady state. These trajectories are seen to criss-
_cross each other, introducing more critical points than do actually
exist. This is because the displays are in two dimensional space;
this would not happen if three dimensional space is used. The
results of the total simulation are given in tables 8.1 and 8.2 and
the graphs depicting responses to different disturbances and control
schemes applied to the system are shown in Appendix A.6 (Figs.
A.6.1.1-A.6.1.59). The programme listing and the corresponding flow

chart are given in Appendices A.4.6 and A.4.7 respectively.

7.4 Control Schemes and Disturbances

In addition to the control schemes and disturbances enumerated in
chapter 6.3 which were all achieved in this simulation package, non-—
interacting control (page 346) of each reactor's temperature at
outlet was attained using the mathematical derivations as set out in
chapter 3.; the disturbances being the same as referred to above.
There were no time delays involved in implementing the temperature
load' disturbances as only digital values were involved. All load
disturbances into either of the reactors or coils were implemented

at the beginning of the integration of the transient equations and
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were fixed in magnitude until the end of a particular simulation. In
cases where there was a large divergence between calculated and ex-
perimental temperature values out of the first reactor, the
experimental values were used as inlet temperatures for the second

reactor in the total simulation.

7.5 Conclusion

In addition to applying all the proportional control and invariance
control schemes enumerated in chapter six, noninteracting control is
attained in this total simulation package. Both experimental and
simulated results are brought together in the graphical section of
the package for a qualitative comparison of the results. The
programme contains a section for implementing PID control on both
reactors. This lacked the right values for the derivative and in-
tegral time constants in the controllers and these could not be
obtained experimentally because other more important tasks had to be

tackled and the time available was limited.
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CHAPTER EIGHT

ANALYSIS AND DISCUSSION OF SIMULATED AND EXPERIMENTAL RESULTS

8.1 Introduction

An account of the results of extensive simulations and experiments
which have been done will give a complete picture of the evolved
control strategies implemented and develop an understanding of the
quantitative accuracy of the model in total simulation by comparing
its predictions with the experimental values. In this work com-
parisons between schemes are based upon qualitative cbservations of
the output variables since a considerable proportion of the avail-
able time went in the development of the software needed to operate
the system. Results of some of the studies are presented in table
8.1 and the different control strategies applied to various load
disturbances and initial perturbations are given in table 8.2. In
all experimental runs load disturbances were applied to the system
at a stable steady state but attempts to drive it to the next un-
stable steady state were futile due to the large temperature
differences (about 30K) between the two. In experiment 1 the dif-
ference in simulated temperature for reactor one between stable and
unstable steady states is 30.21K. Transient responses to distur—
bances are displayed in diagrams in Appendices 6.1 and 6.2.
Stabilization of thg disturbed system at unstable steady state was
done an reactor two in the total simulation studies only as in
figures A.6.1.(32,38,39,40,41,45,51,52 and 53). All figures cited
hereafter in this chapter without a prefix refer to those with the
prefix A.6.1 which are the results of the total simulation. The ex-
perimental results are shown in figures prefixed A.6.2 in
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discontinuous heavy typed lines, while’'the simulated results are su-
perimposed on these figures in fine continuous lines. Also in the
diagrams in A.6.l. and A.6.2. the product concentration refers to
the residual reactant concentration as the mass balance equation is
based on it. The experiment numbers refer to those listed in tables
8.1 and 8.2. In same cases the state of only one of the reactors is
shown diagramatically as the situation in the other reactor may not
have been changed; as it appeared in an earlier diagram and for lack
of space, this was not repeated. Additional disturbances into the
experimental set-Up could not be avoided as this had much to do with
the prevailing weather conditions. Section 8.2 surveys the degree of
accuracy of the experimental measurements as these were the basis of
the values used in total simulation runs. The remaining sections
give an in-depth discussion of the system steady states and of the

various control strategies.

8.2 Calibration and Accuracy of Measurements

The calibration of measuring devices was broadly grouped into two.
The first consisted of those that needed only a single calibration
before the start of the first experiment and these remained unal-
terable throughout the rest of the study. These included calibration
of flow meters (rotameters), developing correlations between heat
released and voltage applied to heaters, conductance through the
cooling coils, measurements of volumes of reactors and cooling coils
and the graduation of thermocouples. Since the rotameter float
measures a mass flow, a modest temperature variation (about 5K), as
occurred in the experiments when hot water was introduced into reac—-
tors or cooling coils, did not affect the accuracy of the readings.
The average of several readings was taken to represent the heat
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transfer coefficients between reactors and cooling coils since the
extreme values varied fram the average by 7% or less. Inserting a
temperature dependent heat transfer coefficient in the model equa-
tions could only have made their numerical solutions unnecessarily
difficult and especially as the temperature range involved was less
than 20K, the effort could not be justified. Some error was intro-
duced into the thermocouple readings with the inclusion of the

switch box (TIB). While the manufacturer's accuracy specification

for the Ni-Cr/Ni-Al thermocouple is ©@.5K (at 23°c), a noticeable
shift to lower readings was realised when there was a to and fro
switch of the set. To reduce the impact of this switching, the mains
supply to the system was turned off after eac‘i‘; ex;;eriment and the
number of such to and fro switchings was reduced to the barest
The second group of measuring devices which needed recalibration
before each day's operation consisted solely of the two pneumatic
control valves. While these two produced the same settings for sig-
nals of the same magnitude on a particular day, the same could not
be necessarily true for subsequent days. It was also noticed that
signals of the same magnitude produced slightly different readings
depending on whether the rotameter flow was higher or lower than the

new settings, and hence average values were used.

8.3 Steady State Operation (simulated and experimental)

The experimental steady state values as recorded in table 8.1 varied
with the inlet conditions into the reactors and coils and were much
dependent on the weather conditions on the particular day. This

table also contains corresponding simulated values. A diagramatic

8d



representation for all the possible steady state values of both
reactors for the specific inlet conditions of experiment 31 is given
in figure 8.1 (page 101), which is a plot of the heat generated by
the reacting process and the heat removed from the system by flowing
liquid streams. While most of the experimental steady state tempera-
tures in the first reactor and coil were within one degree of the
corresponding similated values, those for the second reactor and
coil were much less coincidental.High temperatures in the first
reactor will normally produce-a high temperature gradient for heat
loss fram the connecting pipe to the environment and could be partly
responsible for the large difference between experimental and simu-
lated values in the second reactor. The experimental temperatures in
both reactor and coil outlet in the first reactor are slightly
higher than their corresponding simulated values. The situation is
reversed in the second reactor and coil and the differences between
simulated and experimental values are higher than in the first reac—
tor and coil. A comparison of the inlet feed temperature into
reactor two and the outlet temperature fram reactor one showed the
former to be often slightly lower.

Experimental product concentrations in the second reactor varied
fram 109% to 126% of those in the first reactor. The inlet tempera-
ture and flow rates into reactors ranged from 283.7 to 289.8K and

fram 3.66xlﬁ"5 to 5x15_5m3/sec respectively, while the cooling flow

» to 1.3xlﬂ-4m3/sec. For the

rates covered a wider span from 5.73x19
same cooling liquid flow rate through the coils, the unstable state
temperature in the second reactor and coil was always lower than
that of the first reactor. Lower inlet temperatures into the first

reactor and coil resulted in temperatures and concentrations having
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low values at steady state in both reactors and the converse was
equally true. Comparison of the simulated steady state values for
figures 25,26,27 and 28 with those of 1,2,16 and 20 clearly il-
lustrates this point. Increase in feed flow rate resulted in lower
steady state values for both reactor and coil temperatures and reac-

tant conversion as .shown by camparison of experiments 3 and 8A.

8.4 Transient Response (simulated and experimental)

The system at steady state was subjected to different kinds of dis-
turbance to study its response and to evaluate how large these
disturbances need be in order to destabilise it; that is, how large
the region of absolute stability extended within this zone with the
system returning to the same steady state value if transient dis-
turbances were applied to it. Both open and closed loop responses
were noted and the disturbances at times were a cambination of load
and initial perturbations like in figures (18-20). Step disturbances
in feed temperatures into reactor one and both cooling coils varied
fram -2.0 to 3.4K while initial perturbations in state variable tem=
peratures ranged from —2-.71 to 13.4K. The load disturbances in

reactant concentration into reactor one spanned fram 1.25 to 7.5% of

the initial feed reactant concentration which was fixed at 20kg/m°.
In the total simulation load disturbances were applied at the start
of integration of the transient response equation while in the ex-
perimental run unannounced disturbances appeared at random for a
short duration as depicted by the response of figures A.6.2.
(21,25,26 and 27). Each of these shows disjointed bands of cooling
liquid flow rates responding in time to different load temperature

disturbances.
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8.4.1 Open Loop

When starting fram an initial unsteady state, open loop systems were
found to drift gradually to settle at the steady state value (figure
34) and for load disturbances new stable steady states resulted
which are a constant deviation from the initial steady state as
shown in figures 1,2 and 3. While the state variables in the first
reactor were rather monotonically declining, in the second reactor a
tortuous path interspaced with increases and decreases of state
variables was followed as the effects fram the first reactor were
carried over into the second, and these fluctuations easily resulted
in the breaching of the RAS in the second reactor. In figure 35,
reactor two was operated at unstable steady state and the continuous

drift away from the initial steady state is well exemplified. For

steps in feed concentration of 4.5 to 1.ﬁkg/m3, the conversion and
temperature rise in the reactors are not very significant as shown
in figures 1 and 3, though higher in the second reactor than the
first. The combined effect of a step in feed reactor concentration

and temperature is studied in figure 2 and the @.9K feed temperature

fall increases the conversion in reactor one by ﬂ.ﬁ44kg/m3 above

reactor one's conversion in figure 1.

8.4.2 Controlled Loop Stability

The need to control both stable and unstable systems arises when the
magnitude of the disturbances entering the systems cannot be easily
predicted and the probability of systems staying in the region of
absolute stability especially in the latter case is not assured.
While the requirement to control same of the state variables, like

the coil outlet temperature, may not be ocbvious in many chemical

83



processes, this becames necessary if this cooling stream is a feed
to another process and it needs preheating; it can absorb heat from
the reactor.
Thus the responses to the following control strategies were studied:
i) Ideal or perfect proportional control of reactors outlet
temperatures.
ii) Proportional control of cooling coils outlet temperatures.
iii) Proportional control of reactant outlet concentration.
iv) Cambination of the above three controllers.

v) Noninteracting control of reactors outlet temperatures.

8.4.2.1 Proportional Control of Reactant Concentration in Reactor

Figures 4,5,36,37 and 29 showed the effect of the use of feedback
control of reactant concentration in reactors with increasing gains
ranging from 1.0E-06 to 3.0E-04. In figures 36 and 37 where the dis-
turbances entering reactor one are of the same magnitude, the off-

set in product concentration for this reactor was greater in figure
36(9.44kg/m3) in which the controller gain is smaller(5E-85), than

in figure 37(0.32kg/m°>) where the controller gain was twice as
large. The overshoot which is just discernable in figure 37, becames
very conspicuous in figure 29, the controller gain having been in-
creased threefold. Each of these figures depicted a decrease in the
effect of the disturbances. An excessively large value of gain,
however, as in figure 13, only introduced instability into the first
reactor with an ever increasing off-set which is carried over to the
second. Figures 32 and 52 showed that it was not possible to control
the second reactor with the assigned parameters at unstable steady

state by deploying proportional controllers based on reactant
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concentration. A modest load disturbance in reactant concentration
in each case caused the second reactor to become uncontrollable.
Increasing controller gain only made the system more unstable.
Adding feedforward controllers to the second reactor effectively
minimized the effects of disturbances and for stable states per-
formed as well as feedback controllers with larger gains without
incurring the oscillatory tendencies the latter induces. It did not
fundamentally change the state of the system as shown in figures 38
and 39. In figures A.6.2.(4,5 and 10) where the experimental results
of the control of the first reactor using proportional controllers
based on reactant concentration are displayed, the unsatisfactory
control action is depicted by the monotonically increasing coolant
rate which in all three cases exceeds the valve maximum. Although
the error in reactant concentration was minimized, the reactor and

coil temperatures' maximum off-set was large, at about 4K.

8.4.2.2 Proportional Control of Reactor Temperature

With the .control law based on reactor temperature, it was possible
to stabilize the unstable steady state with a large gain value as
portrayed in figures 40 and 45 although in figure 41 this value was
not large enough. Oscillatory but decreasing values of some of the
state variables were encountered when large gains were applied to
the stable steady states as depicted in figure 48. The gain used to
effect the same control was smaller than for either reactant con-
centration or cooling coil temperature controllers, this being due
tb its being the lynchpin of all the system model equations and as
such exerting the greatest influence on the eigenvalues of the sys-
telﬁ matrix at steady' state. It was observed to be the most effective
of all the proportional controllers. Camparison of figures 16 and 23
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with figures 44 and 47 showed that addition of a feedforward con-
troller with same gain on the second reactor did not make a
difference tc; the response in these particular c}ases. Oscillatory
behaviour in state variables was also observed in most of the ex-
perimental runs using this controller. This as noted earlier was
partly due to the long time intervals involved in the scanning of
temperatures and resetting of control valves. With controller gains
equal to or below 2.0E-J6, these oscillations gradually died down to
steady state values as shown in figures A.6.2.(19,20,22 and 14).
Gains larger than 3.0E-06 caused the oscillations to grow bigger un-
til the cooling liquid demand exceeded valve maximum as in figures
A.6.2.(12 and 11).

8.4.2.3 Proportional Control of Cooling COil outlét Teamperature

The effects of increasing controller gains from 2.0E-@6 to 8.0E-J4
in the control of the temperature of ﬂmé cooling coil in reactor one
are shown in figures 15,7 and 43. Larger controller gains compared
to controllers based on reactor temperature were needed to ac-
camplish the reduction or elimination of the effects of disturbances
using this control law. In figures 7 and 49 where controllers with
equal gains(3.PE-95) were applied to reactor one to control similar
load disturbances, the perturbations in state variables are less in
figure 4@ where reactor temperature is controlled variable. An un-
stable system could not be stabilized using proportional controllers
based on this law as shown in figure 51. Oscillatory behaviour in
sdne of the state variables was noticeable in several of the ex~
perimental results with this controller; this being expected as the

coil temperature is directly coupled to the manipulative variable.



In many instances like in figures A.6.2.(16,23 and 24) these oscil-
lations died down with time; the step disturbance in feed reactor
temperature of 2.8K was too large for the controller on reactor one
of figure A.6.2.15. It scon exceeded the valve maximum as the oscil-
lations increased in amplitude. A cambined feedforward and feedback
controller on the second reactor did not improve its stability
potential, as the effects of disturbances carried over from the
first reactor appeared in it although in diminished strength as in

figure 48.

8.4.2.4 Mixture of Controlled Variables

In figures 14,15,19 and others the reactor temperature was used as
controlled variable in reactor one and coil temperature as control-
led variable in reactor two. In figure 49 the effectiveness of this
joint application of control laws was portrayed. Campared to figure
4, figure 49 applied control laws to the variables with the greatest
potential for causing instability, viz temperature in reactor one
and outlet temperature in coil in reactor two. In the use of a mix-
ture of control laws in both reactors, it was necessary to identify
the most potent of disturbances and try eliminating it. In applying
control to figure 4, control of the 'wrong' variable,viz reactant
concentration in the reactor, was studied instead of either reactor
temperature or cooling coil outlet temperature. ‘The control of reac—
tor temperature or reactant concentration in the first reactor is
advantageous since disturbances in feed reactant concentration and
temperature enter the second reactor only as carry over disturbances
from the first reactor. The interchange of the control laws applied
to reactor and coil temperatures and the resulting effects are docu-
mented in figures 15 and 49. The oscillatory tendencies in the state
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variables in the experimental results as documented in the two
preceeding sections above are repeated in this control arrangement

as is evident in figures A.6.2. (14,15,16 and others).

8.5 Invariance Control

Experimental results depicted in figures A.6.2.(21,25,26 and 27)
were carried out to stuay invariance control of reactor and cooling
coil temperature due to load disturbances in feed concentration and
temperatures. In each case where the step disturbances involved were
only in temperature, the minimization of the effects of these was
instantaneous following the adjustment of the flow rate as in fiqure
A.6.2.25 and no lingering deviations in state variables were
noticed. The addition of a step in feed reactant concentration in
figures A.6.2.26 and 27 resulted in a gradual increase in coolant
rate to reduce the creeping effect of the ever increasing reactant
concentration in the reactor. Since invariance control was achieved
for disturbances in reactor and coil inlet temperatures, the distur-
bance in feed reactant concentration could not be annulled. This
control scheme pfoved to be qulte superior to proportional control
schemes in its elimination of the effects of disturbances introduced
through feed temperatures; its only disédvantage in this study being
the absence of a second manipulative variable with which invariance
control for disturbances in feed reactant concentration could be
aco:nplished. As in proportional control, another constraint to
eliminate the effects of temperature disturbances was the limit im—-

posed on the maximum coolant rate by the valve.

8.6 Noninteracting Control of Reactor Temperature



In this control scheme, the temperature of the reactor was the con-
trolled variable and disturbances entering the reacting system
through feed concentration and temperature of inlet liquid into the
cooling coil, did not affect the reactor temperature. In each reac—
tor, its temperature had been made independent of the cooling coil
temperature and the reactant concentration. A step in feed reactant
concentration as in figure 54 affected neither the reactor nor the
cooling coil temperature and an additional step in temperature of
liquid into the cooling coil as in figure 55 still left the reactor
temperature unaffected. Larger controller gains were applicable in
this control method compared to any of the aforementioned methods
without necessarily giving rise to oscillatory behaviour. With a
wide range of controller settings (@.5-2.0) used, the cooling liquid
flow rate was still within the obtainable flow range on the ex-
perimental plant. This may have been due to the unsatisfactory value
of the coil temperature used in equation (38) in calculating the
flow rate, as was noted earlier. Open loop unstable systems are
easily stabilized for load disturbances and initial perturbation as
can be seen from an cbservation of the response of reactor two in
figures 53 and 58. The temperature of the cooling coil responded al-
most instantaneously to load disturbances in temperature of liquid
flowing into the coil, this being partly due to the smallness in
volume of the coil compared to volume of reactor. The region of
asymptotic stability was greatly enhanced by this control scheme as
shown in table 3.2. Thus this control method was superior to propor—

tional control.
8.7 Camparison of Simulated and Experimental Results
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A cofnparison of the totally simulated and experimental runs will
naturally start with a look at the values of the state variables at
steady state as these are expected to be ccincidénta]. \regardless of
the path taken to attain this state. The values in table 8.1 portray
the differences in temperatures in the first reactor for most of the
runs between simulated and experimental as varying from ©8.94 to 0.6K
of each other except for a :éew éases 1ﬁ<e 1,15,16,17 and 29 where
this was in excess of 1K. In the second reacf.or the difference was
noted to be greater with the experimental reactor temperatures being
higher than simulated values. Corresponding variations Qere noted in
the cooling coil temperatures and reactant concentration. The broad
band of values resulting from some of the transient temperature
measurements showed the susceptibility of the thermocouples to noise
in the system as the mixing, especially in the reactors, was good
enough to eliminate any localized temperature gradients.The simula-
tion model did not take linto cénsideration the heat loss in the
connecting tubing between the reactors or the churning action of the
supply pump to the second reactor whici'l may have resulted in heat
being generated. In spite of the above obsefvations, many of the un-
controlled transient responses showed similar patterns but displaced
by a margin of error reflecting the coincidence or not of the steady
state values The situation differed when controlled transient
responses were concerned. The integrating step for system equations
using the fourth order Runge-Kutta method varied between 0.15 to
@.27 second while in the cases where both process control valves
needed setting for proportional control action, the time interval
was a staggering 12 seconds. This long lapse caused the con-
spicuously present oscillations in the experimental results which at
times led to systems becoming unstable as in figures
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A.6.2.(8,11,12,16 and 17). In addition to lengthy times due to the
resetting of valves, the iterative method used in calculatiﬁg the
flow rates for invariance control implied uneven sampling times and
hence longer periods between two éuccessive remedial control
actions. The mitigating aspect in the latter case is the fact that
the starting values for the iteration are close to the final results
as disturbances are not too large and rapid convergence of the solu-
tion is assured. There is an initial offset in the second reactor
for each of the invariance control responses which could be due to
an initial drift in the steady state temperatures or error incurred
fram the heat transfer coefficient. From figures A.6.2 (74,254,264
and 27d) it was noticed that load disturbances in temperature
entered the system randamly and the corresponding simulation con=-
sidered these values to be input at the beginning of the
integration, resulting in the flow rates being lower than in the
former case. In relation to invariance control, a more liberal use
of both thermocouple access channels was exercised in attempts to
monitof temperature load disturbances into the system, thereby in-

curring the earlier noted measuring error inherent in the TIB

arrangement.
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TABLE 8.2 DISTURBANCES AND QONTROL SCHEMES IMPLEMENTED

[
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* See page 10@ for key.
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8.2 continued
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TABLE 8.2 continued
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TARLFE 8.2 continued
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TABIE 8.2 continued

no. |ment | |

| | INITIAL | LOAD CHANGES
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| 9
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Key to table

1 = No control of state variables

2 = Proportional feedback control of reactant concentration.

3 = Proportional feedback control of reactor temperature.

4 = Proportional feedback control of coil temperature.

5 = Proportional feedback & feedforward contrl of reactant oconc.
6 = Proportional feedback & feedforward contrl of reactor temp.
7 = Proportional feedback & feedforward control of coil temp.

= Invariance control. 9= Noninteracting control
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CHAPTER NINE

CONCLUSIONS AND RECOMMENDATIONS

This research has highlighted same of the opportunities available in
the application of digital camputers to effect control of chemical
process units and the problems or limitations imposed by the com-
puter software and hardware being used. While it can be conceded
that more powerful and versatile generations of computers are now
available on the market for use on pilot plant models, same kind of
limitation on hardware and software would often be encountered for
each digital camputing system chosen. Except for well-known and used
chemical processes where specially tailored packages may be readily
available, the user has in many instances to develop the programmes
to modify the existing software to suit the reacting system and this
requires a mastering of one or several of the programming languages,
which in itself is time consuming. Once the software package has
been developed, the total simulation technique offers the chance of
exploring the available system parameters far in excess of the range
that can be obtained on an experimental plant, as well as being

relatively cheap and fast.

9.1 OONCLUSIONS:

9.1.1 Simulation Studies.

The theoretical work came first and its purpose was to determine the
applicability of the experimental work for the system parameters.

The following conclusions could be deduced fram it:
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(1)

(ii)

(iii)

(iv)

(v)

The stability of each of the C.S.T.R.s in the open loop system can
be enhanced by employing proportional feedback control of the tem—
perature state variable, but depending on the controller gain this
can induce oscillations. The values of gain showing the combina-

tions of stability and oscillation/non-oscillations are recorded in

Table 3.1.

The operation of the first reactor at the lowest stable steady
state can give rise to as many as three steady states in the second
reactor. The other two steady states in the first reactor each
produce only one steady state in the second reactor.

Control of different state variables in both C.S.T.R.s permits the
elimination of the divergent tendency on the most sensitive state
variable in each reactor. In figures 15 and 49 identical distur-
bances are applied to the reactors. Although the controllers which
are based on different variables have gains of same magnitude, the
resultant responses are different, that of figure 49 being less
stable than the former.

Invariance control is more effective than proportional control in
oounteracting the effects of load disturbances in feed coolant
temperatures.

Noninteracting type control of reactor temperature is very effec—
tive for reducing the effect of load disturbances in the feed inlet
temperature and for stabilizing open loop unstable steady states.
It makes the reactor temperature invariant to load disturbances in
the feed concentration and the coolant inlet temperature.

The ﬁathanatical model representing the coil temperature results in
an axial temperature profile and although a higher number of cells,
than the 25 used, would have reduced the error incurred, this error

was smaller than the margin of error of the thermocouples.
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(viii) Counter-current flow to the feed of a single cooling liquid
stream is not very successful, especially if the first reac-
tor is to be operated at its unstable steady state and
control is based on state variables in the second reactor.

(ix) The method used for determining RAS was found to be efficient
and showed large volumes to exist for the system under

consideration.

9.1.2 Experimental Studies

The full capabilities of the Honeywell 316 camputer are exploited in

its use as a calculating tool and controller. In the latter role its

adaptability is equally stretched with the application of several
control strategies. Some of the cbservations of the limitation of
the camputer and equipment on plant were:-

a) Unimodal operation of camputer which excluded continuous scanning
of temperatures throughout an experimental run and imposed long
intervals between successive sca.ns.‘ .

b) The unsmtable arrangement of using one air supply line and set
of P/I, I/V and V/D convgrters for control of{_ Pt‘iorpn_elzm_a\_t;l_c
valves. - B | | ~

The usefulness of the partial simulation technique is well il-

lustrated by the use of water as both reactant and product and the

generation of heat which is a realistic feature of a reacting chemi-
cal process.

The following inferences could be made fram the several experiments

performed:~
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(1)

(ii)

(iii)

(iv)

(v)

(vi)

(vii)

Proportional feedback controllers are employed effectively in
stabilizing open loop unstable systems. Feedforward control=-
lers do not enhance system stability but ameliorate the effect
of disturbances. Reactor temperatures are more easily control-
led than product concentration or coil temperature.
Oscillation in the closed loop system response is not only due
to large controller gains but can also be a result of long
scanning intervals or reset times.

Confirms the theoretical assertion that a series connected
C.S.T.R. system produces a higher conversion at lower tempera-
ture than a single C.S.T.R. of equivalent volume. Disturbances
fram the first reactor introduce control problems into the
second reactor in addition to the local disturbances.

The versatility of the camputer as a controller is well il-
lustrated with the opportunities of changing the controlled
state variable from the control menu.

Experimental runs sometimes cannot be fully reproduced in
theoretical simulations, especially when the load disturbances
appear randomly, except when these are treated stochastically
as they deserve.

The use of a single cooling stream flowing counter-currently
to the feed direction in order to eliminate effects of distur-
bances is not a viable option, especially if one of the
reactors is unstable or the disturbances are large.

Invariance control is certainly superior to proportional feed-
back control schemes although drifts in set-points or

parameter variation may need redress by adding the feedback

control.
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9.2 Suggestions for Further Research

This research, though extensive in its application of different con-

trol arrangements on this system, is not exhaustive and scme of its

shortcamings as noted earlier could be remedied by carrying out fur-

ther research in line with the following suggestions:-

(a)

(b)

(c)

(a)

(e)

(£)

Use of variable volume reactors by replacing the fixed drain
tube in each reactor with a detachable one of different height.
High temperatures can then be cobtained with the same set of
heaters and a reversible first order reacting system could be
studied experimentally.

An experimental verification of the temperature profile of the
oooling coil will provide intermediate temperature values which
are necessary for implementing noninteracting control
experimentally.

Elimination of the long reset times for the process control
valves by providing separate P/I converters for each of the
valves and using different air supply lines.

Adding of a process control valve on the feed line. The feed
flow rate can then be treated as a second manipulative variable.
Invariance control for step in feed concentration and tempera-
ture can then be accamplished together with noninteracting type
control of feed concentration.

Tuning for the constants in the integral and derivative cam-
ponents in a P+I+D three term controller could be carried out
and a comparison made of these results with the invariance plus
proportional control scheme.

Use of reversible reacting systems of mixed orders.
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(g) The use of parallel access system will enable the continuous

(h)

monitoring of feed temperature and temperature of coolant into
the coil without interrupting the execution of the other sec-
tions of the on-line programme. These temperatures are needed to
get the right simulation response to the invariance control
strategy.

Perform a quantitative analysis of the system for the various
control schemes applied and evaluate their performance numeri-
cally, in the form of integrated error or integrated square
error. This would allow the various schemes to be ranked and
would identify marginal or significant improvements between

them.,

107

e




1.

3.

4.

5.

7.

11.

12.
13.
14.

15.

16.

17.

18.

19.

21.

22.

REFERENCES

Gary, P. ACS Symposium Series (1978) 104,1,'Continuous Emilsion
Polymeristion'.

Simon, R.H.M. and Chappelear, D.C. ACS Symposxum Series (1978)
104,71, 'Technology of Styrenic Polymerization Reactors and
Process'.

SHrevee, R.N. and Brink, J.A. Chemical Process Industries,
McGrawhill, N.Y. (1977),681

Semenov, N.N. Z. Physics, 1928 48 571
Van Heerden, C., Ind. Eng'g. Chem. 1953 45 1245
Bilous, O. and Amundson, N.R., A.I.Ch.E.Jl. 1955 1 513.

Aris, R. and Amundson, N.R., Chem.Eng.Sci. 1958 7 121

. Luss, D. and Anundson, N.R., Chem.Eng.Sci. 1967 22 267.
. Liu, S.L. and Amundson, N.R., Chem. Eng.Sci. 1962 17 797.

. Goldstein, P.R. and Amundson, N.R., Chem. Eng.Sci. 1965 20 195.

Hlavacek,V., Kubicek,M. and Visnak,K., Chem.Eng.Sci. 1972 27
719.

Cohen, D.S. and Keener, J.P., Chem.Eng.Sci. 1976 31 115.
Poore, A.B. and Halbe, D.C., Chem.Eng.J1l. 1981 21 24l.
Varma, A. and Hwang, D.T.J., Chem.Eng.Jl. 1981 21 47.

Chao, Y.C., The Study of Optimum Model Reference Adaptive
Control of a C.S.T.R., PhD Thesis, University of Aston in
Birmingham (1972).

Alpaz, M. The Simulation of a Controlled Tubular Reactor with
Counter-current Heat Exchanger, Ibid (1975).

Buxton, B., The Control of a C.S.T.R., Ibid (1971).

Farabi, H., The Cascade Control of a Partially Simulated
C.S.T.R., Ibid (1978).

Mukesh, D., Dynamics of a C.S.T.R. for Different Reaction
Orders, Ibid (1989).

Luss, D. and Chen, G.T., Chem.Eng.Sci. 1975 3@ 1483.
Pikios, C.A. and Luss, D., Ibid 1979 34 919.
Scl'lmitZ, R-Al' BantZ,R-R., my; WOH. a.n.d I.ml; AI' A.IoCh-E-Jl.

1979 25 289. _
128

PRSI B



23'
24,

25.

26,

27.

28.

29.
3a.
31.
32.

33.

35.

36.

37.

38.

39.

41.

Poore,A.B., Arch. Rat. Mech. Anal. 1973 60 358.

Ray, W.H., in P.H. Rabinowitz (ed.) Applications of Blfurcatmn
Theory, Academic Press, N.Y. (1975) p.285. _

Uppal, A., Ray, W.H. and Poore, A.B., Chem.Eng.Sci. 1974 29 967.
Uppal, A., Ray, W.H. and Poore, A.B., Ibid.1976. 31 205.

Varma, A. and Aris, R., in Lapidus and Amindson, N.R. (eds.),
Chemical Reactor Theory: A Review, Prentice-Hall, Englewood
Cliffs, NJ, 1977 p.79.

Ogata, K., State Space Analysis of Control Systems, Prentice-
Hall, Englewood Cliffs, NJ, 1967, p.442.

Sabo, D.S. and Dranoff, J.S., A.I.Ch.E.Jl., 1970 16 211.
Berger, A.J. and lLapidus, L., Ibid 1969 15 172.
Davidsoh, E.J. and Kurak, E.M., Autamatica 1971 7 627.

LaSalle, J. and Lefschetz, S., Stability by Lyapunov's Direct
Method with Applications, Academic Press, New York (1961) p.58.

Rosenbrock, H.H., An autamatic method of finding the greatest or
least value of a function. Camputer Jl. 1960 3 175.

Chen, C.F. and Ku, Y.H., Stability study of a third-order ser-
vamechanism with multiplicative feedback control, AIEE Trans.
Part 1 77, 131-136 (1958).

Tokumaru,H. and Iwai, Z., Memoirs of the Faculty of Engineering,
Kyoto University, 1968 3¢ 592.

Falb, P.L. and Wolovich, W.A., Decoupling in the design and syn-
thesis of multivariable control systems, IEEE Trans. autamatic
control 1968 12 551.

Mesarovic, M.D., The control of Multivariable systems. Mass.
Inst. of Technol. Press, Canbridge 196d.

Foster, R.D. and Stevens, W.F., A method for the Noninteracting
control of a class of linear multivariable systems. A.I.Ch.E.Jl.
1967 13 334.

Luyben, W.L., Distillation Decoupling A.I.Ch.E.Jl. 1970 16 198.
Tokumaru, H., Imai, M. and Iwai, Z., The noninteracting control
of multivariable Linear Sytems by relay elements. Memoirs of the
Facaulty of Engineering, Kyoto Univeristy, 1967 29 345.

Liu, S., Noninteracting process control. I & E.C. Process de51gn
and development 1967 6 460,

129




42.

43.

49.

50.

51.

52.

Petrov, B.N., The invariance principle and the conditions for
its application during the calculation of linear and non-linear
systems. Proceedings of the International Congress of the
International Federation of automatic control. Moscow (1960)
p.317.

Kulebakin, V.S.,'The theory of invariance of regulating and con-
trol systems. Autamatic and remote control.' Ibid 1964 1 146.

Bollinger, R.E. and Lamb, D.F., Multivariable system analysis
and feedforward control synthesis, Ind.Eng.Chem. 1962 1 245.

Rozonoer, L.I., A variational approach to the problem of in-
variance of autamatic control systems.

Haskins, D.E. and Sliepcevich, C.M., The invariance principle of
control for chemical process, I & E.C. (fund.) 1965 4 241.

Fisher Controls. Instruction manual 3582 and 3583 series
positioners and transmitters (June 1979).

Honeywell information systems Ltd., 'H316 and HADIOS general in-
formation', Brentford, England.

Programmers reference manual, H316 and DP516 General purpose
digital camputers. Doc.no: 42400343401A.

HADIOS data highway controller, H316 Hardware, Doc.no:
412861011087C.

Webb, R., Development of an adaptive Kalman filter for estima-
tion in chemical plants, PhD Thesis, University of Aston in
Birmingham (1977).

Berger, J.S. and Perlmtter, D.D., A.I.Ch.E.Jl. 1964 10 238

119




APPENDICES

APPENDIX A

111



Acl.1 ON-LINE PROGRAMME FOR.CONTROL OF EXPERTMENTAL PLANT

10
20

REM MAIN BASIC ON-LINE PROGRAMME,
DIM ACL13) ,BC133),2¢12)

20 ADI=71AC1)=31A(2)=21A(3)=301A(A) =33 1A(S) =S
40 Ald) A7) ,A(B) ,A(P) ,AC10) .A(11)=)

S0 AC12),BC100=1:AC13),B(0Y,B(1),B(S) ,B(8)=0

40 B(4)=440:B(F)=3B01B(2) ,B(3)=500:B(&),B(7)=q00

70

D,01=0:t=11 GOSUE 2040:N=2: GOSUG 20401 GOSUB 2470

B¢ PRINT “"TANK FLOW RATE.(CM)"3: IMNPUT F3 .

S0
100
110
120 -
140
190
240
250
330
349
250
340
270
a40
a4s
459
440
a70
4g0
490
500
=10
520
T40
550
c40
570
=50
573

T 00
410
&20
&30
440
&30
60
£70
650
£%0
700
710
720
720
732
749
7350
740
770
772
774
774
778
780
790
800
210
820
‘840
850
240
B70
530
270
%00
P10
- 920
?30
¥40°
50
940 |
770 .

1000
1010

1020
1030
1040
1040
1070

PRINT *LI10QUID FLOW RATE IN COIL OMHE.(M3/SEZC)";: INPUT F1i

PRINT *LIGQUID FLOW RATE IH CCIL(2)., F2>SCM";: INPUT F2

FRINT “CONCENTRATION OF REACTANT.C! (KG/M3)>*;: INPUT Ci

GOSUB 27701 GOSUE 1&00:N=¢:J=0: GOSUB 2110:1J=11N=5: GOSUB 2110
GOSUB 1680: FRINT T,B:18),BC(i%),F1B(20),53,Wl ,H],X1=0,S1=,2E=-0%
M=4: GOUSUB 17301N=8:1J=01 GOSUZ 2110:AC0)=11N=31 GOSUB 1880

PRINT "STARTING CONCENTRATION FOR RUN®;1 INPUT B(24)1B($S)=C1./C!
B(24)=B(24)/C11B(F21=11T9?,L,B(26) ,B(271=01B(2T)=B(24): GOSUEC 2080
B(P0,B(P1),B7F2),B(?2 =01 GOSUB 27301FS=F| :Fé=F2

H1 Hz=0:M=&:1J=0: GOSUB 2740: GUSUB 2110:%1=2: GOSUB 2220:X1=0
J1=1:T9=T74AC0): GOSUEB 2720: GOSUB 2400:M=1: GOSUB 2220:N=2
GOSUE 2310: GOSUE 2S50:B(133)=H(25):1F(134)=R(2&)1B(135,=B(10)
GOSUE 18350:52=RBS(BC25,-83) 1 IF 5251 THEN £3=B(2%)

L=Le+l: IF L4100 THEN GOTO 450

=321 GOSUBR 1880:A(0)=5: GUSUB 2830:N=4: GOSUB 1750

IF L=1060 THEN L=0

RENM IF 8(10>=101 THEN GOTO 4%0
IF 32)=%]1 THEN 340
GOTO S06

PRINT "RUMNOUT OF COUMTER®

Ers2)=Z2: GOIUE 25%0:i=%:1J=]:A(0)=S: GOIUB 2740: GOSUB 2110

PRINT *INLET TEMPS"tBC11S:3BC11S) sBC11&) 18O 7)) iN=43J=0: GOSUE 2110
(0D, BC1O =] s Ji=BC114)1J2=B¢115)1J3=B(11&,: GO3UB 1720

0=2: GOSUR 2530:B(S0)=8(34)

B(FOI=R(56) : BRI )=B 28V 1 B(F2)=R(P7V1B(PI)=B(2%) tEC(&2)=B(27)
PRIMT “STEADY STATE VALUSS" tBUL10Y3BePLY jBC113) jR(P3Y

PRINT TABCZ202:BC111D3;BC112):8424) ,B(2%) ,B(24) ,B(27),U1,52,T9=01 GOUSUB 247C
PRINT *Tetk 1 & 2 COUNTRCOL CONSTANTS 2<0),2¢1)* 31 INPUT 2(0.,2(1)
FRINT "CONTROL OPTION" i TRB(30) 1 "FPROP CONTRCL FB(i)*

FRINT TABL{30, 1"FFOP COLTFOL FE&FF(2)": PRINT TAB(Z02 ;" INVARNS CHMTRL(3)*
FRIMNT TrEC30) ;"HKON<INTERACTING COMNTRCOGLCAY 3 INPUT K3

PRINT *COMTROLLED VARIABLE(K] K2Y" s TABL 305 ; "CONCENTPATION 1)
PRINT TeEBL20, 3" Thle TEMP(Z2)": FRINT TABL30) 3 "CAIL TEMP(ZY " INPUT KS,K2
PRINT "STEP IMCREASE IM CONCLFIRSIT ThNK CHLY":: INPUT BOSS)
B(PSo=R(7S)/C11S1=,1E-10: GOSUE 2020: GOSUB 2730:L,L?=0

Hl ,HZ=0:L=L¢] thi=e1Jd=0: GOTUB 27-01 GOSUZ 2110

H=SiJ=] s GOSUE U230 :T9=Toeiai0, :LP=L7+1

IF L?=1% THEMN L%=0

! K3 GOTO T00,700,940,1080

ot ¥4 GOTO FI1C,720,73C

PZ=2C0)eal 24,71 GOTO 722 .
P2=l(0)=(B( £, =EB(T0))+#TO+B(E% vy GUTO 733

F222¢(0 . (B{(84)-ELB0))+TO#BIE?)

IF r3=2 THEN GO70 772

Hd V2 GOTO TEG,780,770

P3=2(11#B(25)+C11 GIATD 780

F2x2 1) (B(S7)-B(o2))«TO=B(S?: GOTO 780
P3=2(1)+(B(27)-B(82))+T0+B(2%): GOTO 730

Gt} K2 GOTO 776,776,778

PE3=2(1)=(B(24,)+B(24))+Cl: GOTO 730
P3=ZC1)n((B(F&)=B(P0))+(B(?P7)=B(P2)2)«T0+B(2?)1 GOTO 780
P2=(1)er (B 24)=E(B0))+(B(R7)~B(B2) ) »TO+E(B?)

IF 2{(0)=0 THEM 830

Fi=F1+FP2y IF Fl>,1B24E-D3 THE!Il GOTO ¥20

M=3; GOSUB 1880: IF 2¢1)0 THEN GOTO 840

IF Z<1)=0 THEN IF LKS0 THEN GOTO €50

A(0)=31 GOSUB 2830 :N=3;L=01 GOSUB 1750: GUTO ES0

AtDI)=4,2: GOSUB 2820

IF BC(10»=200 THEN GOTO 1180

IF 2(1)=0 THEM CCTO &80

Fz=F2+P2iN=4 GOSUR 17501 IF F2).1824E~03 THEN 920

A(0)=1,2: GODSUB 2320

Y.1=2: GCSUB 2220:1X1=0;N=S3J)=1; GOSUB 2400:N=]: GO3UB 2220

N=21 GOSUB 23101 GOSUB 2550: GOSUB Z040:B(133)=B(24)1B(134)=F]

" B(13%)=F2: GOSUB 1450: GOSUB 20901 IF B(10)=90 THEN 1180 ,

GOTO &40
PRINT *RUNOUT OF COOLING LIQUID RANGE" {F1 ,F2: GOTO 11&D
A1 ,BU10%) J=01X1=31B(P3)=] 1N=&; GOSUB 2740: GOSUB 2110
Ju] 1 Te=TRead0): IF L?¢21 THEM GOTQ 970
A(0Y=23M=5; GOSUB 2110: GOSUB 1730:T9aTP+AL0)
ti=41 GOSUB 20401A(0)=14s GOSUB 2730
GOSUB 2400:B(24)=B(24)+B(?1)1B(25)=B¢2S)+B{(9P3) stt=l: GOSUB 2220
H=2: GOSUB 2310:B(24 =R(24)=B(?1)1B(25)=B{2%)=B(93)
GOSUB 1210:=31 GOSUB 1820:1AC0)=4,%: GOSUB 2880
N=d; GOSUB 17508 GOSUB 25501 GOSUB 2040:1B(133)=B(2%)
BC134)=F11B8(12%)=F21 GOSUB 14%0: GO3UB 20%0
IF B(10)=90 THEN GOTO 1180
GOTO &40
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2110
21195
2120
2130
2140
2130
2160
2170
2180
21%0
2200
2210
2220
2220
2240

2230

22480
2270
2287
2250
2260
2310
2323
23320
2340
2350
2340
2370
22820
23%0
2400
2410
24920
zZ430
647
2450
2940
2470
z4a0
2470
2200
316
<520
253260
2530
25%0
2545
2970
2589
ZS%0
z&0u
2410
2420
2430
24640
2430
24840
25670
2620
2700
2710
2719
2720
2730
2740
2750
2740
2770
2720
27%0
2200
ze10
2820
2830
2240
2880

REM FOR CHAMNGING OF SCANNING CHANNELS.
M3,Q1=0; GOSUB 2040

CALL €1,AC0),BC0))1 IF M3=0 THEN 2200

IF =5 ThEW 2170

B(110)=B(30)»,10778:B(111)=B(231)#,1089%
B(112)=E(221%.10347:6(113)=B(33)».105%

IF N=4 THEH 2200 .
B(114)=B(20)*.945E-01:18C(115'=B(31)=,1025
BL114)=B{32)» . P37AE~-01:1B(117)=B(33)~,9234E-01

IF M3=A(2)~-1 THEN M3=0

M3=t13+1: CALL (2)

RETURMN

REM SUBROUTINE TO SET HEATERS ON, HTRI
B(P&)=/BC110)+273,1-TO)/(B(E?)*T0»: IF Xi=2 THEN 2310
814y=RC110): IF ¥1=2 THEHW B(F&)=B(70)

BI=EXP(B(F4) /(1 +B(BTI*B(PE) ) 1B(S&1=(B(111 4273, 1-TO)/(B(EFITOD
1F B(s8)1=2 THEN 22%0
P2=B3+B(F7)*B(24) B\ P4V)4B(EFPI«F=R1«C2%TO

1IF Br93)=1 THEN 2300
QZ=B3«B(P)*»(BIFI)+BI(II+B(24))+B(FS)I*B(B?) «FaRI+C2+TY

GOTO 2320

BIF7)=(B{1131+273.1-TO)/(B(E?)«T0): IF Xi=2 THEN 2340
BC1S»=B/113v: IF A1=3 THEN B(?7)1=B(92)

BE=EYPIB(Z7) /1 148(EP)aB{F7)))1B(87)=(Bl112)+273,1-TO)/(2(8P)=TO)
1F B(?2)=2 THEN 2370
Q2=BS«E(FP)*B(25)«R(PA)»B(EF)sFsR1a22TO

IF B(P2S)=1 THEN 2330
Qz=B5*B(?P)+(B(P3)+B(24))*xB(PA)+B(E°)xF=RI»C2+TO
02=2%1000/3

IF 02>S0 THEN 2420
2(9)=.1188E-01:Z(1Q)=_7057E=-0112(11)==,40372~-02:2¢12)=,1443E-03
GoTo 2520

1F 2>1000 THEW 24%0 R

(9= 3254120100 231 EE=-02:2(1 1 )m=- 27B1E-D0512¢12)=,1S0FE-Q3
GOTOD 2=2

IF Q22500 THEN 2430

247)= Sa4:T410)m PoRIE-0312(11)== 2P45E-04612(12)= &S5232=-10
GOTO 2s20

17 G2)2%C0 THEN 23510

2(9)m?  A7:2(10)==,4235E=-02:2(1 )=, i0PIE-0S:2(12)=0

GOTC 2520

2¢?)=%7212010)=m=_ 44021211 )m 1 124E-03:2¢12)=0

Cl=(2(9 )+ 20 10)#Q2¢2C11)»{0Q272)+2(12)%(3243))
Ol=01=,33747E0S/2.1415

GOTO 2G50

REM GPAPHICAL SUBROUTINLE! !

CALL (?.79.3(0),3{43,B(Sg.E(?J,B(12).9(101,9(:1).2(33)

Om]

CmALL (7,T?,B(0),;B(4),B(%),B(?),B8¢1D),B¢10),0,2(3))

FETURH

FEM INTERGRATION ROUTINE.
Hi={T@=-LIV /T iaTP:H2=(T9/T)=-dl: CALL (4,HZ,B(24),H]1,B(E7)
IF B8 =2 THEH 2450

Bl12)=B(24>¢C11B(13y=B(23)+C1

IF Bt72)=] THEM 2440
B112:=(B(24+B(71))»C1B(13)=(B(24)+B(?3) )}

RETURN

FeM TIZROUTINE FOR SCALING OF 4¥1S,

PRINT "MIudIMU1 & MAXIMUM X-AX15"3: IHPUT 2473 ,2(47

PO OCHIIIMUM Y-AY]S(CONC) & MIMIMUM Y=AxIS(TEMP) "t INPUT Z2(3),2(%)
PRPINT *May MUt Y=aX]1S(COHCY & MAXIMUM Y-AY]ISITEMPY®j: 1HPUT 2(4),2(%)
PPINT "COUNTER(RY™;: INPUT BL11): PRINT "ACCEPT(0) OR REJECT(I>*
IMPUT AC1221 IF ACL13))0 THEN 2470

FETUFHI

Mz=0: GOTO 2750

Mz=1

Pi=0N: CALL <(4.M2,P1):1 IF M2Z=0 THEN RETURN

T#=T7+F1/301 RETURN .

IF F340 THEN F=.83323

IF F2=)0 THEM IF F3(4 THEN F=(,2333¢,2394%F2)

1F F3=3>d4 THEN IF F34% THEN F=(1 ,7717+,.2443%(F3-4))

IF F3=22% THEN IF F3<(13 THEN F=(3,1232+,24644=(F3=-9))

IF F3=>13 THEN IF F3(13 THEN F=(4,189&+.3%(F3-13))

IF F3=>18 THEN IF F3(2é THEN F=(5,4875+,3307%(F3~-18))
PETURH

B(74)=B(73)-B(F0)1B(??)=B(9?7)~-B($2):1 RETURN

=031 GOSUB 27401 GOSUB 2110: GOSUB 27301T9=T?+AC0):A(0)=1: RETURN
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1080
1180
1170
1200
1210
1215
1220
1225
1230
1235
1240
12350
1240
127

1220
1270
1300
1210
1320
1329
1340
1250
135S
i 380
1370
1230
1400
1410
1650
1440
1470
1430
1400
1410
1429
1420
14640
1680
1670
1783
1710
Hind -1
1720
1720
1740
124%
1750
1755

I-ut‘?'
4ot

1760
1770
1780
1790
1200
1819
gzt
1830
1240
1e%0
1840
1242
1844
1870
1850

1277

1900
1910
1920
1920
1940
1950
1760
1770
1780
1990
2000
2040
2042
2045
2047
20%0
2040
2070
2080
20%0
2100

REM MAYBE FOR NON-INTERACTING CONTROL.
N=33J=1:1A00)=5: GOSUB 2740: GOSUB 2110:1Ji1=B(114)~J}
J2=B(115)-J2:J3=B{114)~-J31 PRINT "INLET REACTOR &.COILS TEMP. CHANGE" §
PRINT J1,J2,J3: END 1 STOP

IF al=] THEI! GOTO 1225

BC122)=B(120)1B(128 =R(14)1B(129)=B(P1)1B(130)=B(P0):1B¢127)=B¢119)
BO12&)=R(11B)1B(132)=B{(24)1B{100)=F] tFa=FS; GOTO 123%
B(122,=BC(121)1B(123)=B(17)1B(129)=R(9?) 1B(130)=B(P2) 1B(127=B(125)
B(124)=B(131)1B(1321=B(2%)1B(100)=F2:1F4=F¢&

Sa=EXPIR(130) /() +BC130)»B(BM M) -
12,13.i4.IS.I&.I?.ls.I°-D:B{inl)-(B(lOO)/Fd)G(B<128)/B<lU3))
B(102)=EC100)/F41BC104)Y=RCI02)/BCIDL)

FOF Jd4=1 TO BC1C3) 11 2=12+Ja«(BC104)~Jq)
[2=]3+J4=(BC10Z+1 =08 »(B(104~J3) 1 MNEXT J4

122124 BUI0Y v=BII020), (B0 *RLI02) )18 (B(127)/F4Q)
13=C13%B(122)»B{130))/7(BU101)+BI1D2)+B(10)aFQ)

FOR J4=]1 TO Brl0U3)=1314=14+J4%(B(10)=J3)%(R(104)~Ja);: NEVT J4
14=(14sR(128)%E7130))/7(BC101)=B(102)*B(103)%F4)
1S=112+14=121%(B.122)/B(103))

FCR Ja=1 TO Bul0) 1 1e=14+(BL104Y TN 1 17=17+(BUIOD)+1=-J4)*(R{104)~J4)
HE®T J3: 18282 127)+(BU122)/CBLI0)«BCI02)))In17+BC130))

o= (B(PY+E ' FAr*(BCIZVI+BLI32) IS4+ ((B(122)/BCI0D I &)
I19=19+B(128 =7 1+BOIZZIV»B( 201 BUL00Y=BCI00 = 19/1 %)

FRINT BC10,,BC100)Y,BUICS): IF ABS(BLI00Y=-B(10S) ) =S] THEN 1410
IF Al=0 THEN GOTQ 1400

F2=8(100)1 FETURN

E(105)=01A1=] ;F1=PC100>: GOTQ 1210

Br1CI»=B(100Ys GOTO 1210

PRINT TABC21 3 T?

PRINT TABCZ21BC110) 1TABCI2)3BCIL) 1 TARC22Y3BC112) s TAS(22) 1PC113)
FRINT TAQ\E;:8\24):TAB(I2);E(133);TA8<22>:3(134)|TQB(32);B(135)
RETURHH

REM REACTION & EQUIPMENT PAFAMETERS,

Vs, 1 62ZE-01 V1=, 4E-03 V2=, 53E-03: U=, 534251 Ul=, 2721
F=2,314511RI=1000:C02=4,1858:T0=m272,1
V1=2000:E1=.82119ZENS:Dim=, | 25604E04:B(103) =28

FaFe 1E-Gd:FleF{&, 1E-04:F2=F 2« E~04: RETURN

FEM DIMENSIONLESS QUANTITIES.

T Bl &mU/ (FLleR1 L2 iBCITI=UL/(F2ZeR1L%C2)

EC1 8=V /FL 1B 9=/ F21B(ES 1=(R+TO)/E}

E(RAIEV s TEXR(-EL/(R4TO))1B("P1=m=D1sC1/(BIBTI»C2s+RI=TD)
BY120s=/ FesR1+C2):B(121)=UL/(F>R1%C2)

RETULFIN |

BOilSy=epr 114273, 1=TO)/(B(SP)sTN) 1B{11PI=(ECLIS)I+273, I=TOY/(B(ET)*TD)
BII25 i =(BII1&)+275.1-TO)/(B(ETI»TU) 1ECIZ1I=(B(117)4273.:~TO)/(B(B7)=TD)
RETURN

REM SETS FLCOW RATES IN COILS.

IF F2>.168647E-04 THEN 1740

Gi=,% '

IF F2>.3SE-04 THEN 1720

Gi=,9-.B157€-01+((F2«,1E04)~1.444731 GOTO 1870

IF F2),&614E-04 THENM 120C '

D1=,75-.472=-01#((F2= 1E04)-3.%): GOTO 1870

1F F2:.9322-Nnd THENI 1220

Gl=,e25-,3%E-01#(/F2« 1EG&)~&.14): GOTO 1870

IF F2).1181E-03 THEN 184C

Oi=.5-,315E-01=«((F2+,1E06)=-9.43,: GOTO 1870

1F F25.,170%E~03 THEHN 1240

Ole 425=,334E=-QLe(FZs TEQ&EY=11,8121 GOTO 1E€70

IF F27r.1G24E-03 THEN 16844

Q1= ,25-,124«((FZ%,JE0&)-17.0%)1 GOTO 1870

Ol=2

Gi=QGle,32747E0%1 GOTO 2040

IF FL).14447E-04 THEN 1900

Gi=1: GOTO 1%%0

IF F1),3644E~-04% THEN 15720

Clm P75 ,82%CE-01%({Fl+,1E04)~} ,.6447)y GOTO 1770

1F F1>,13%303E~03 THEN 1940

Olm G- 4L6E-0)#((F1#»,1E04)-3.444)1 GOTO 1770

IF Fi>».185702E-03 THEN 1940 I
Q= 3%=,473E-01»((F1l=,1E05)-13,203): GOTO 1970

IF F1>».1824E=03 THEN 1783 -

Cl=,175-.144«({(F1%,1E0&)-15.902): GOTOD 1%70

Ol=2

Q1=Q1#,32747E05

FEM T1 1S REACTOR OUTLET TEMP(B(30))
FEM DIGITAL VALUES TO ~HALOGUE SIGNALS.

IF Q1).,22747E05 THEN PRINT Qi N

1F 01>,32767ECS THEN PRINT "EXCEEDS MAXIMUM DIGITAL VALUE®
1F 01)>,327&47E0% THEM GOTO 1180

caLl ¢3,D,N.,0131 RETURN

pe22Yy=0:8¢23,)=11 GOTO 2100

B(2),B(23)=1 GOTO 2100

E(22'=2:18(23)=0: GOTO 2100

Br22),B(23)=0

cALL (5,B(22),B12237)31 RETUPN
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A.2 ON-LINE SOFTWARE PACKAGE

The functions and calling procedure of various FORTRAN and DAP16
subroutines loaded with the BASIC interpreter to form the ONLINE
SIMULATION PACKAGE are described in detail.

A.2.1

Subroutines 1 and 2 Jointly form the scanning routines and are
always called together, routine 1 initiating and routine 2
terminating the scanning procedure. ‘

Subroutine 1
CALL(1,A(0),B(0))
A and B are dimensioned 13 and 135 respectively in the basic on
line programme. _
Inputs - A(0) = scanning interval, secs
A(1) = Device required
1 Analogue inputs
2 Counter 1
4 Counter 2
8 Counter 3
16 digital input A
32 digital input B
64 digital output A
128 digital output B
number of scans required
including the initial scan
first analogue channel to be scanned
last analogue channel to be scanned
number of samples of each analogue channels per

L T T T | T | N O (N | [ S

A(2)

A(3)
A(4)
A(5)

scan
A(6) = counter 1 scan type

= 0 no counter interrupt

= 1 enable counter interrupt
counter 1 present value
counter 2 scan and preset values
counter 2 scan and preset values

A(7)
A(8) and A(9)
A(10) and A(11)

A(12) = digital output A mode
= 0 from 16 bit array at Basic level
= 1 from subroutine 3
= 2 from user supplied
, A(13) = digital output B mode
Qutputs
B(0) - B(47) = analogue input channels
B(48) = counter 1 interrupt time
B(49) = counter 1 contents at scanning time
B(50) = number of interrupts by the counter 1 during
last scanning interval '
B(51) - B(53) = counter 2
B(54) - B(56) = counter 3
B(57) - B(72) = value read on bits 1 to 16 of digital input A

B(73) - B(88)
B(89) -B(104)
B(105)-B(120)

digital input B
values output on digital output A
for digital output B
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Subroutine 2
CALL(2)
A call to this routine discontinues clock and counter interrupt
when all scans requested have been done. In the Basic on line

programme a call to routine 4 occurs before and after the
scanning pair.

Subroutine 3
CALL(B’D,N,Q)
to send digital signals to various devices during scanning

D = 0 digital output A
= 1 digital output B
N = analogue output channel
= 1 and 2 for thyristor unit
= 3 and 4 valve drives
= 5 set of thermocouples monitoring temperatures of reactor
and cooling coils.
= 6 set of thermocouples monitoring temperatures of inlet
liquids into reactors and cooling coils.
Q = digital signal to be output

0 x 32767 _
When called, this routine sends signals to the devices almost
instantaneously.

Subroutine 4-

CALL(4,M2,P1)

Input M2 = 0 start the clock
= 1 stop the clock

Output On exit when the clock is stopped, the time elapsed

for
executing a set of programme commands is given by
T9=P1/50secs.

Subroutine 5

CALL(5,1,J)
Input I = 0 set or reset SNSW4
J = 0 reset SNSW4 )
J = 1 set SNSW4, so output will be directed to paper tape

punch
I = 0 to perform other tasks
J = 0 output few frames of blank tape
J = 1 HALT the computer until the START button is pressed

Subroutine 6
CALL(6,X,XS,HS,2)
Input X = start1ng time for integration

Z(10) =1
XS(1) = reactor 1 dimensionless product concentration
before integration
XS(2) = reactor 2 dimensionless product concentrat1on
before integration
Xs(3) = 0.0
Xs(4) = 0.0 : '
2(10) = 2 “
XS(1) = same as above
XS(2) = integral of absolute error of concentration
in
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reactor 1 before integration
XS(3) = same as XS(2) above
XS(4) = integral of absolute error of concentration

in
reactor 2 before integration
HS = step length of integration

Z(1) = G1
Z2(2) = TS steady state temperature in reactor 1
2(3) = CS steady state concentration in reactor 1
Z(4) = TY steady state temperature in reactor 2
Z(5) = CY steady state concentration in reactor 2
Z(6) = D1
Z(7) = PV
Z(8) = temperature in reactor 1
Z(9) = temperature in reactor 2
Z(10) = 1 calls routine MEX which simulates for
steady state conditions
= 2 calls routine MAXI which simulates for
transient response ’
Z(11) =8

Qutput _

X time at end of integration

XS(1) = concentration in reactor 1 at end of integration step

XS(3) = concentration in reactor 2 at end of integration step
This routine uses a fixed step fourth order Runge-Kutta method to
integrate the differential equations describing the mass balance in
the two chemical reactors.

Subroutine 7
CALL(?7,T,C,D,E,F,G,X,Q,R,V)

Inputs
T = is the cumulative time for the graph plot
C(1)-C(4) = Minimum screen X-coordinate of the screen window
D = Extent of the screen window in the X-direction
E(1)-E(4) = Minimum screen Y-coordinate of the screen window

G = Extent of the screen window in the Y-direction )
X(1)-X(2) = Virtual Y-coordinate of the points (concentrations
in

reactors 1 and 2)

X(3)-X(4) = Virtual Y-coordinate of the points (temperatures in
reactors 1 and 2)
Q = Controls initial entry values taken from Basic
R = Total number of points to be plotted
V(1)&¥(6) = Minimum virtual Y-axis (concentration in reactors 1
and 2
V(2)&V(3) = is the extent of the Y-axis
V(4) = is the total scanning time
V(5) = Initial time (origin for X-axis)
Outputs

Q = indicates number of points plotted
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A.3 Changes in BASIC Interpreter
A.3.1 PATCHING of CALL table

The BASIC Interpreter maintains a table occupying locations '516 to

'527 into which are patched the starting addresses of a maximum of

ten subroutines 1in FORTRAN and DAP16 callable from the BASIC

executive programme. In the software package for this research, the

following subroutines addresses were placed in the CALL table:
Location Address Comment

'520 '25433 Beginning address of subroutine 3
' 521 '26710 Starting address of subroutine 4
'522 125742 Starting address of subroutine 5
'523 '27000 Starting address of subroutine 6
'524 32000 Beginning address of subroutine 7

A.3.2 Other Modifications

Changes are made to locations '166 through '203 so that on
initialization of programme, the fol lowing message is printed on the
YyDU ‘'HADIOS EXEC 03 NEE 82'. Certain changes are implemented to
correct bugs in interpreter and indicate limit of memory available
for user programme, hence the following amendments are effected:

Location Original Mnemonic  Code Comment

'7240 JST TYPE NOP '101000

'7241 XAC HMAN NOP '101000

7242 INO3 JST TYPE NOP '101000

'7243 XAC AYOH NOP '101000

17245 LDA C241 JUP'7301  '003301

'7367 '37777 '24777 High address of
available core

'2540 '052726

'5425 (CR,Rubout) '106777

'13167 ' NOP ‘101000

A.3.3 ADT1-8 Table

The assembly language listed in Appendix A.1.9 has relocated the
ADT1-8 table (assigned dimensional variable table) to location '757
to '766, thus allowing the use of locations '61 to '63 for real-time
applications.

1/0 MOD

The relocatable assembly language programme listed in Appendix A.1.7
is loaded into Tlocations '720 through '756. Its initial locations .
'550 to '715 are used by the interpreter for its base requirements.
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A.4.1 RESIDENCE TIME DISTRIBUTION (RTD) STUDIES IN COOLING JACKETS

This study was accomplished by injecting a known concentration of a

dye (methyl blue) into the cooling jacket and monitoring its outlet

concentration. A recorded constant flow rate of water into and out
of the jacket was maintained, thereby flushing the dye from the

jacket 1in the process. Samples of the outflowing solution were
collected at regular intervals and these were subsequently analysed
using gas-liquid chromatography. Graphs were than drawn as indicated
in Fig A.4.1(a-d) comparing the measured concentration leaving the
jacket and the expected concentration if the jacket was assumed to
be well stirred. The results indicate a lack of defined flow pattern
with various values rising and fal{ing at random and this makes it
difficult to describe the RTD mathematically. This observation
.confirmed the presence of dead space and channelling when the

cooling liquid in the jacket was not stirred, the latter action not

generally being employed industrially.
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A.4.2 RELATION BETWEEN kl,kz,“El.“Ez and “H

It was initially intended to use one reversible reaction and this

section gives the calculations which led to the rejection of this
for the available plant parameters.
For a reaction whose reversibility will be easily noticeable, the
ratios for the forward and backward reaction rates are fixed at two
temperatures which are realisable in the reactors. Choosing the
values 290K and 320K and the corresponding ratios as 2.4 and 0.5.
the following equations are then fitted with the assumed values.

“H ="E,~"E, (4.2.1)

Representing the ratio of forward to backward reaction rate as
(k, gexp(=("E, /RT)))/ (kyzexp(=("E,/RT))) =r = constant at 290

and 320K, this becamnes

ry =(kw/k29)eXp( (“Ez—“El)/zgraR)=2.ﬂ (4.2.2)
r, =(klﬂ/k2ﬂ)exP( (“Ez—"E1 )/320R)=0.5 (4.2.3)
K0+ 5k, yexp( ("E,="E; ) /8.32x290) (4.2.2a)
Kyg=2+ 0k, pexp( ("E,="E; )/8.32x320 )_ (4.2.3a)

Equating equations (4.2.2a) and (4.2.3a) and substitutiné for “H
fram equation (4.2.1)

“H =8.321n(r,/r, ) (320x290/ (320-290)=—3.5678x10 k3 /kg mol.

Checking at 290K k.,;=0.5k, ;exp(3.5678x10"/200x8.32)=1.321x10%

Checking at 320K k. =2.0k jexp(3.5678x10"/320x8.32)=1.321x10%

With this reaction heat, multiple steady states could not be ob-
tained with the feed and cooling flow rates ranges available.
Selecting a higher heat of reaction and carrying out similar al-
gebraic manipulations, the following results were arrived at:-

~,

H =3.97x195h1/kg mol
~"H =In(r, /r,)8.32x290x320/30
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5

ln(kl/k2)=-‘Hx39/8.32x29ﬂx320=3 .97x10™ x30/(8.32x290x320)=15.43

15.43
r1=r2e
=3.5exp(15.43)=2.5x10°

7 65

=3.9968x10 x2.875xlﬂ71k19=1.149x10 X,

/]
In selecting the value of “E,, the need to keep the ratio (“EZ/“El)

as small as possible was appreciated as this value increases ex-
ponentially in the reactor heat balance equation. A large value of

B{-‘HCaOB/pCpTo) was necessary in order to have multiple steady

states for the parameters of this system and a large B implied a
large “H which invariably implied a large value for ‘Ez/“El. A com—

promise value of “H(-3.9?x1ﬂ5kJ/kg mol) was selected, barely
permitting multiple steady states without making "E2/ “E:L excessively

large. The subsequent calculation as shown above led to a very large
rate constant for the reverse reaction which was difficult to handle
in the resulting heat balance equations. It was concluded that it is
not possible to choose values of “El,“Ez,kw,kzg and “H which will

give an appreciable first order reversible reaction over a short
temperature range of 30K with the size of reactors and cooling coils
as specified for this plant. Hence the reversible reaction was aban-

doned for an irreversible one.
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A.4.3 ITERATIVE SOLUTION FOR SINGLE STREAM OOOLING OF BOTH REACTORS.

Let equations representing system be

f?—'f0+xf;{+yf3',+zfé+rfr'_ =0 | (4.3.1)
g NIy tyatzg gL B (4.3.2)
h=ho+xh;c+3ﬂ1)',4-zhé+rh; = (4.3.3)
t=to+xt}'c+yt}"+zté+rtl'_ = (4.3.4)
Rewriting the above equations in terms of x
x=-(fo+yf)',+zf;+rf1',)/f;c (4.3.1a)
={g tya teg tra ) /g, (4.3.2a)
= (ho+-_\,rhl',+zh;+rh1'_) /h;: (4.3.3a)
"—-(toﬁyti',ﬂt;-%rtl‘_}/t;c (4.3.4a)

Equating equation (4.3.la) with (4.3.2a, 4.3.3a and 4.3.4a) and
re-arranging

gt 1 L] L] L] . | L | ] LI |
£ .9, £.954v(£ ygx—gyfx)+z(fzgx—g zfx)+r( £1g:-£1g!)=0 (4.3.2b)
£ h.~f2h y( f;(h;c- f;(h}',)+z (£he=f 0 )+r (£ h ~f h')=0 (4.3.3Db)
f ot;c_f;:tow ( f}'{,t;c—f;ct}'() +z( e -t )+r( fx"t;:_f;ct;-) =g (4.3.4b)

Fram equations (4.3.2b), (4.3.3b) and (4.3.4b)
y=((-£ 9, +f.9.)-2(£,9,~9, £.)-r(f 9, ~£.9/)) /(£ 9,9 £ ) (4.3.2¢)
=((£f!h -h'f )-z(f'h!'-h'f’ )—r(f'h'—f'h'))/(fl',g'-h'f') (4.3.3¢)

X0 X0 ZX ZX rX Xr X v X
=(( f;ct o-fot;c) -z( fét)';—f;(t;;) -r( f;t;c—f;:tl'_) )/( f}'{t;‘-f;ltj'{) (4.3.4c)
Let §; =f t ~f t’) Sg =£.9,9.fx  Sg =fhy~fih!
Sy =595y S¢ =ity SigtE T,
S3 =fég;‘—f}'(gé 57 =foh;c—f;cho Sll=fot}|:—f;cto
Sy =E it ity Sg =59 59y Sy tfit
5)375,"5,753%S,  8147519"S,753"Sg

Equating equations (4.3.2c) with (4.3.3c) and (4.3.4c) and re-
arranging for z

o - * - * o +* * -

z=((8,*S,~S¢ S5 )-T(Sg*s-54*s,)) /(s *s, 5,4™S,) (4.3.3qd)

123



=((311*52-54*55)-r(SB*S4-812*82))/(83*54—52*81) (4.3.44)

Solving for r in equations (4.3.3d) and (4.3.4d) results in
— — * * -— —" -
r=((8,*5,=S*S5)*S) 3=(S1,*S,=5,*5¢)*S, 4 )/ ((Sg*sg

-Sg*S,)*S, 3=(Sg*S -5, ,*S, )*S1,4) (4.3.1e)
z=((Sg*Sg=5,*S, )+r(s;,‘_,"fsa—sg‘*sz))/(sl 4) (4.3.2e)
y=—(r*Sgtz*s,+5.)/s, (4.3.3e)
x=—(f°+y*f§+z*f;+r*fz'_)/f;t (4.3.4e)

Thus the following four equations giving the values of the variables
at times (n) and (n+l) result:

jcrJ,+l

=X _+x
Y1Vt Y

=z _+
zn+1 zn @

rn+1=rn+r
where X,y,z and r have the values obtained fram equations (4.3.le)
to (4.3.4e).
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A.4.4 CALIBRATION BEQUATIONS

FLOW VOLUME(F_) and applied VOLTAGE(Q ) for PROCESS CONTROL VALVES.
(1) 0.0<F _<=1.6667E-05 Q=1.0
1.6667E-05<F _<=3.6444E-05 Q_=0.975-0.0885 (F _x1.0EC6-1.6670)

3.644E-05<F c<=l «3303E-04 Q S=ﬁ .8 -0.0466 (chl DEJ6-3.6440)

1. 33E-ﬂ4<Fc<= 1.59e-924 QS=0 .35 -0.0673 (chl .PE06-13.303)

1. 59E—E’J4<Fc<= 1.826E-04 Qs=ﬂ «175-0.1440 (chl .OEJ6=15.902)

(2) 3.0 <Fc<=l «6667E-05 QS=G 9

1.6667E-05 <Fc<= 3.5E-05 Qs=0 .9 ~0.0820 (chl .QEJ6~-1,6667)

3.5E—95<Fc<= 6.14E-05 QS=E!.75 -3.0473 (chl.ﬁEGG—B.Sﬂﬁg)

6.14E-05 N 9.43E-05

Qs=ﬂ .625-0.0380 (chl .PED6-6.1400)
9.43E—05<Fc<= 1.181E-04 QS=0.5 —9.3315(ch1.0]366-9.430@)
1. 181E—{Zi4<Fc<= 1.705E-24 Qs=ﬂ +425-0,0334 (chl .0E06-11.810)

1.705E—ﬁ4<Fc<= 1.826E-04 QS=0.25 —5.1249{ch1.0@6—17.@50)

HEAT GENERATED(H) and TRIGGER ANGLE(ocl)
oc, =2, +2,H +23H2+z 4H3

where Zl,Zz,Zaa:ﬂ 24 are constants of correlation.

@< H <=50 Z,= 1.880E-02 2= 7.957E-02
ZB=-6 +O37E-D3 Z 4= 1.463E-04
50< H <=1000 Zl= 3.540E-01 Z,= 2.318E-@3

1000< H <=2500

Z3=-2 . 181E-26

Zl= 5.640E-01

Z 3=-—2 .965E~07
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2500< H <=2900

2900< H

Zl= 7 .490E-20

Zy= 1.091E-06

Z,= 9.720E+22

" Z.= 1.124E-04

3

A.4.5 PARAMETER VALUES USED

Vl.V

2

Va

Ve2
B,B,

P’ pc
uny

UA,
tm

ot

AN

o =X

ao

o

w

|

= 1.62x10° M

-4 3

=4.0x10° M

=5.3x10"

=1.8x10°kg/m°

=4.1868 kJ/kg

=0.2998 kJ/kg
=3.2721 kJ/kg
=2.0 secs
=2.0 secs

=1.0 sec

K

K

K

=4.,212x16"%J/kg mole K

=1.256x10°kJ/kg

=20 kg/m>

=8.314 kJ/kg mole K

3 1 5

=2x10"sec
=510 2m> /sec

=8xlﬁ_5m3/ sec

127

4 2=—4 .859E-03

Z,= @ . OBOE-23
Z2=-6.692E-ﬁ1

Z 4= 0.000E~20



nooqoaooaooan

naoa

e i 22 d sl d Rl d il it sddidetiiR il lyy)

*TOTAL SIMULATION OF FIRST ORDER IRREVERSIBLE *
*EXOTHERMIC REACTION IN TWO (SERIES) CONTINUOUS*

*STIRRED TANK REACTORS (CSTRS). *
L L D T e Y T S e R Rttt

whdd R hd kb dkdd

* MAIN PROGRAM *
a2 e e T S

PROGRAM STABVS

INTEGER *3 MX,MY

REAL K10,E1,C(4),NAMEIT(4,7)

SPECIAL COMMON IBR,Z2Z,XT,FX,SV,XP,WX,VB,JP,WP
1,BZ;SX,SK,SJ;MXY

COMMON /MXY/ MX(10) ,MY(10)

COMMON /SK/ X(6),E(6,6),5(2,6),21(6),AB(3,3)

COMMON /Ssp/ sA(6,6),B9(6,6),A0(3,3),AM(3,3),R0(3)

COMMON /IBR/ MH(8,4),NZ(4),JS,IR,IH,MS(2,2),NA(2)

coMMON /JP/ J,1Q,LQ,LX,NS,NC,NP,NB

coMMON /2Z/ TCIL,TI,CA,VC(4),FC(4),V1,E1

ocoMMON /BZ/ TV(4),Tvs(26,3,4) ,PVS(6)

COMMON /XT/ Y1(4),Y2(4),Y3(4),pPv(2),PY(4),SM

COMMON /WP/ BX(801),BM(801),YI(801)

ocoMMoN /vB/ S81,82,83,54,85,56,87

COMMON /WX/ TQ,TCO,CAO,R1,CP,F,U(4) ,DEL,R

COMMON /XP/ TIS(3,4),CIS(3,4),TCS(3,4)

coMon /sv/ D1,G1,B,BC(4),TP,TK(4) ,TH,BY(4)

coMMON /FX/ AX1(999,2,8),A%X2(999,2,8),
1Ax3(999,2,8) ,AXT(999,2,8) ,AX4(999,2,8)

COMMON /SX/ AS1(451,2,2),AS2(451,2,2),
1AS3(451,2,2) ,AST(451,2,2),AS4(451,2,2)

DATA NAMEIT/6HOPEN F,6HILE & ,6HINPUT ,6HDATA ,
16HSTEADY,6H STATE,6H CALCU,6HLATION,G6HHEAT G,
26HEN &RE,6HMOVAL ,6HVALUES, 6HUNSTEA,6HDY STA,
36HTE RES,6HPONSE ,6HGRAPHI,6HCAL DI,6HSPLAY ,
46H ,6HEXPERI , 6HMENTAL,6H VALU,6HES ‘
56HEND IT,6H ALL &,6H CLOSE,6H FILE /

DATA NI,K10/7,.2E04/ +

WRITE(NS,4)

GO TO 6

CONTINUE

WRITE(NS, 3)

CALIL, RADS(C,4)

DEL IS HEAT OF REACTION.

TH IS TIME CONSTANT FOR REACTOR.

Y1,Y2 &Y3 ARE INPUT VARIABLES,

TCO=C(1)+273.1

TP=C(2)+273.1

F=C(3)

FC(1)=C(4)

DEL=-1.25604E05

BY(1)=U(1)/(F*R1*CP)

TH=V1/F

GAY=E1/(R*1IQ)

G1=(R*1Q)/E1

Y1(1)=CAO/CAD

Y2( 1)=(TCO~TQ) *GAY/TQ

Y3(1)=(TP-TQ)*GAY/TQ

D1=K10*TH*EXP(-GAY)

B=(=~DEL)*CAO*GAY/(R1*CP*1Q)

WRITE(NS,8) D1,G1,B
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12

14

16

18

20

22

24

26
28

30

32

34

36

WRITE(NS,92) ¥Y1(1),Y2(1),Y3(1)
WRITE(NS, 10) DEL,BY(1),GAY

FORMAT(5X," TCO Tin oC F FC ',/)

Fom(/' 10x‘ (R d 3123122320223 st 2d i 2233 11 2] '/' 1nx'
1 '* [INTERACTIVE SIMULATION PROGRAM] *',/,10X,
1 (R 1212 A 223 i1t ii 22 3 i1 1222112l '/)

CALL SESAME(NAMEIT,NI,I)

FORMAT(5X,'D1=",F8.4,5X,"G1=' ,F8.4,5X, 'B=' ,F8.4)

FORMAT(5X,'Y1(1)="',F8.4,2X,'Y2(1)="',F8.4,2X,'Y3(1)="',F8.4)

FORMAT(5X, "DEL=",E10.4,2X, 'BY{(1)=",E10.4,2X, 'GAY=" ,E10.4)

Go 10 (2,12,14,16,18,20,22),I

CALL SSTE

GO TO 6

CALL HRGT

GO TO 6

CALL UNCODY

GO TO 6

CALL GRAPHS

GO TO 6

CALL EXPMNT

GO TO 6

STOP

END

wkkkhkhktdhkkh kbbbt dh by
* SUBROUTINE SESAME. *
* SELECTS SUBROUTINES *
*  AND VARIOUS PRINT OPTIONS.*
Akt bbbtk bbbk h

SUBROUTINE SESAME(NAMEIT,NI,I)

REAL NAMEIT(4,8)

SPECIAL COMMON JP

coMMoN /Jp/ JQ,1Q,1Q,LX,NS,NC,NP,NB

WRITE(NS, 24)

FORMAT(/, 10X, ' ALTERNATIVES ARE',/)

DO 26 J=1,NI

WRITE(NS,28) J,(NAMEIT(K,J),K=1,4)

FORMAT(I4,5X,4R6,/)

WRITE(NS,30) -

FORMAT( 10X, ' INPUT CONTROL INTEGER',/)

READ(NS,32,ERR=34) I

WRITE(NS,32) I

FORMAT(I3)

RETURN

WRITE(NS,36) I

I=NI

FORMAT(10X,'I IS IN ERROR=',I3,/)

RETURN

END

BLOCK DATA

SPECIAL COMMON 2Z,XT,SV,WX,JP,B2

COMMON /BZ/ TV(4),TVS(26,3,4),PVS(6)
COMMON /WX/ ,Tc0,CcA0,R1,CP,F,U(4) ,DEL,R
coMvon /Jp/ J,10,10,LX,NS,NC, NP, NB

coMMON /sv/ D1,G1,B,BC(4),TP,TK(4),TH,BY(4)
COMMON /XT/ Y1(4),Y2(4),Y3(4),PV(2),PY(4),SM
* COMMON /2Z/ TCI,TI,CA,VC(4),FC(4),V1,E1
DATA TVS/312*0.0/,CAO,E1/20.,.4211921E05/
DATA R1,CP,R,TQ/1.0E3,4.1868,8.31441,273.1/
DATA VC/0.4E-03,3*.53E-03/,V1/0.0162/

DATA NS,NC,NP,NB/8,25,3,6/,U/.2998,3%.2721/
END
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40
43

41

42

44
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* SUBROUTINE SSTE *

* SUBROUTINE TO FIND STEADY *
*  STATE VALUES OF VARIABLES*
P It 3323112312223 2221 31212

SUBROUTINE SSTE

REAL CI0(3),TI0(3),BID,BIX,TSV(25),M

SPECIAL COMMON ZZ,XT,SV,XP,WX,JP,BZ,SK,SD

COMMON /SK/ X(6),E(6,6),5(2,6),21(6),RB(3,3)

coMMaN /sD/ sAa(6,6),B9(6,6) ,A0(3,3),AM(3,3),RQ(3)

CoMMON /2ZZ/ TCI,TI,CA,VC(4),FC(4),V1,E1

cCoMMON /BZ/ T™V(4),TvS(26,3,4),PVS(6)

coMMON /JP/ JQ,1Q,1Q,1LX,NS,NC,NP,NB

coMmMon /xT/ Y1(4),Y2(4),Y3(4),pv(2),PY(4),SM

COMMON /WX/ 'TQ,TCO,CAO,R1,CP,F,U(4),DEL,R

COMMON /XP/ TIS(3,4),C1Is(3,4),TCS(3,4)

CoMMON /sv/ D1,G1,B,BC(4),TP,TK(4),TH,BY(4)

SM=FLOAT(NC)

TOL=1.0E-13

WRITE(NS,94) -

WRITE(NS, 112)

READ(NS,98) NIB

IF(NIB.NE.2) GO TO 58

FC(2)=FC(1)

¥3(2)=Y3(1)

WRITE(NS, 114)

FORMAT(5X, ' INITIALIZE CONCENTRATION (CIO(2)) VALUES',/)

CONTINUE

FORMAT(5X, ' INITIALIZE TEMPERATURE (TIO(2)) VALUES',/)

WRITE(NS, 37)

CALI, RADS(CIO,2)

WRITE(NS,39)

CALL RADS{TIO,2)

DO 40 JF=1,2

TK(JF)=VC(JF)/FC(1)

BY(JF+1)=U(JF+1)/(F*R1*CP)

BC(JF)=U(JF)/(FC(1)*R1*CP)

WRITE(NS,66) JF,TK(JF),JF,BC(JF),JF,BY(JF)

IX=2 '

WRITE(NS,96)

READ(NS,98,ERR=118) IM

GO TO (41,118),IM

NX=0

X1=CI0(1)

X2=T10(1)

X4=CIO(2)

X5=TI0(2)

CONTINUE

CALL BIXT(DTX,X61T,BAS,X31T)

CALL BIXT(TVS(26,1,1),TVS(26,1,2),BID,BIX)

CALL BIXT(DFZ,DFV,DGZ,DHY)

X60=Y3(1) _

DO 44 IA=1,NC

X6 1=( SM*X60+BC(2)*X5)/(SM+BC(2))

X6 1T=X6 1T+X61

X60=X61

TVS{IAI"JQ)"XG‘

TSV(IA)=TQ*(1.+(TVS(IA, 1,2)*G1))=-273.1

TVS(NC+1,1,2)=TVS(NC+1,1,2)+X61

X30=X61

DO 46 IA=1,NC

X31=(SM*X30+BC(1)*X2)/(SM+BC( 1))
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46

48

/

X31T=X31T+X31
X30=X31
T™vs{Ia,1,1)=X31
TSV( IA}=‘1'Q*( 1 o+(TVS( IA: 1 I 1 )'G1 ) )—273- 1
TVS(NC+1,1, 1)=TVS(NC+1,1,1)+X31
DOS=(1.4G1*X2)**2,
DDS=(1.4G1*X5)**2,
DFY=-( 1.+D1*CE(X2,0.0,G1))
DFY=-D1*X1*CE(X2,0.0,G1)/D0OS
DGX=B*D1*CE(X2,0.0,G1)
S1p=SM/(SM+BC(2))
S2P=SM/(SM+BC(1))
s1T=BC(1)/(sM+BC(1))
S2T=BC(2)/(SM+BC(2))
DO 48 I1A=2,NC
BIX=BIX+(S1P**IA)
BID=BID+(SM~-IA)*(S2P**IA)
BAS=BAS+(SM-IA)*(S1P**IA)
CONTINUE
BIX=(1.+BIX)*S2T
BID=S1T*(SM+BID)
BAS=S2T* ( SM+BAS)
DGY=-(1.+BY(1))+(B*D1*X1*CE(X2,0.0,G1)/D0OS)+(BY( 1)/SM) *BID
DGV=(BY(1)/SM)*BIX
DHX=1.0
DHZ’""{ 10+D1*CE(X5; 0-0;61 })
DHV=~D1*X4*CE(X5,0.0,G1)/DDS
DTY=1.0
DTZ=B*D1*CE(X5,0.0,G1) _
DTV=-(1.+BY(2) )+ (B*D1*X4*CE(X5,0.0,G1)/DDS)+(BY(2)/SM)*BAS
FD=Y1(1)-X1-D1*X1*CE(X2,0.0,G1)
GD=Y2(1)=X2+B*D1*X1*CE(X2,0.0,G1)=(BY( 1)/SM) *( SM*X2-TVS(NC+1,1,1))
HD=X1-X4-D1*X4*CE(X5,0.0,G1)
TD=X2-X5+B*D1*X4*CE(X5,0.0,G1)-(BY(2)/SM)*( SM*X5-TVS(NC+1,1,2))
S1=DFZ*DTX-DTZ*DFX
S2=DFY*DGX~-DFX*DGY
S3=DFZ*DGX~DFX*DGZ
S4=DFY*DTX=-DFX*DTY
S5=FD*DGX~-GD*DFX
S6=DFY*DHX-DFX*DHY
S7=FD*DHX-HD*DFX
S8=DFV*DGX~DFX*DGV

S9=DEV*DHX~DFX*DHV
S10=DFZ*DHX-DHZ*DFX

S11=FD*DTX-TD*DFX
S12=DFV*DTX-DFX*DTV
S13=51*382-83*54

S14=510*52~-S3*S6

VX5=((S7*S2-S5*S6)*513~(S11*52=-55*S4)*S1

14)/((S2*512-58*54) *S14~( S9*52-58*S6) *513)
ZX4=((S7*S2-S6*S5)+VX5*(S9*S2~-58*56) ) /(~-S14)
YX2=-(VX5*S8+ZX4*S3+S5)/S2

XX 1=—( FD+YX2 *DFY+ZX4 *DF Z+VXS *DFV ) /DFX

BX1=X14+XX1

BX2=X2+YX2

BX4=X4+2ZX4

BX5=X5+VX5

NX=NX+1

X1B=ABS(BX1-X1)

X2B=ABS (BX2~X2)

X4B=ABS(BX4-X4)

X5B=ABS(BX5-X5)

Y
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54

55
56
57

60
62
64

66
67

68
69

72

IF(X1B.LT.TOL+AND«X2B. LT« TOL. AND. X4B.LT.
1TOL « AND ¢ XSB « LT« TOL . OR.NX.GT.50) GO TO 54
X1=BX1 '

X2=BXx2

X4=BX4

X5=BX5

GO TO 42

CONTINUE

IF(X1B.GT+.TOL.OR.X2B.GT+ TOL.OR.X4B.GT.TOL.
10R.X5B.GT. TOL. AND.NX.GT.50) WRITE(NS,82) X1B,X2B
WRITE(NS,88) NX

N=1

c1s(1,1)=Bx1

TIS(1'1)=BX2

TCS(1,1)=TVS(NC,N, 1)

CIs(1,2)=Bx4

T1S(1,2)=BX5

TCS(1,2)=TVS(NC,N,2)

DO 56 LB=1,2

CA=CAO*CIS(1,LB)
T=T0*(1.+(TIS(1,LB)*G1))~273.1

TC=TQ*( 1.+(TCS(1,LB)*G1))=273.1
WRITE(NS,55) CA,T,TC

WRITE(NS,90) N,LB,CIS(N,LB)

WRITE(NS,92) N,LB,TIS(N,LB),N,LB,TCS(N,LB)
FORMAT(5X, 'CA=',F10.4,5%,'T="',F10.4,5X,'TC=" ,F10.4)
CONTINUE
FORMAT(5X,'Y1(',I1,')=',F10.5,5%,'Y2(',I1,')="',F10.4,5X,
pih e ) e pII;. )="',F10.4)

GO TO 43

CALI, BIXT(TCI,TI,CA,BIX)

WRITE(NS, 116)

LX=0

FORMAT(4(ES.4,/))

FORMAT(2X, 11F7.3)

LX=LX+1

IF(FC(LX) .EQ.0.0) WRITE(NS,86)

IF(FC(LX) .EQ.0.0.0R.ILX.EQ.5) RETURN

N=0

TK{LX)=VC(LX)/FC(LX)
BY(LX)=U(LX)/(F*R1*CP)
BC(LX)=U(LX)/(FC(LX)*R1*CP)

WRITE(NS, 67)

CALL RADS(CIO,3)

WRITE(NS,69)

CALL RADS(TIO,3)
FORMAT(5X,'TK(',I1,')=',F10.4,5X,"BC(",I1,")=',F10.4,5X%,
1'8Y(',11,")=",F10.4)
FORMAT(5X, ' INITIALIZE CONCENTRATION (CIO(3)) VALUES',/)
WRITE(NS,96)

FORMAT(5X, ' INITIALIZE TEMPERATURE (TIO(3)).VALUES',/)
WRITE(NSJEG) IJ(;'I‘K(LK);IX,BC(IX).IX,BY{U{)
IF(LX.EQ.1) GO TO 70

Y1(LX)=CA/CAO
Y2(1LX)=(TI-TQ)*E1/(R*(TQ**2))
Y3(LX)=(TCI-TQ) *E1/(R*(TQ**2))
WRITE(NS,57) IX,Y1(ILX),ILX,Y2(LX),IX,Y3 (LX)
CONTINUE

READ(NS,98,ERR=118) IM

GO TO (72,118),IM

X1=CIO(N+1)

X2=TIO(N+1)
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74

76

78

80

82

84

86

20
92

94

NX=0

BP=( 1.+G1*X2)

PRE=~( 1.4+D1*CE(X2,0.0,G1))
PRT=~D1*X1*CE(X2,0.0,G1)/(BP**2.)
DRY=B*D1*CE(%2,0.0,G1)

TVS(NC+1,N+1,LX)=0.0

SNI=(SM+BC(LX))

BID=0.0

DO 78 1A=1,NC

BIX=0.0

DO 76 JA=1,IA

PSS=(SM)**(JA~1)
BIX=BIX+(SNI~SM)*(PSS/(SNI**JA))

CONTINUE

TVS(IA,N+1,LX)=BIX*X2+Y3(LX)*( (SM/SNI)**Ia)
BID=BID+BIX :
OONTINUE

WRITE(NS,62) BID,(TVS(IA,N+1,LX),IA=1,NC)
DO 80 IA=1,NC
TVS{NC+1,N+1,LX)=TVS(NC+1,N+1,LX)+TVS{ IA,N+1,LX)
DRX=B*D1*X1*CE(X2,0.0,G1)/(BP**2.)
DRS=DRX~1.=-BY(LX)+( (BID*BY(LX))/SM)
BIS=Y2(LX)-X2+B*D1*X1*CE(X2,0.0,G1)
GIT=BIS~-(BY(LX)/SM)*(SM*X2~-TVS(NC+1,N+1,IX))
GIS=Y1(LX)-X1-D1*X1*CE(X2,0.0,G1)

NX=NX+1

CISX=X1-(GIS*DRS~PRT*GIT)/( PRE*DRS-DRY*PRT)
TISX=X2~(GIT*PRE-DRY*GIS)/( PRE*DRS-DRY*PRT)
XC=ABS(CISX-X1)

XZ=ABS(TISX~X2)

FORMAT(5X, "N-R DOES NOT CONVERGE',/,2(3X,E9.4,3X),/)
IF(XC.LT.TOL.AND.XZ.LT.TOL) GO TO 84
IF(NX.GT.50) GO TO 84

X1=CISX

X2=TISX

GO TO 74

CONTINUE
IF(XC+GT+«TOL+ORsXZ«GT+TOL+ AND «NX«GT.50)
1WRITE(NS,82) - XC, X%

WRITE(NS,88) NX

FORMAT(5X, *NO DATA PROVIDED',/)

FORMAT(5X,' NUMBER OF ITERATIONS IS=',I3,/)
N=N+1

DO 89 IA=1,NC

TSV(IA)=TQ*( 1.+(TVS(IA,N,LX)*G1))=273.1
WRITE(NS,62) (TsV(IA),IA=1,NC)
CIS(N,LX)=CISX :
TIS(N,LX)=TISX

TCS(N,LX)=TVS(NC,N,LX)

IF(LX.LT+4) CA=CAO*CIS(LX,1) -
IF(LX.LT.4) T=TQ*(1.+(TIS{LX,1)*G1))-273.1
IF(LX.LT.4) TC=TQ*(1.+(TCS(LX,1)*G1))=-273.1
ZCA=CRO*CIS(N,LX)

ZT=TQ*(1.+(TIS(N,LX)*G1))

ZTC=TQ*( 1.+(TCS(N,LX)*G1))

WRITE(NS,55) 2CA,ZT,2TC

WRITE(NS,90) N,LX,CIS(N,LX)

WRITE(NS,92) N,LX,TIS(N,IX),N,LX,TCS(N,LX)
FDMRT(SX;'CIS( ' pI‘I; ' ’ ' ;II; ' )". ;E12-4)
FORMAT(5X,'TIS(',I,',',I1,")="',E12.4,/,5X, 'TCS("
1;11" ’ . 'I1¢ ' ”" 'E12|4'/)

FORMAT( 10X, '*CALCULATION OF STEADY STATE VALUES*',//)
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IF(N+1.LT.4) GO TO 72
96 FORMAT(5X,'*S.S. CALC(1) OR RETURN(2)',/)
98 FORMAT(I3)
100. WRITE(NS,102)
102 FORMAT(5X,'second reactor CAILC(1) OR RETURN(2)'.,/).
READ(NS,98,ERR=118) ML
GO TO (104,118) ,ML
SELECTION OF INPUT PARAMS FOR SECOND REACTOR.
104 WRITE(NS,117)
CALL RADS(TCI,1)
TCI=TCI+273.1
WRITE(NS, 106)
106 FORMAT(4X,'change of PARAMS reactor(2) YES(1) OR NO(2)',/)
READ(NS,98,ERR=118) MT
WRITE(NS,98) MT
IF(MT.EQ.1) GO TO 108
TI=T4273.1.,
FC(LX+1)=FC(LX)
GO TO 64
108 WRITE(NS,110)
110 FORMAT(5X,' NEW PARAMS: TI oC FC ',/)
112 FORMAT(14X,'CO(1) OR COUNTER(2) CURRENT °',/, 16X,
1'FLOW OF COOLING LIQUID?'/)
114 FORMAT( 10X,'COUNTER CURRENT FLOW. ONE STREAM ONLY.'/)
116 FORMAT( 10X, 'CO-CURRENT FLOW. TWO COOLING STREAMS.'/)
117 FORMAT(5X,'INPUT INLET TEMP. OF SECOND JACKET(oC)',/)
READ(NS,60) TI,FC(LX+1)
TI=TI+273.1
GO TO 64
118 RETURN
END

SUBROUTINE RADS(AOI,NOE)
DIMENSION AOI(10) '
SPECIAL COMMON JP
coMMON /JP/ J,1Q,19Q,LX,NS,NC,NP,NB
120 FORMAT(4(E15.5,/))
READ(NS, 120) (AOI(I),I=1,NOE)
WRITE(NS, 120} (AOI(I),I=1,NOE)
RETURN
END

SUBROUTINE HRGT

c VALUES FOR HEAT GENERATION AND REMOVAL CURVES
SPECIAL COMMON IBR,2Z,XT,FX,SV,WX,JP,BZ
COMMON /IBR/ MH(8,4),Nz(4),JS,IR,IH,MS(2,2),NA(2)
COMMON /JPB/ J9Q,1Q,10,LX,NS,NC,NP,NB
COMMON /BZ/ TV(4),TVS(26,3,4),PVS(6)
COMMON /22/ TCI,TI,CA,VC(4),FC(4),V1,E1
COMMON /XT/ ¥1(4),Y2(4),Y3(4),PV(2),PY(4),SM
COMMON /WX/ TQ,TCO,CAO,R1,CP,F,U(4),DEL,R
m /Sv/ D1IG1OBIBC(4]3TP'TK(4)tmeY{“)
CoMMON /FX/ AX1(999,2,8),A%2(999,2,8),
1AX3(999,2,8) ,AXT(999,2,8),AX4(999,2,8)
WRITE(NS, 142)
IF(IX.BQ.0) WRITE(NS, 150)
IF(LX.EQ.0) RETURN
IH=0

130 DO 140 IM=1,IX
WRITE(NS, 144)
READ(NS, 146) NST,STL
DO 138 I=1,NST
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X2=STL*{I-5)
IF(NST.GT.999) GO TO 148
AXT(TI,1,IM)=TO*( 1.4X2*G1)-273.1
X1=Y1(IM)/( 1.4D1*CE(X2,0.0,G1))
SNI=(SM+BC(IM))
BID=0.0
BIX=0.0
DO 134 IA=1,NC
IF(IA.EQ.1) VIX=Y3(IM)
IF(IA.NE.1) VIX=BIX
BIX=(SM*VIX+BC(IM)*X2)/SNI
BID=BID+BIX - N
134 CONTINUE
X3=TQ*( 1.4+BIX*G1)-273.1
AX1(I,1,IM)=(=DEL)*CAO*F*D1*X1*CE(X2,0.0,G1)
AX2(I,1,IM)=RI*CP*F*TQ*G1*( (X2-Y2(IM) )+(BY(IM)/SM)*(SM*X2-BID))
WRITE(NS, 136) AX1(I,1,IM),AX2(I1,1,IM),AXT(I,1,IM),X1,X2,X3
136 FORMAT(3X,6F10.2)
138 CONTINUE
IH=IH+1
140 NZ(IH)=NST
142 FORMAT(//,10X,"*HEAT GENERATION AND REMOVAL VALUES*',/)
144 FORMAT(/,10X,'STEPS STEPLENGTH',/)
146 FORMAT(I3,F5.3)
. RETURN
148 WRITE(NS, 152) NST
GO TO 130
150 FORMAT(5X,' NO DATA STORED',/)
152 FORMAT(/,10X,'ERROR IN NSTEP=',A3,/)
END

Forms Jacobian matrix, calculates eigenvalues
and determines Stability status of steady state.
SUBROUTINE JANSS({NM,NN,NAS,NAD)

REAL RR(3),RI(3)

SPECIAL COMMON 2Z,XT,SV,XP,WX,VB,JP,B2Z,SK,SD
COMMON /SK/ X(6),E(6,6),S(2,6),21(6),AB(3,3)
CoMMON /SD/ SA(6,6),B9(6,6),R0(3,3),AM(3,3),RQ(3)
coMMoN /zz/ 'PCI1,TI,CA,VC(4),FC(4),V1,El
COMMON /JP/ JQ,1Q,1Q,LX,NS,NI,NP,NB

COMMON /XT/ Y1(4),Y2(4),Y3(4),Pv(2),PY(4),SM
COMMON /XP/ TI1S(3,4),CIS(3,4),TCS(3,4)

coMMON  /VB/ S1,82,53,54,55,56,57

COMMON /WX/ TQ,TCO,CAO,R1,CP,F,U(4),DEL,R
COMMON /BZ/ TV(4),TVS(26,3,4),PVS(6)

CcoMMON /sv/ Dp1,G1,B,BC(4),TP,TK(4),TH,BY(4)
INTEGER I,IA,IN,IFAIL,INTEG(3),NM,NN

DATA IN,IA,IFAIL/2*3,1/

NAD=2

X1=CIS(NM,NN)

X2=TIS(NM,NN)

AM(1,1)==1.-DI1*CE(X2,0.0,G1)
AAT=(1.4G1*X2)**2,

AM(1,3)=0.0

AM(2¢1)"B*D1*CE{X2,0.0,G1)
AM(2,2)=~1.=BY(NN)+(B*D1*X1*CE(X2,0.0,G1)/AA1)
M(2;3)=BY(NN)

M(311’=000

AM(3,2)=BC(NN)

AM(3,3)=-(1.+BC(NN))

IF(NN.EQ.1) ZS1=S1
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10

154

155

156

157
158

160

162

164
166
168

170

172
174
176
178
180
182
184
186

IF(NN.GE.2) ZS1=S4

Go 10 (8,6,4,2,10),NAS
AM(3,1)=-2ZS1*(Y3(NN)-TCS{NM,NN) } * (CAO/FC(NN) )
GO TO 8
AM(3,2)=BC(NN)+2S1*( (Y3 (NN)~-TCS(NM,NN) ) *(TQ*G1/FC(NN)))
GO TO 8

AM(3,3)=-1.-BC(NN)+ZS1*( (Y3(NN)-TCS(NM,NN) ) *(TQ*G1/FC(NN)))
GO TO 8

AM(2,1)=0.0

AM(2,2)=-ZS1

M(2:3)'0.0

CONTINUE

DO 155 I=1,IN

DO 154 J=1,IN

AB(I,J)=RAM(I,J)

WRITE(NS,172) (AM(I,JIL),JIL=1,IN)
CONTINUE

CALL FO2AFF(AM,IA,IN,RR,RI,INTEG,IFAIL)
IF(IFAIL.EQ.0) GO TO 156

WRITE(NS, 174) IFAIL

RETURN

WRITE(NS, 176)

WRITE(NS,178) (RR(I),RI(I),I=1,IN)

DO 158 I=1,IN

DO 157 JIL=1,IN

AM(I,JIL)=AB(I,JIL)

IF(RR(I).GE.0) NAD=1

IF(RR(I).GT.0.) GO TO 166

DO 160 I=1,IN

IF(RI(I).NE.O0.) GO TO 162

WRITE(NS, 180)

RETURN

WRITE(NS, 184)

RETURN

FORMAT( 10X, **JACOBIAN MATRIX AT S.S.*',/)
DO 168 I=1,IN

IF(RI(I).NE.0O.) GO TO 170

WRITE(NS, 182)

RETURN )

WRITE(NS, 186)

RETURN

FORMAT(4(3X,F12.4,3X),/)
FORMAT(5X,'ERROR IN IFAIL=',I3)
FORMAT(5X, 'EIGENVALUES OF MATRIX',/)
FORMAT(2(7X,E10.2,7X),/)

FORMAT(5X,' SYSTEM COMPLETELY STABLE',/)
FORMAT(5X,' SYSTEM UNSTABLE',/)
FORMAT(5X,' SYSTEM OSCILLATES AND IS STABLE',/)
FORMAT(5X,' SYSTEM OSCILLATES AND IS UNSTABLE',/)
RETURN

END

Graph plotting subroutines,

SUBROUTINE GRAPHS

REAL NAMEIT(4,3)

SPECIAL COMMON MXY,IBR,2Z,XT,FX,SV,JP,WP,SX
COMMON /MXY/ MX(10),MY(10)

COoMMON /IBR/ MH(8,4),NZ(4),3S,IR,IH,MS(2,2),NA(2)
coMMON /2Zz/ TCI,TI,CA,VC(4),FC(4),V1,E1

coMMON /Jp/ J,1Q,1Q,LX,NS,NC,NP,NB

COMMON /XT/ Y1(4),Y2(4),¥3(4),™V(2),PY(4),SM
COMMON /WP/ BX(801),BM(801),YI(801)
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192
194
196

201

202

204

206

208

210

CoMMON /Sv/ D1,G1,B,BC(4),TP,TK(4),TH,BY(4)
ocoMMON /FX/ AX1(999,2,8),AX2(999,2,8),
1AX3(999,2,8) ,AXT(999,2,8),A%X4(999,2,8)
CoOMMON /SX/ AS1{451,2,2),AS2(451,2,2),
1AS3(451,2,2),AST(451,2,2),AS4(451,2,2)

DATA NAMEIT/6HHGNG ,6H ¢«6H +6H P
16HNKWOH ,6H +6H +6H +6HRETURN,
26H +6H +6H //N1/3/

CALL SESAME(NAMEIT,NI,I)
GO TO (194,196,201),I
CALL HGNG

GO TO 192

CALL NKWOH

GO TO 192

CALL DEVEND

CLOSE 15

RETURN"

END

Calculates Heat Generation and Removal values.
SUBROUTINE HGNG

INTEGER *3 MJX(10),MJY(10)

SPECIAL OCOMMON MXY,IBR,FX,JP,WP

COMMON /MXY/ MX(10),MY(10)

COMMON /IBR/ MH(8,4),N2z(4),JS,IR,IH,MS(2,2),NA(2)
COMMON /wWP/ EX(801),BM(801),YI(801)

coMMON /JP/ JQ,1Q,1Q,LX,NS,NC,NP,NB
coMMON /FX/ AX1(999,2,8),A%2(999,2,8),
1AX3(999,2,8) ,AXT(999,2,8) ,AX4(999,2,8)
DATA MIX/" [TEMPERATURE K({RTN TANK)]"/
DATA MJY/" [HEAT GEN.&REMOVAL CURVES(XJ)]"/
WRITE(NS,216)

READ(NS,218) IQX

WRITE(NS,222) IH

DO 202 IO=1,IH

WRITE(NS, 224) I0,NZ(IO)

XX=30.0

YY=XX*(4/3)

NOS=0 :

CALI, FIXT(XM,YM,X,Y,NOS)

DO 204 IX=1,IH

IP=NZ(IX)

DO 204 IM=1,IP

CALL SELECT(IM,1,IX,YI,BM,AXT,AX2,XM,YM,X,Y)
XMS=XM

YMS=YM

x8=X

YS=yY

CALL SELECT(IM,1,IX,BX,BM,AXT,AX1,XM,YM,X,Y)
IF(XMS.LE.XM) XM=XMS

IF(YMS.LE.YM) YM=YMS

IF(XS.GE.X) X=XS

IF(YS.GE.Y) Y=YS

CONTINUE

ENCODE({30,206,MX) (MIX(IZ),Iz=1,10)
ENCODE(30,206,MY) (MJYY(IZ),IZ=1,10)
FORMAT( 10A3)

GO TO (203:210)!IQX

CALL T4010

PP=YY*2.

GO TO 212

CALL OPEN
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212

214

216
218
220
222
224

c
230

PP=YY*(3.5)

PA=1.4*PP

NIT=1

CALL XSCALE(IQX,XX,YY,PP,PA,XM,¥YM,X,Y,NIT,NOS)
LN=0

DO 220 IX=1,IH

IP=NZ(IX)

DO 214 IM=1,IP

BM(IM)=AXT(IM,1,IX)

BX(IM)=AX1(IM, 1,IX)

YI(IM)=AX2(IM,1,IX)

LN=LN+1

VS=BM(IP)+0.1*LN

VZ=BX(IP)=0.25*(LN-1)

CALL GRACUR(BEM,BX,IP)

CALL GRAMOV(VS,VZ)

CALL CHAINT(LN,2)

FORMAT( 10X, ' INPUT GRAPH OUTPUT. SCREEN(1) OR PAPER(2)',/)
FORMAT(I3)

CALL GRAPOL(BM,YI,IP)

FORMAT(5X, ' NUMBER OF PHASES TO BE PLOTTED ',I3,/)
FORMAT(5X, 'PHASE NUMBER ',I3,' NUMBER OF POINTS ',I3,/)
CALL BIXT(XX,YY,X,Y) ’

NIT=2

CALL XSCALE(IQX,XX,YY,PP,PA,XM,YM,X,Y,NIT,NOS)
RETURN ;
END

Control routine for transient response subroutines.
SUBROUTINE UNCODY

REAL PS(105),5GX(105,4),NAMEIT(4,8)

SPECIAL COMMON IBR,ZZ,XT,FX,SV,XP,WX,VB,JP,BZ
CoMMON /BZ/ ™(4),TVs(26,3,4) ,PVS(6)

COMMON /IBR/ MH(8,4),Nz(4),JS,IR,IH,MS(2,2),NA(2)
CoMMON /JP/ J,1Q,1Q,1X,NS,LZ,NP,NB

CoMMON /2Z/ TCI,TI,CA,VvC(4),FC(4),V1,E1

coMMON /VB/ S1,82,83,54,55,56,57

COMMON /XT/ Y1(4)¢Y2(4}:Y3{4}:W(2):PY('Q}'QQ
COMMON /WX/ TQ,TCO,CAO,R1,CP,F,U(4),DEL,R
coMMoN /xp/ TIS(3,4),C1S(3,4),TCS(3,4)

coMMoN /sv/ D1,G1,B,BC(4),TP,TK(4) , TH,BY(4)
COMMON /FX/ AX1(999,2,8),AX2(999,2,8),
1AX3(999,2,8) ,AXT(999,2,8) ,AX4(999,2,8)
EXTERNAL MEX,PIDLIN,NONINT, INVART

DATA NAMEIT/6HPHASE ,6HSPACE ,6HCO-CUR,6HRENT(1,
16HPHASE ,6HSPACE ,6HCOUNTE,6HR CT(2,6HCOIL T,
26HEMPERA, 6HTURE( 3, 6H) +6HREACTO, 6HR TEMP,
26HEMPERA, 6HTURE( 3,6H2) +6HREACTO, 6HR TEMP,
36HERATUR,6HE(4) ,6HREACTO,6HR CONC,6HENTRAT,
36HERATUR, 6HE(23) ,6HREACTO,6HR CONC,6HENTRAT,
46HION(5) , 6HNON~IN, 6HTERACT,6HING (6,6H) p
S6HINVARI,6HANCE C,6HONTROL,6H(7) ,6HRETURN,
66H(8) ,6H +6H /N1/8/

NFI=2%*(2+LZ) ;

NIM=4*( 1+LZ)

NIT=2*(3+LZ)

NIT=5+3*LZ

NIY=2

CALL SESAME(NAMEIT,NI,I)

GO TO (230.230,232.234,234,236,242.244),I

GO TO (230,230,234,234,232,236,242,244),1
CALL LINASS{D-IEX:NFI;SQ(.PS,I)
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232
234

236

242
244

246
252

254

256
257
258
260
262

GO TO 244

CALL LINASS(PIDLIN,NIM,SGX,PS,I)
GO TO 244°

CALL LINASS(PIDLIN,NIT,SGX,PS,I)

GO TO 244

CALL LINASS(NONINT,NFI,SGX,PS,I)

GO TO 244

CALYL LINASS(INVART,NIY,SGX,PS,I)

RETURN

END

SUBROUTINE LINASS(BONES,NIS,SGX,PS,NIB)

REAL X,HS,PS(105),5GxX(105,4),X1,X2,X3,X21,X22,%X23
REAL NAMEIT(4,6),X1,X2,K3,K4,K5,K6,K7

SPECIAL COMMON IBR,2Z,XT,FX,SV,XP,WX,VB,JP,BZ
coMMoN /Jp/ J,1Q,10,1X,NS,LZ,NP,NB

COMMON /IBR/ MH(8,4),NZ(4),JS,IR,IH,MS(2,2),NA(2)
COMMON /BZ/ T™V(4),TVS(26,3,4),PVS(6)

COMMON /ZZ/ TCI,TI,CA,VC(4) ,FC(4),V1,E1l
COMMON /VB/ K1,K2,K3,K4,K5,K6,K7

COMMON /WX/ TQ,TCO,CAO,R1,CP,F,U(4),DEL,R
coMMON /XT/ Y1(4),Y2(4),Y3(4),PV(2),PY(4),SM
coMMON /Xp/ TIS(3,4),C1S(3,4),TCS(3,4)

coMMoN /sv/ p1,G1,B,BC(4),TP,TK(4) ,TH,BY(4)
COMMON /FX/ AX1(999,2,8),A%X2(999,2,8),
1A%3(999,2,8),AXT(999,2,8) ,AX4(999,2,8)
INTEGER NIS,M,NF,J,I,10,IQ

EXTERNAL BONES

DATA NAMEIT/6HNO CON,6HTROL( 1,6H) L6H
16HPROP C,6HONTROL,6H(2) ,6H ,6HP&I CO,
26HNTROL( ,6H3) ,6H ,6HP&D 00, 6HNTROL( ,
36H4) ,6H ,6HP&I&D ,6HCONTRL,6H(5) ,
46H (6HRETURN,6H(6) ,6H ,6H /
DATA THS,NIX/3.0,6/

FORMAT(5X, ' INVARIANCE CONTROL',/)

CONTINUE

NM=1

CALL BIXT(X1,X2,K3,YIM)

CALL BIXT(X4,K5,K56,K7)

IF(NIB.GE.3) GO TO 254

WRITE(NS,304)

READ(NS,318) .J

IF(LX.LT«2.0R.J+GT.LX) GO TO 372

GO TO 300

WRITE(NS,306)

READ(NS,318) I1Q,J,10Q

IF(J.GT.LX.0OR.LX.LT.2) GO TO 372

M=0

NPAX=0

IF(NIB.EQ.7) WRITE(NS,246)

IF(NIB.GE.7) GO TO 296

IF(NIB.EQ.6) WRITE(NS,256)

IF(NIB.EQ.6) GO TO 267

WRITE(NS,366)

WRITE(NS,262)

CALL SESAME(NAMEIT,NIX,IL)

Go T0 (260,266,272,276,280,354),1L
FORMAT(5X, ' NON~-INTERACTING CONTROL ON REACTOR ONE',/)
FORMAT(5X, ' NON-INTERACTING CONTROL ON REACTOR TWO',/)
FORMAT( 10X, *FOR REACTOR TWO'/)

WRITE(NS,264)

FORMAT( 10X,' FOR REACTOR ONE.'/)
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264
266

267
268

272

274

276

278

280

282

284

286

288
289

290

292

294

296

298

FORMAT(5X, "NO CONTROL ON SYSTEM MANIPULABLES',/)

GO TO 284

WRITE(NS,268)

CALIL BEES(K1)

FORMAT(5X, ' PROPORTIONAL CONTROL APPLIED TO SYSTEM',/)
GO TO 284

WRITE(NS,274)

CALL BEES({K1)

K2=K1/THS

FORMAT(5X, " PROPORTIONAL PLUS INTERGRAL CONTROL',/)
GO TO 284

WRITE(NS,278)

CALL BEES(K1)

K3=K1*THS

FORMAT(5X, ' PROPORTIONAL PLUS DIFFERENTIAL CONTROL',/)
GO TO 284

WRITE(NS,282)

CALL BEES(K1)

K3=K1*THS

K2=K1/THS

FORMAT(5X, ' PROPORTIONAL PLUS INTERGRAL PLUS DIFFERENTIAL'

1" CONTROL', /)

CONTINUE

WRITE(NS, 366)

WRITE(NS, 258)

IF(NIB.EQ.6) WRITE(NS,257)

IF(NIB.EQ.6) GO TO 289

CALL SESAME(NAMEIT,NIX,IC)

GO TO (286,288,290,292,294,354),IC

WRITE(NS, 264)

GO TO 296

WRITE(NS, 268)

CALI BEES(K4)

GO TO 296

WRITE(NS,274)

CALL BEES(K4).

K5=K4/THS

GO TO 296

WRITE(NS,278)

CALL BEES(K4)

K6=K4*THS

GO TO 296

WRITE(NS, 282)

CALL BEES(K4)

K6=K4*THS

K5=K4/THS

WRITE(NS, 141)
IF(NIB.LE.2.0R.NIB.GE.7.0R.K1.EQ.0.0.AND.K4.5Q.0.0) NAT={
IF(NIBeEQs3+ANDK14NE¢0¢0.OR.NIB.EQ.3.AND.K4 .NE.0.0) NAT=2
IF(NIB+EQ+4+AND.K1.NE.0+0.OR.NIB.EQ.4.AND.K4.NE.0.0) NAT=3
IF(NIB+EQ«5+AND.K1+NE.0.0.OR.NIB.EQ.5.AND. K4 .NE.0.0) NAT=4
IF(NIB.EQ.6.AND.K1.NE.0.0.0R.NIB.EQ.6.AND.K4 .NE.0.0) NAT=5
READ(NS,318,ERR=354) IBS,LBS

CALL JANSS(IBS,LBS,NAT,NAD)

IF(NAD.EQ.2) WRITE(NS, 143)

IF(NAD.EQ.2) READ(NS,318,ERR=354) NOKE
IF(NAD.EQ.2.AND.NOKE.EQ.1) CALL LYAPON(IBS,LBS,NAT)

CALL BIXT(PVS(1),PVS(2),PVS(3),PVS(4))

CALL BIXT(PX1,PX2,PVS(5),PVS(6))

LS=10

IY=10

WRITE(NS,371)
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READ(NS, 318,ERR=354) ITT
IF(ITT.EQ.3) GO TO 252
IF(IY.NE.2) GO TO 300
WRITE(NS,362)
READ(NS, 318 ,ERR=354) LS
IF(LS.EQ.2) GO TO 332
300 WRITE(NS,302)
WRITE(NS, 308)
302 FORMAT(5X,'INPUT INITIAL CONDITIONS',)
304 FORMAT(5X,'STAGE NUMBER(J) ONLY ',)
141 FORMAT(5X,'S«S. NO(IQ) & STAGE NO(J)')
143 FORMAT(5X,'CALCULATE LYAPONUV S FUNCTION. YES(1) OR NO(2)?')
306 FORMAT(5X,'S.S(1 2 3) STAGE NO (2 3 4)AND S.S(1 2 3) ")
308 FORMAT(S5X,'TIME(SECS) STEPLT(SECS)[4F8.4]")
310 FORMAT(5X,' Ca(Kg/m3) TEMP(oC) TEMP(oC) ')
311 FORMAT(5X,'Initial Peturbation of System',)
312 FORMAT(5X,'Ca2(Kg/m3) TEMP{oC) TEMP(oC) ')
DO 314 NK=1,L2
PS(2+NK)=Y3(1)
PS(LZ+4+NK)=Y3(J)
314 CONTINUE
315 FORMAT(5X,'TEMPERATURE OF REACTOR AND JACKET oC',)
READ(NS,316) STIME,HS
HS=HS/TH
316 FORMAT(4(F8.4))
318 FORMAT(313)
IF(NIB.GE.3.AND.NIB.LE.6) GO TO 297
WRITE(NS, 299)
READ(NS, 318) NF,NNF
WRITE(NS,368) NF,NNF
IF(NIB.GT.6) GO TO 324
GO TO 317
297 WRITE(NS,320)
299 FORMAT(5X,'Number of Steps & Plot Step[max 999,8]',)
320 FORMAT(5X,'Number of Steps & Plot Step(max 999,8]',/,
1" & type of disturbance.PETURBATION(1)',/,
L or STEP(2) or BOTH(3)',)
322 FORMAT(5X,'Ca(Kg/m3) TEMP(oC) TEMP1(oC) TEMP2(oC) ')
READ(NS,318) NF,NNF,LXD
WRITE(NS,368) NF,NNF,LXD
IF(NIB.GE.3.AND.LXD.B).2) GO TO 324
IF(LXD.NE.2) WRITE(NS,311)
317 WRITE(NS,310)
READ(NS,316)8X1,5%2,5X3
X1=5X1/CAO
X2=(SX2~TR+273.1)/(TQ*G1)
X3=(SX3~TR+273.1)/(TQ*G1)
WRITE(NS, 312)
READ(NS,316) SX21,8%22,S5X23
X21=SX21/CAO
X22=(SX22-7Q+273.1)/(TQ*G1)
X23=(SX23-TR+273.1)/(TQ*G1)
975 PS(1)=X1
PS(2)=x2
DO 323 NK=1,LZ
PS({2+NK)=X3
PS(4+LZ+NK)=X23
IF(NIB.EQ.2) PS(LZ4+4+NK)=Y3(1)
323 CONTINUE
PS{LZ+3)=X21
PS(LZ+4)=X22 :
IF(NIB.LE.2) GO TO 108
IF(LXD.BQ.2) GO TO 324
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GO TO (321,321,303,305,305,321,324) ,NIB
303 PS(3+2*1Z)=X21
PS(442%LZ)=X22 |
DO 309 NK=1,LZ
309 PS(4+2*LZ+NK)=X23
GO TO 321
305 PS(4+L2)=x21
PS(5+L2)=X22
DO 307 NK=1,LZ
307 PS(5+LZ+NK)=X23
321 IF(LXD.BEQ.3) GO TO 998
108 CONTINUE
WRITE(NS,326)
GO TO 330
324 DO 325 NK=1,NIS
325 PS(NK)=0.0
998 CALL BIXT(PV(1),PV(2),XVP1,XVP2)
313 WRITE(NS,322)
READ(NS,316) (PY(IU),IU=1,4)
PY(1)=PY(1)/CRO
PY(2)=PY(2)/(TQ*G1) .
PY(3)=PY(3)/(TQ*G1)
PY(4)=PY(4)/(TQ*G1)
WRITE(NS,316) (PY(IU),IU=1,4)
319 WRITE(NS,376)
326 FORMAT(1X,' TIME X1 X2 X3 Xx21 X22 X23 '/)
327 FORMAT(F7.3,4(E15.6))
328 FORMAT(F8.2,9(F7.3))
330 X=STIME/TH
XTH=X*TH .
C WRITE(NS,328) (PS(2+JH),JH=1,LZ)
c WRITE(NS,328) (PS(4+LZ+JH),JH=1,LZ)
IF(NIB.LE.2) WRITE(NS,328) XTH,X1,X2,X3,X21,X22,%X23
IF(NIB.ED.3) WRITE(NS,328) XTH,PS(1),PS(2),PS(2+L2)
}lm(1)J{PS(2*LZ+2+ML}:MF1¢2):PS(4+3*LZ)'0“:(J)
IF(NIB.EQ.4.0R.NIB.EQ.5) WRITE(NS,328) XTH,PS(1),PS(2)
1,PS(2+L2) ,FC( 1), (PS(3+LZ+ML) ,ML=1,2) ,PS(5+2*LZ) ,FC(J)
IF(NIB.EQ.6) WRITE(NS,328) XTH,PS(1),PsS(2),PS(2+L2)
1,FC(1),PS(3+LZ) ,PS(4+LZ) ,PS(4+2*LZ) ,FC(J)
IF(NIB.EQ.7) WRITE(NS,378) XTH,PS(1),PS(2),FC(1),FC(J)
IF(NF.GT.999) GO TO 352 .
332 M=M+1
IF(M.GT.8) GO TO 356
NAFP=0
DO 346 I=1,NF
CALL DOINT(X,PS,NIS,HS,SGX,BONES,NIB)
c WRITE(NS, 328) (PS(2+JH),JH=1,LZ)
c WRITE(NS,328) (PS(4+Lz+JH),JH=1,LZ)
XTH=X*TH
GO TO (999,999,333,334,336,337,331) ,NIB
999 IF(ITT.EQ.1) WRITE(NS,328) XTH,(PS(LI),LI=1,2),PS(2+LZ)
1, (PS(2+LZ+LI),LI=1,2),PS(4+2*LZ)
GO TO 340
331 P21=pS(1)
PZ2=PS(2)
CALL NEFC(P21,PZ2,LS)
PX1=pPV(1)
PX2=pV(2)
CALL MOAD(X,HS,PX1,PX2,H3,H4,3)
IF(ITI"BQ'” WRITE(NS,378) XTH:PS(I);PS(2).H3.H4
GO TO 340 '
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301

336

329

338

20
337

30

40

340

DO 335 LI=1,1L2Z

PS({2+LI)=PS({2+LI)

PS(442*LZ+LI )=PS(4+2*LZ+LI)

PX1={ (K1*PS(2+L2)+K2*TH*PS( 2+2*LZ)+K3*PV( 1)/TH) *TQ*G1)
PX2=( (K4*PS(4+3*LZ)+KS*TH*PS(4+4*LZ)+K6*PV(2)/TH) *TQ*G1)
PX2=( (K4*(PS(2)+PS(4+3*LZ) )+KS*TH*PS(4+4*LZ)+K6*PV(2)/TH) *TQ*G1)
CALL MOAD(X,HS,PS(2),PS{2*L2+4),H5,H6,1)

CALI, MOAD(X,HS,PS(2+LZ),PS(3*1.Z+4),H7,H8,2)

CALI, MOAD(X,HS,PX1,PX2,H3,H4,3)

IF(ITT.EQ.1) WRITE(NS,328) XTH,PS(1),H5,H7,H3,PS(2*LZ+3)
1,H6,H8,H4

GO TO 340

DO 301 LI=1,LZ

PS(2+LI)=PS(2+LI)

PS{5+LZ+L1)=PS(5+LZ+LI)

PX1=( (K1*PS(2)+K2*TH*PS(3+LZ)+K3*PV( 1) /TH) *TR*G1) .
PX2=( (K4*PS(5+LZ)+K5*TH*PS(6+2*LZ)+K6*PV(2)/TH) *TQ*G1)
PX2=( (K4*(PS(2+LZ)+PS(5+L2) ) +KS*TH*PS(6+2*LZ)+K6*PV(2) /TH) *TR*G1)
GO TO 338

DO 329 LI=1,LZ

PS(2+LI)=PS(2+LI)

PS{5+LZ+LI)=PS(5+LZ+LI) ‘
PX1=((K1*PS(1)+K2*TH*PS(3+LZ)+K3*PV( 1) /TH) *CAO)

PX2=( (K4*PS(4+LZ)+KS*TH*PS(6+2*LZ)+K6*PV(2)/TH) *CAO)
PX2=( (K4*(PS( 1)+PS{4+L2) }+K5*TH*PS({6+2*LZ)+K6*PV( 2)/TH) *CAD)
CALL MOAD(X,HS,PS(2),PS(5+LZ),H5,H6,1)

CALL MOAD(X,HS,PS(2+LZ),PS(5+2*LZ),H7,HS,2)

CALL MOAD(X,HS,PX1,PX2,H3,H4,3)

IF(ITT.EQ.1) WRITE(NS,328) XTH,PS(1),H5,H7,H3,PS(4+LZ)
1,H6,H8,H4

GO TO 340

CONTINUE

PX1=( (TK(1)/TH)*QB(SM,BY(1) ,K1,TV(2),B,D1,TV(1),PS(1),
1c1s(19Q,1),G1,pPs(2) rTIS(IQJ1))"{BY(1}/551)*(SM'PS{2)
2~QA(sM,BY(1),K1,PS(2),B,D1,Ps{1),CIS(IQ, 1),TIS(1Q,1)
3,G1))+PS(2+LZ)~-PY(3))*FC(1)/(Y3( 1)+PY(3)-TVS(LZ,IQ, 1)
4~PS(2+LZ))

CALL CHFLCT(PX1,K1,FC(1),KNAD)

GO TO (20,30,372),KNAD

CONTINUE

PX2=((TK(J)/TH)*CB(SM,BY(J) ,K4,TV(4),B,D1,TV(3) ,PS(3+LZ),
1CIS(1Q,J),G1,PS(4+L2), TIS(LQ,J))=(BY(J)/SM) * (SM*PS(4+LZ)
2-QA(SM,BY(J) ,K4,Ps(4+LZ),B,D1,PS(3+L2),CIS(1Q,J),TIS(IQ,J)
3,G1))+PS(4+2*LZ)-PY(4) ) *FC(J)/(¥Y3(J)+PY(4)-TVS(LZ,LQ,J)
4-PS(4+2*12))

CALL CHFLCT(PX2,K4,FC(J),KNAD)

GO TO (30,40,372),KNAD

CALL MOAD(X,HS,PS(2),PS(4+LZ),H5,H6,1)

CALL MOAD(X,HS,PS(2+LZ),PS(4+2*LZ),H7,H8,2)

CALL MOAD(X,HS,PX1,PX2,H3,H4,3)

IF(ITT.EQ.1) WRITE(NS,328) XTH,PS(1),HS,H7,H3,PS(3+LZ)
1,H6,H8,H4

IF(NPAX.BEQ.NNF) NPAX=0

NPAX=NPAX+1

IF(NPAX.NE.9) GO TO 345

NAFP=NAFP+1

AXT(NAFP, 1,M)=X*TH

AXT(NAFP,2,M)=X*TH

IF(NIB.GT.2) GO TO 341

AX1(NAFP, 1,M)=CAO*PS( 1)
AX2(NAFP, 1,M)=TQ*( 1.4G1*H5)~273.1

AX3(NAFP, 1,M)=TQ*( 1.4G1*H7)-273.1
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AX1(NAFP,2,M)=CAO*PS(3+LZ)
AX2(NAFP,2,M)=TR*( 1.4G1*H6)=273.1
AX3(NAFP,2,M)=TQ*(1.4G1*H8)~273.1
IF(NIB.LE.2) GO TO 345

341 AX1(NAFP, 1,M)=CAO*(PS(1)+CIS(IQ,1))
AX2(NAFP, 1,M)=TQ*( 1.4G1*(HS+TIS(IQ,1)))=273.1
AX3(NAFP, 1,M)=TQ*( 1.4G1*(H7+TCS(I1Q,1)))=273.1
AX4(NAFP, 1,M)=H3+FC(1)
AX4(NAFP, 2,M)=H4+FC(J)
GO TO (340,340,342,399,399,343,344) ,NIB

399 AX1(NAFP,2,M)=CAO*(PS(4+LZ)+CIS(LQ,J))
GO TO 111

342 AX1(NAFP,2,M)=CAO*(PS(3+2*LZ)+CIS(1Q,J))
GO TO 111

343 AX1(NAFP,2,M)=CAO*(PS(3+LZ)+CIS(1Q,J))

111 AX2(NAFP,2,M)=TQ*( 1.4+G1*(H6+TIS(1Q,J)))~273.1
AX3(NAFP, 2 ,M)=TQ*( 1.+G1*(H8+TCS(10Q,J)) )=273.1
GO TO 345

344 AX1(NAFP,1,M)=CAO*(PS(1)+CIS(IQ, 1))
AX2(NAFP, 1,M)=TQ*( 1.4G1*TIS(1Q,1))=-273.1
AX3(NAFP, 1,M)=TQ*( 1.4+G1*TVS(LZ,I1Q,1))=273.1
AX1(NAFP, 2,M)=CAO*( PS(2)+CIS(1Q,J))
AX2(NAFP,2,M)=TQ*( 1.+G1*TIS(LQ,J))~273.1
AK3(NAFP,2,H]="IQ*(1.'I'G!*'IVS{LZ,IQ,J))-273.1
AX4(NAFP, 1,M)=H3
AX4(NAFP,2,M)=H4

345 OONTINUE

347 CONTINUE

346 CONTINUE
MH(M, 1)=NAFP
MH(M,J)=NAFP
WRITE(NS,368) M,NAFP
WRITE(NS,374)
READ(NS,318,ERR=354) INK
IF(INK.OmQZJ M=M"1

348 WRITE(NS,364)
READ(NS,318,ERR=354) IY
IF(IY.EQ.LOB.IY.I:D.B) NZ(‘]“M
IF(IY.EQ.2.0R.IY.ED.3) NZ(J)=M
WRITE(NS,368) IY,M

_ GO TO (252,298,354),1Y

350 OONTINUE

352 WRITE(NS,370) NF

354 RETURN

356 WRITE(NS,358)

358 FORMAT(5X,"'STORE FULL FOR THIS PHASE',)

360 FORMAT(5X,'GONE INTO UNCHARTED SPACE.SYSTEM UNDEFINED',)
IF(J.LT.LX) GO TO 348
RETURN

362 FORMAT(5X,'NEW(1) OR OLD(2) INITIAL VALUES?',)

364 FORMAT(5X,'CONT(1) OR NLINE(2) OR RET(3)?',)

366 FORMAT(/,10X,'NEW PHASE',)

368 FORMAT(1X,13,2X,I3,1X,I3)

370 FORMAT(5X,'TOO MANY STEPS',2X,'NF=',I3,)

371 FORMAT(5X,"PRINT RESULTS: YES(1) OR NO(2) OR REPEAT S.S.(3)?')

372 WRITE(NS,360)
RETURN

374 FORMAT(5X,'STORE(1) OR DISCARD(2) LINE?')

376 FORMAT(1X,' TIME X1 X2 X3 FC X21 x22 !

1" x23 FC'/) N
378 FORMAT(F8.2,2(F7.3),2(E15.6))
END
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SUBROUTINE CHFLCT(P1X,SKI,P1,KNAD)

SPECIAL COMMON JP

coMmMoN /Jp/ J,1Q,1Q,1X,NS,NC,NP,NB
IFU\BS(P‘IX-IH)-GI'-O-18E-D3.AND nSKI.NE.D.O) W‘
IF(ABS(P1X-P1) .LT.0. 1BE-03) KNAD=2
IF(&BS(P1K-P1).G'I‘-DJBE-OLANI).S!CI.EQ.0.0) KNAD-B
GO T0 (10,30,20) ,KNAD

SKI=SKI*0.9

WRITE(NS, 15) KNAD,SKI,P1X
FORMAT(5X,13,2F15.9, '"WATER NEED EXCEEDS SUPPLY.')
GO TO 30

WRITE(NS,25) KNAD, SKI,P1X
FORMAT(5X,13,2F15.9,"BEYOND CONTROL') -

RETURN

END

REAL FUNCTION CE(CE1,CE2,CE3)
CE=EXP( (CE1+CE2)/( 1.+CE3*(CE1+CE2)))
END

REAL FUNCTION QA(QA1,DA2,0A3,0A4,0A5,0R6,0A7,0A8,0A9,0A10)

QA=(QA1/QA2)*( ( 1.+QA2-QA3) *QA4-QAS*QA6* ( (QA7+QAB) *CE(
1QM;QA9;Q’“O)—QAB‘CE(QAQ,O.U.QR‘W} ) }

END

REAL FUNCTION QOB(QB1,0B2,QB3,0B4,0B5,086,087,088,089
1,0810,0B11,0B12)

QB=(QB1/0B2)*( ( 1.+0B2-QB3) *QB4~-0B5*QB6*(QB7+( (QB8+0B9) /( (1
1.+0B10*(QB11+QB12) ) **2,) ) *OB4) *CE(QB11,08B12,0810) )

END

SUBROUTINE MOAD(X,HS,H1,H2,SH3,SH4,I)
REAL PA(2),SGB(2,4),HS

SPECIAL COMMON SV,B2Z

coMMoN /sv/ D1,G1,B,BC(4),TP,TK(4) ,TH,BY(4)
COMMON /BZ/ TV(4),TVsS(26,3,4) ,PVS(6)
EXTERNAL COFC

X=X-HS

PA(1)=H1

PA(2)=H2

CALL DOINT(X,PA,2,HS,SGB,0C0FC,I)
SH3=PA(1)

SH4=PA(2)

GO T0(10,20,30),I

pvs(1)=PA(1) -

PVS(2)=PA(2)

GO TO 40

PVS(3)=PA(1)

PVS(4)=PA(2)

GO TO 40

PVS(5)=PA(1)

PVS(6)=PA(2)

RETURN

END

SUBROUTINE BEES(SL)

SPECIAL COMMON JP

coMMoN /Jp/ J,1Q,10,1LX,NS,NC,NP,NB
FORMAT(2X,F15.12/)

FORMAT(10X,' KICTC[F15.12]positive’,)
WRITE(NS,270)

READ(NS,256) SL

145



10

20

30

40

226

10

228

20

WRITE(NS,256) SL
RETURN
END

SUBROUTINE COFC(PAT,PA,X,IOE)

REAL PAT(2),PA(2),X

SPECIAL, COMMON SV,BZ

coMMoN  /sv/ DT:G1:B:BC(4)cTP:TK(4):chY{4)
COMMON /BZ/ TV(4),TVS(26,3,4),PVS(6)
Go T0 (10,20,30),ICE

TIM=1.0/TH
PAT(1)=(PA(1)=-PVS(1))/TIM
PAT(2)=(PA(2)=PVS(2))/TIM

GO TO 40

TIM=2.0/TH

PAT( 1)=(PA(1)=PVS(3))/TIM
PAT(2)=(PA(2)=-PVS(4))/TIM

GO TO 40

TIM=2.0/TH

PAT( 1)=(PA( 1)=-PVS(5))/TIM
PAT(2)=(PA(2)-PVS(6))/TIM

RETURN

END

SUBROUTINE MEX(PT,PS,X,MP)

This Subroutine Integrates the equations
describing the Dynamic state of system

REAL PT(105),PS(105),X

SPECIAL COMMON 2Z,XT,SV,JP,BZ

coMMON /22Z/ 'TCI,TI,CA,VC(4),FC(4),V1,E1

COMMON /XT/ Y1(4),Y2(4),Y3(4),Pv(2),PY(4),SM
coMMON /Jp/ J,I1Q,10,LX,NS,NC,NP,NB

COMMON /sv/ D1,G1,B,BC(4),TP,TK(4),TH,BY(4)
coMMoN /BZ/ TV(4),TVS(26,3,4),PVS(6)

TV(1)=0.0

™(J)=0.0
PT(1)=Y1(1)-PS(1)-D1*PS( 1) *CE(PS(2),0.0,G1)

DO 226 I=1,NC

™V(1)=TV(1)+PS(I+2)
FYE=Y2(1)-PS(2)=(BY(1)/SM)*(SM*PS(2)=-TV(1))
PT(2)=FYE+B*D1*PS( 1)*CE(PS{2),0.0,G1)

IF(MP.EQ.1) SAY=(Y3(1)-PS(3))

IF(MP.BEQ.2) SAY=(PS(2*NC+4)-PS(3))
PT(3)=(SAY+(BC(1)/SM)*(PS(2)-PS(3)))*sSM*TH/(TK(1))
DO 10 II’I;NC-1

I=II+3

PT(I)=((PS(I-1)=PS(I))+(BC(1)/sM)*(PS(2)
1-PS(I)))*sM*TH/(TK(1))

PT(NC+3)=(PS( 1)=PS(NC+3) )=D1*PS(NC+3 ) *CE(PS(NC+4),0.0,G1)
DO 228 I=1,NC

T™V(J)=TV(J)+PS(NC+4+1)
ZYE=PS(2)=PS(NC+4)=(BY(J)/SM)*( SM*PS(NC+4)-TV(J))
PT(NC+4)=ZYE+B*D1*PS(NC+3 ) *CE(PS(NC+4) ,0.0,G1)
IF(MP.EQ. 1) S1¥Y=(Y¥Y3(J)=PS(NC+5))

IF(MP.BEQ.2) S1¥=(Y3(1)=PS(NC+5))
PT(NC+5)=(S1Y+(BC(J)/SM) *(PS(NC+4)=PS(NC+5) ) ) *SM*TH/(TK(J) )
DO 20 I=1,NC-1

PT(NC+5+I)=( (PS(NCH+I)=PS(NC+5+I) )+(BC(J)/SM) *(
1PS(4+NC)=PS(NC+5+1)) ) *SM*TH/(TK(J))

RETURN :

END
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SUBROUTINE PODLIN(PT,PS,X,MP)
MP=9: Reactor Temp. as controlled variable
in reactor one & coil temp. in reactor two.
MP=10: Oooling coil temp. as controlled variable
in reactor one & reator temp. in reactor two.
REAL PT(105),PS(105),X,SP
SPECIAL COMMON ZZ,XT,SV,XP,WX,VB,JP,BZ
COMMON /B2Z/ TV(4),TVS(26,3,4),PVS(6)
coMMeN /Jp/ J,10,1Q,1LX,NS,NI,NP,NB
COMMON /XT/ Y1(4),Y2(4),Y3(4),pv(2),PY(4),SM
COMMON /22/ T¢I, TI,CA,VC(4),FC(4),V1,E1
COMMON /VB/ S1,S2,S83,54,S5,56
COMMON /WX/ TQ,TCO,CAO,R1,CP,F,U(4),DEL,R
COMMON /XP/ TIS(3,4),C1S(3,4),TCS(3,4)
coMMON /sv/ D1,G1,B,BC(4),TP,TK(4) ,TH,BY(4)
10 CONTINUE
CALL BIXT(TV(1),TV(2),TV(3),TV(4))
FQ=TIS(IQ, 1)
FM=CIS(1Q,1)
ZQ=T1S(1Q,J)
ZM=CIS(1Q,J)
FW=PS(2)+FQ
ZW=PS(NI+5)+2Q
IF(MP.EQ.3) ZW=PS({4+2*NI}+Z0
PT{1)=PY(1)=PS(1)=D1*((PS( 1)+FM)*CE(FW,0.0,G1)=-FM*CE(FQ,0.0,G1))
DO 20 I=1,NI
20 TV(1)=TV(1)+PS(I+2) ,
PT(2)=PY(2)-PS(2)+B*D1*((PS(1)+FM)*CE(FW,0.0,G1)~-FM*CE(FQ,0.0,G1))
1-(BY(1)/SM) *(SM*PS(2)~-TV(1)) ‘
IF(MP.EQ.4) GO TO 378 ©
AX1=(Y3(1)+PY(3)-TVS(1,1Q,1)-PS(3))
PT(3)=((((BC(1)/SM)*(PS(2)=PS(3))+(PY(3)=PS(3))
1+((S1*PS(3)+S2*TH*PS(3+NI) ) *AX1*TQ*(G1/FC( 1) )))
2*SM*TH*(FC(1)/G1))/((VC(1)/G1)=-S3*TQ*SM*AX1))
DO 30 I=1,NI-1
axX1=(TVS(I,IQ, 1)+PS(I+2)=-TVS(I+1,IQ, 1)-PS(I+3))
PT(3+I)=((((BC(1)/sM)*(PS(2)-PS(I+3))+(PS(I+2)=-PS(I+3
1))+((S1*PS{I+3)+S2*TH*PS(3+NI+I) ) *AX1*TQ*(G1/FC(1))))
2*SM*TH*(FC( 1)/G1) )/ ((VC(1)/G1)~-S3*TQ*SM*AX 1) )
30 OONTINUE
DO 40 I=1,NI
PT(2+NI+I)=PS(2+I)
40 CONTINUE
PV( 1)=PT(2+N1)
384 PT(3+2*NI)=(PS(1)=-PS{3+2*NI))-D1*((PS{3+2*NI)+2ZM)*
1CE(2ZW,0.0,G1)-2ZM*CE(2Q,0.0,G1))
DO 85 I=1,NI
85 TV(J)=TV(J)+PS(4+2*NI+I)
PT(4+2*NI)=(PS(2)=PS(4+2*NI) )+B*D1*( (PS(3+2*NI)+2ZM)*CE
1(2wW,0.0,G1)=-ZM*CE(2Q,0.0,G1) )=(BY(J)/SM) *( SM*PS(4+2*NI)-TV(J))
AX1=(Y3(J)+PY(4)-TVS(1,10,J)=PS{5+2*NI))
AX=(S4*PS(4+2*NI)+S5*TH*PS(5+3*NI)+S6*(PT(4
AX=(S4*(PS(2)+PS(4+2*NI))+S5*TH*PS({5+3*NI)+S6*(PT(4
1+2*NI)/TH) ) *TQ*G1/FC(J)
PT(5+2*NI)=((BC(J)/SM)*(PS(4+2*NI)=~PS(5+2*NI) )+(PY(4)
1=-PS(5+2*NI) )+(AX*AX1))*SM*(TH/(TK(1)))
DO 90 I=1,NI-1
AX1=(TVS(I,1Q,J)+PS(4+2*NI+1)=-TVS(1I+1,1Q,J)=-PS(5+2*NI+I))
PT(5+2*NI+I)=((BC(J)/SM)*(PS(4+2*NI)=PS(5+2*NI+I))+(PS(5+
INI+I)=PS(5+2*NI+I) )+ (AX*AX1) ) *SM*( TH/(TK(J)))
90 CONTINUE
PT(5+3*NI)=PS(4+2*NI)

aaoaon
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PV(2)=PT(4+2*NI)

GO TO 388
AX=+(S1*PS(2)+S2*TH*PS(3+NI)+S3*(PT(2)/TH))
1*1Q*G1/FC(1)
PT(3)=((BC(1)/8M)*(PS(2)=PS(3))+(PY(3)=-PS(3))+(A
1X*(Y3(1)+PY(3)-TVS(1,IQ, 1)-PS(3))) ) *sM*(TH/(TK(1)))
DO 50 I=1,NI~1
PT(3+I)=((BC(1)/SM)*(PS(2)=PS(3+I))+(PS(I+2)-PS(I+3)
1)4AX*(TVS(I,IQ, 1)+PS(2+I)-TVS(I+1,IQ,1)-PS(3+
21)))*sM*(TH/(TK(1)))

CONTINUE

PT(3+NI)=PS(2)

PV(1)=PT(2)
PT(44NI)=(PS({1)=PS(4+NI))=D1*{(PS(4+NI)+2M)
1*CE(2W,0.0,G1)=-ZM*CE(2Q,0.0,G1))

DO 60 I=1,NI ‘

T™V(J)=TV(JT)+PS(I+4+2*NI)

PT(54+NI)=(PS(2)=PS(54NI) )+B*D1*( (PS(4+NI)+ZM)
1*CE(ZW,0.0,G1)=ZM*CE(2Q,0.0,G1) )=(BY(J)/SM)*( SM*PS({5+NI)-TV(J))
AX=( S4*PS(6+NI)+S5*TH*PS(5+3*NI))
AX=(S4*(PS(3)+PS(6+NI))+SS*TH*PS(5+3*NI))
AX1=(Y3(J)+PY(4)~-TVS(1,1Q,J)~PS{6+NI))
PT(6+NI)=({((BC(J)/SM)*(PS(5+NI)~PS(6+NI))
14+(PY(4)=-PS(64NI) )+ (AX1*AX*TO*(G1/FC(J)) ) )*
2SM*TH*(FC(J)/G1))/({VC(J)/G1)=S6*TQ*SM*AX 1))

DO 70 I=1,NI-1
AX1=(TVS(I,LQ,J)+PS(S+NI+I)-TVS(I+1,1Q,J)-PS
1(6+NI+I))

AX=(S4*PS(6+NI+I)+S5*TH*PS{5+3*NI+I))
AX=(S4*(PS(3+I)+PS(6+NI+I) )+SS*TH*PS(5+3*NI+I))
PT(6NI+I)=((((BC(J)/SM)*(PS(5+NI)=-PS{6+NI+I))
1+(PS(5+NI+I1)=PS(6+NI+I) )+ (AX*AX1*TQ*(G1/FC(J))))*
2SM*TH*(FC(J)/G1))/((VC(JT)/G1)~S6*TQ*SM*AX1) )
OONTINUE

DO 80 I=1,NI

PT(542*NI+I)=PS(5+NI+I)

PV(2)=PT(5+2*NI)

RETURN

END

SUBROUTINE PIDLIN(PT,PS,X,MP)

Program describing Dynamic state of
Perturbed system near steady state value
and controlled using cooling liquid flow.
MP=3: Coil Temp. being controlled variable.
MP=4: Reactor Temp. as controlled variable.
MP=5: Reactor conc. as controlled variable.
REAL PT(105),PS(105),X,FQ,FM,ZQ,2ZM,FW,ZW
SPECIAL COMMON 2ZZ,XT,SV,XP,WX,VB,JP,BZ
COMMON /BZ/ T™(4),TVS(26,3,4),PVS(6)

coMMoN /oP/ J,I1IQ,1Q,LX,NS,NI,NP,NB

COMMON /XT/ Y1(4),¥2(4),Y3(4),PV(2),PY(4),SM
CoMMON /ZZ/ TCI,TI,CA,VC(4),FC(4),Vi,E1
coMMoN /vB/ 81,S2,S3,84,55,56,87

COMMON /WX/ TQ,TCO,CAO,R1,CP,F,U(4),DEL,R
COMMON /xP/ TIS(3,4),C18(3,4),TCS(3,4)
CoMMON /sv/ D1,G1,B,BC(4),TP,TK(4) ,TH, BY(4)
CALL BIXT{TV(*I);‘NQ).'IV(N;WM))
FR=TIS(IQ, 1)

- FM=CIS(IQ,1)

ZM=CIS(1Q,J) ' - o
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FWw=PS(2)+FQ
ZW=PS({NI+5)+Z0
IF(MP.EQ.3) ZW=PS(4+2*NI)+ZQ
PT{ 1)=PY( 1)-PS{ 1)-D1*((PS( 1)+FM)*CE(FW,0.0,G1)~FM*CE(FQ,0.0,G1))
DO 20 I=1,NI

20 T™(1)=TV({1)+PS(I+2)
PT(2)=PY(2)-PS(2)+B*D1*({PS(1)+FM)*CE(FW,0.0,G1)-FM*CE(FQ,0.0,G1))
1=(BY(1)/SM)*(SM*PS(2)-TV(1))
IF(MP.EQ.4.0R.MP.EQ.5) GO TO 378
AX1=(Y3(1)+PY(3)-TVS(1,IQ,1)-PS(3))

Cc M1=(PS(4+3*NI)-WS(1I'IQC1)—PS(3))

PT(3)=((((BC(1)/SM)*(PS(2)-PS(3))+(PY(3)~-PS(3))
1=(=(S1*PS(3)+S2*TH*PS(3+NI) ) *AX1*TQ*(G1/FC(1))))
2*SM*TH*(FC( 1)/G1))/((VC(1)/G1)-S3*TQ*SM*AX1))
DO 30 I=1,NI-1
AX1=(TVS(I,IQ, 1)+PS(I+2)-TVS(I+1,IQ,1)-PS(I+3))
PT(3+I)=((((BC(1)/SM)*(PS(2)-PS{1+3))+(PS(I+2)-PS(I+3
1))=(=(S1*PS(I+3)+S2*TH*PS(3+NI+I) ) *AX1*TO*(G1/FC(1))))
2*SM*TH*(FC(1)/G1) )/ ((VC(1)/G1)=-S3*TQ*SM*AX1) )

30 CONTINUE
DO 40 I=1,NI
PT(24NI+I)=PS(2+I1)

40 CONTINUE
PV(1)=PT(2+NI)
GO TO 382

378 IF(MP.EQ.3.0R.MP.EQ.5) GO TO 380
AX=(S1*PS(2)+S2*TH*PS(3+NI)+S3*(PT(2)/TH))
1*TQ*G1/FC(1)

GO TO 381

380 IF(MP.EQ.3.0R.MP.EQ.4) GO TO 382
AX==(S1*PS(1)+S2*TH*PS(3+NI)+S3*(PT(1)/TH))
1*CAO/FC(1)

381 Pr(3)=((BC(1)/SM)*(PS(2)-PS(3))+(PY(3)-PS(3))+(A
1X*(Y3{1)+PY(3)-TVvsS{1,IQ,1)-PS(3))) ) *SM*( TH/(TK(1)))

o] 1X*(PS(5+2*NI)~TVS(1,IQ,1)=-PS(3))))*sM*(TH/(TK(1)))
DO 50 I=1,NI-1
PT(3+I)=((BC(1)/M)*(PS(2)-PS(3+I))+(PS(I+2)-PS(I+3)
1)+AX*{TVs(I, IQ,1)+PS(2+I)-‘IVS{I+1,IQ.H-PS(.'.H-
21)))*sM*(TH/(TK(1))) "

50 CONTINUE

IF(MP.EQ.4) PT(3+NI)=PS(2)
IF(MP.EQ.5) PT(3+NI)=PS(1)
IF(MP.EQ.4) PV(1)=PT(2)
IF(MP.EQ.5) PV(1)=PT(1)

382 IF(MP.EQ.4.0R.MP.EQ.5) GO TO 384
PT(3+2*NI)=(PS(1)=-PS(3+2*NI))~-D1*( (PS{3+2*NI)+2ZM)
1*CE(2ZW,0.0,G1)-ZM*CE(20,0.0,G1))

DO 60 I=1,NI
60 TV(J)=TV(JI)+PS(I+4+2*NI)
PT(4+2*NI)=(PS(2)-PS{4+2*NI) )+B*D1*( ( PS(3+2*NI)+2M)
1*CE(2ZW,0.0,G1)~-2M*CE(20,0.0,G1) )=(BY(J)/SM) *( SM*PS(4+2*NI)-TV(J))
C AX=(S4*(PS(2)+PS(5+2*NI) )+S5*TH*PS({5+3*NI))
AX=( S4*PS(5+2*NI)+S5*TH*PS(5+3*NI))
AX1=(Y3(J)+PY(4)-TVS(1,10,J)=PS(5+2*NI))
PT(5+2*NI)=( (( (BC(J)/SM)*( PS(4+2*NI)=PS(5+2*NI))
14(PY(4)=-PS(5+2*NI) )+ (AX1*AX*TQ*(G1/FC(J))))*
2SM*TH*(FC(J)/G1) )/((VC(J)/G1)=S6*TQ*SM*AX 1))
DO 70 I=1,NI-1
AX1=(TVS(I,LQ,J)+PS(4+2*NI+I)-TVS(I+1,1Q,J)-PS
1(542*NI+I))
o] AX=(S4*(PS(2)+PS(5+2*NI+I) )+S5*TH*PS(5+3*NI+I))
AX=(S4*PS(5+2*NI+I)+SS*TH*PS(5+3*NI+I))
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PT(5+2*NI+I)=((((BC(J)/SM)*(PS(4+2*NIL)-PS(5+2*NI+I))
1+(PS(4+2*NI+1)=PS(5+2*NI+I) ) +(AX*AX1*TQ*(G1/FC(J))))*
2SM*TH*{ FC(J)/G1) )/ ((VC(J)/G1)~S6*TQ*SM*AX 1))

CONTINUE

pO 80 I=1,NI

PT(4+3*NI+I)=PS(4+2*NI+I)

PV(2)=PT(4+3*NI)

GO TO 388

PT{44NI)=(PS(1)=PS(4+NI))=D1*( ( PS{4+NI)+ZM)*CE(2W,0.0,G1)
1=ZM*CE(ZQ,0.0,G1))

DO 85 I=1,NI

™(J)=TV(JI)+PS(5+NI+I)

PT(5+NI)=(PS(2)=-PS(5+NI))+B*D1*( (PS(4+NI)+2M)*CE(2W,0.0,G1)
1-ZM*CE(2Q,0.0,G1) )=(BY(J)/SM) *{ SM*PS(5+NI)-TV(J))

AX1=(Y3(J)+PY(4)-TVS(1,LQ,J)=-PS(6+NI))

IF(MP.EQ.3.0R.MP.EQ.5) GO TO 386

AX=(S4*(PS(2+NI)+PS(5+NI) )+SS*TH*PS(6+2*NI )+S6* (PT(5+NI)/TH))

AX=(SA*PS(5+NI)+S5*TH*PS{6+2*NI)+S6*(PT(5+NI)/TH))
1*TQ*G1/FC(J)

GO TO 387 -

IF(MP.EQ.3.0R.MP.EQ.4) GO TO 388

AX=-(S4*(PS{ 1)+PS({4+NI) )+S5*TH*PS(6+2*NI)+S6*( PT(4+NI)/TH))

AX=-(S4*PS(4+NI)+S5*TH*PS{6+2*NI)+S6*(PT(4+NY)/TH) )
1*CAO/FC(J)

PT(6+NI)=((BC(J)/SM)*{PS(5+NI)-PS(6+NI))+(PY(4)
1-PS(6+NL) )+ (AX*AX1) ) *SM*(TH/(TK(1)))

DO 90 I=1,NI-1

AX1=(TVS(I,1Q,J)+PS(S+NI+I)~TVS(I+1,10,J)=PS(6+NI+I))

PT(6+NI+I)=((BC(J)/SM)*(PS(5+NI)-PS(6+NI+I))+(PS(5+
INI+I)=-PS{6+NI+I))+(AX*AX1))*SM*(TH/(TK(J)))

CONTINUE

IF(MP+EQ«4) PT(6+2*NI)=PS(5+NI)

IF(MP-EQ-S) PI'(6+2*NI)=PS(4+NI’

IF{MP.EQ.4) PV(2)=PT(5+NI)

IF(MP.EQ.5) PV(2)=PT(4+NI)

RETURN

END

SUBROUTINE NONINT(PT,PS,X,MP)

Program describing dynamic state of

Perturbed system near steady state value

and controlled using cooling liquid flow.

MP=6 Non-interacting control on reactor one & two.
REAL PT(105),PS(105),X

SPECIAL COMMON 2Z,XT,SV,XP,WX,VB,JP,BZ

COMMON /BZ/ TV(4),Tvs(26,3,4) ,PVS(6)

coMMON /Jp/ J,1Q,LQ,LX,NS,NI,NP,NB

COMMON /XT/ Y1(4),¥2(4),Y3(4),Pv(2),PY(4),SM
CoMMON /22/ TCT,TI,CA,VC(4),FC(4),V1,E1

coMMoN /vB/ s1,S2,S3,54,85,56,S57

COMMON /WX/ TQ,TCO,CAO,R1,CP,F,U(4),DEL,R

coMMON /Xp/ TI1S(3,4),C1S(3,4),TCS(3,4)

COMMON /sv/ D1,G1,B,BC(4),TP,TK(4) ,TH,BY(4)

CALL BIXT(TV(1),TV(2),TV(3),TV(4))

SIS=SM*TH/TK(1)

S1S=SM*TH/TK(J)

FM=CIS(IQ,1)

ZM=CIS(LQ,J) -
PT(1)=PY(1)-PS(1)~-D1*((FM+PS( 1) )*CE(PS(2),TIS(IQ,1),G1)=-FM*
1CE(T1S(1Q,1),0.0,G1))

PT(2)=PY(2)-S1*pS(2)
PT(3)=((BC(1)/SM)*(PS(2)-PS(3) )+(PY(3)-PS(3)))*sSIS
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DO 15 I=2,NI _
PT(2+T)=((BC(1)/SM)*(PS(2)~-PS(2+4I) )+(PS(1+I)-PS(2+X)))*SIS
™v(1)=PT(1)

T™V(2)=PT(2)
Pr(3+nz)-ps(1)-Ps(3+m)-n1*((zmps(3+NI))*cE(PS(4+NI).
1T18(19,J) ,G1)-ZM*CE(TIS(LQ,J) ,0.0,G1))
PT(4+NI)=PS(2)=S4*PS({4+NI)

PT(5+NI)= ((BC(J)/SM)*(PS(4+NI}-PS(5+NI))+(PY(4)-PS(5+NI)))*S'IS
DO 25 I=2,NI
PT(4+NI+I)=((BC(J)/SM)*(PS(4+NI)~PS(4+NI+I) )+ (PS(3+NI+I)~
1PS{44NI+I)))*S1s

TV(3)=PT(3+NI)

TV(4)=PT(4+NI)

RETURN

END

SUBROUTINE INVART(PT,PS,X,MP)

Program describing dynamic state of

perturbed system near steady state value

and controlled using cooling liquid flow.

MP=7 Invariant control on reactor one & two.
REAL PT(3),PS(3),X

SPECIAL COMMON XT,SV,XP,JP

coMMoN /JP/ J,1Q,19Q,LX,NS,NI,NP,NB

COMMON /XT/ Y1(4),Y2(4),Y3(4),PV(2),PY(4),SM
COMMON /XP/ TIS(3,4),CIS(3,4),TCS(3,4)

coMMoN /sv/ D1,G1,B,BC(4),TP,TK(4) ,TH, BY(4)
Pr(1)=p¥Y{1)-PS(1)-D1*PS(1)*CE(TIS(1Q,1),0.0,G1)
PT(2)=PS(1)-PS(2)-D1*PS(2)*CE(TIS(1Q,J),0.0,G1)
RETURN

END

[

SUBROUTINE NEFC(PA1,PA2,1M)

REAL A,D, FFC,PAF,X,X1,X2,X31,Y,YS,2,21
SPECIAL COMMON ZZ,XT,SV,XP,JP

coMMon /Jp/ J,1Q,19Q,1X,NS,NI,NP,NB

COMMON /XT/ Y1(4),Y2(4),Y3(4),pPv(2),PY(4),SM
COoMMON /2Z/ TCI,TI,CA,VC(4),FC(4),V1,El
COMMON /XP/ TIS(3,4),C1S(3,4),TCS(3,4)
CcoMMON /sv/ D1,G1,B,BC(4),TP,TK(4) ,TH, BY(4)
LH=0 '

PAF=PV(1)

IF(IM.EQ.10.0R.IM.EQ. 1) PAF=FC(1)
TOL=.1E-10

CALL BIXT(X,Y,Z,Z1)

CALL BIXT(X3,X1,X2,YS)
A=(PAF/FC(1))+(BC(1)/5M)

D=PAF/FC(1)

X=D/A

DO 10 JE=1,NI

Z=ZHJE*(X**JE)

YS=YSHIE*(NI+1-JE)*(X**JE)
Z=2*((A-D)/(A*D))*((¥Y3(1)+PY(3))/FC(1))
YS=(YS*BC(1)*TIS(IQ,1))/(D*A*SM*FC(1))

DO 15 JE=1,NI-1

Y=Y+JE*(NI-JE)*(X**JE)

Y=(Y*BC( 1)*TIS(IQ,1))/(D*A*SM*FC(1))
Z1=(2+Y-YS)*(BY( 1)/SM)

DO 20 JE=1,NI

X1=X1+({X**JE)

X2=X2+(NI+1=JE)*(X**JE)
X3I=X1*(Y3(1)+PY(3))+((BC(1)/(SM*D) ) *X2*TIS(1Q, 1))
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FFC=Y2( 1)+PY(2)=( 1.+BY( 1) )*TIS(I1Q, 1)+B*D1*(CIS(1Q, 1)+PA1)
1*CE(TIS(1Q,1),0.0,G1)+(BY(1)/SM)*X31

PAF=PAF-FFC/Z1

LH=LH+1

IF(ABS(PAF-PV(1)).LT.TOL) GO TO 25

IF(LH.GT.101) GO TO 58

PV(1)=PAF

GO TO 5

25 PAF=PV(2)

IF{IM.EQ.10.0R.IM.EQ.1) PAF=FC(J)
LH=0
ILM=5

30 CALL BIXT(X,Y,Z,Z1)

CALL BIXT(X3,X1,X2,YS)
2A=(PAF/FC(J))+(BC(J)/sM)
D=PAF/FC(J) '
X=D/A

DO 35 JE=1,NI
Z=Z+JE*(X**JE) .

35 YS=YSHIE*(NI+1-JE)*(X**JE)
Z=z*((A=-D)/(A*D))*((Y3(J)+P¥Y(4))/FC(J))
¥S=(YS*BC(J)*TIS(1Q,J) )/ (D*A*SM*FC(J))

DO 40 JE=1,NI-1

40 Y=Y+JE*(NI-JE)*(X**JE)
Y=(Y*BC(J)*TIS(1Q,J))/(D*A*SM*FC(J))
Z1=(Z+Y-YS) *( BY(J)/SM)

DO 45 JE=1,NI
X1=X14+(X**JE)

45 X2=X2+(NI+1=JE)*(X**JE) .
X3I=X1*(Y3(J)+PY(4) )+((BC(J)/(SM*D) ) *x2*T1S(1Q,J))
FFC=Y2(J)=(1.+BY(J) ) *TIS(1Q,J)+B*D1*(CIS(1Q,J)+PA2)*

1CE(TIS(1Q,J),0.0,G1)+(BY(J)/SM)*X3I
PAF=PAF-FFC/Z1

LH=LH+1

IF(ABS(PAF-PV(2)).LT.TOL) GO TO 50
IF(LH.GT.101) GO TO 58

PV(2)=PAF

GO TO 30

50 RETURN

55 FORMAT(2X,I5,3E16.6) -

56 FORMAT(5X,'WATCH-OUT!!! PROGRAM HEADING FOR A CRASH.l%*]%**|!)

58 WRITE(NS,56)

WRITE(NS,55) LH,PAF,PV(1),PV(2)
RETURN
END

SUBROUTINE DOINT(XO,XS,NI,HX,SZ,BIN,MP)
REAL X0,XS(105),S2(105,4),XN(105) ,AS(105)
SPECIAL COMMON JP
COMMON /JP/ JQ,I1Q,1Q,1X,NS,NC,NP,NB
INTEGER NI, I,MP
EXTERNAL BIN
XO=XO+HX
DO 412 I=1,NI
412 xXN(I)=xS(I)
CALL BIN(AS,XN,XO0,MP)
DO 414 I=1,NI
414 SZ(I,1)=HX*AS(I)
DO 420 J=1,2
DO 416 I=1,NI
416 XN(I)=(XN(I)+(SzZ(1,J7)/2.))
CALL BIN(AS,XN,XO,MP)
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DO 418 I=1,NI
418 SZ(I,J+1)=HX*AS(I)
DO 420 I’1‘NI
420 xN(1)=xs(I1)
DO 422 I=1,NI
422 XN(I)=xXN(I)+(Sz(I,3))
CALL BIN(AS,XN,X0,MP)
DO 424 I=1,NI
424 SZ(I,4)=HX*AS(I)
DO 426 I=1,NI
426 xS(I)=XS({I)+((SZ(I,1)+2.*S2(I,2)+2.*SZ(1,3)+S2(1,4))/6.)
RETURN
END

SUBROUTINE FIXT(XM,YM,X,Y,NM)
C This subroutine resets the axes ranges.
XM=10000.0
YM=10000.0
X=-10.0
Y=-10.0
RETURN
END

SUBROUTINE BIXT(XM,YM,X,Y)
C This subroutine resets variables to zero.
XM=0.0
YM=0.0
X=0.0
Y==0.0
RETURN
END

SUBROUTINE MOSES(SQ,SW,SE, SR,MI)
IF(MI.EQ.1) SQ=SQ~0.5
IF(MI.EQ.2.0R.MI.EQ.3) SQ=5Q-6.0
IF(MI.EQ.4) SQ=SQ-5.0E-06
IF(MI.EQ.4)SE=SE+5.0E-06
IF(MI.EQ.1) SE=SE+0.5
IF(MI.PQ.2.0R.MI.EQ.3) SE=SE+1.0
M"10-0

SR=SR+10.0

RETURN

END

SUBROUTINE SE[.E:C.'I'[L;H,K;SI1;SI2;A1,AZ;SZX,SY,PT,Pz)
DIMENSION SI1(999),512(999),A1(999,2,8),A2(999,2,8)
s11(L)=A1(L,M,K)

S12(L)=A2(L,M,K)

IF(SI1(L).GE.P1) P1=SI1(L)

IF(SI2(L).LE.SY) SY=SI12(L)

IF(SI2(L).GE.P2) P2=SI2(L)

RETURN

END

SUBROUTINE RELECT(L,M,K,SI1,SI2,A1,A2,S2X,SY,P1,P2)
DIMENSION SI1(451),SI2(451),A1(451,2,2),A2(451,2,2)
SI1(L)=A1(L,M,K)

SI2(L)=A2(L,M,K)

IF(SI1(L).LE.SZX) SZX=SI1(L)

IF(SI1(L).GE.P1) P1=SI1(L) .

IF(SI2(L).LE.SY) SY=SI2(L)
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17

21
23

20

30
35

10

IF(SI2(L).GE.P2) P2=SI2(L)
RETURN
END

SUBROUTINE EXPMNT
SPECIAL COMMON JP,SX,IBR

COoMMON /IBR/ MH(8,4),NzZ(4),JS,IR,IH,MS(2,2),NA(2)

coMMoN /Je/ JQ, IQ,1Q,1LX,NS,NC,NP,NB

1AsS3(451,2,2) ,AST(451,2,2),AS4(451,2,2)

INTEGER *6 BILN
FORMAT(I3)

FORMAT(5X, ' READ GRAPHICAL OUTPUT FILE NAME[6CHAC]')

WRITE(NS, 17)

READ(NS,21) BILN

CALL ASSIGN( 16,BILN,LINM)
WRITE(NS,23) LINM,BILN

FORMAT( 1X,A6)
FORMAT(5X,13,5X,A6)

READ(16¢") N‘EX,NEY,CIShCISZ,FI.CI,FI.CZ
WRITE(NS,35) NFX,NFY,CIS1,CIS2
N=0

L=0

DO 20 I=1,NFX

IF(N.EQ.0) L=L+1

N=N+1

RERD(‘IG;-) AST(N;1;L)

READ(16,~) AS2(N,1,L),AS3(N,1,L),AS3(N,2,L) ,AS2(N,2,L)
RERD(‘IG,—) AS‘(N'1'L)‘AS1(N‘2'L)'AS‘!(N'1'L)'AS4{N'2"L)

m{“l‘sz}=m(“! hL)

AS1 {N; 1'L)=AS1 (N; 1 ;L}*ZD «+CIS1
AS1 (N! 2.L)=AS1 (Nt2fL}.20 ++CIS2
AS‘“N; 1;1&)”354{1‘]:1!1!}"5181
AS4(N‘ 2;L)“AS4(N;2'L)"H.C2

WRITE(NS,30) AS1(N,1,L),AS2(N,1,L),AS3(N,1,L),AS4(N, 1,L)

1,AST(N, 1,L)

WRITE(NS,30) AS1(N,2,L),AS2(N,2,L),AS3(N,2,L),AS4(N,2,L)

1,AST(N,2,L)

IF(N.EQ.NFY) MS(L, 1)=NFY
IF(N.EQ.NFY) MS(L,2)=NFY
IF(I.BQ.NFX) MS(L,1)=N
IF(I.EQ.NFX) MS(L,2)=N
IF(I.EQ.NFX) NA(1)=L
IF(I.EQ.NFX) NA(2)=L
IF(N.BEQ.NFY) N=0
CONTINUE

CLOSE 16

FORMAT(5F12.6)
FORMAT(216,2F12.6)
RETURN

END .

SUBROUTINE CHAC(MIF,XMIF, YMIF,NMIF)
IF(NMIF.EQ.1) GO TO 10

CALL CHASWI(MIF)

CALL CHASIZ(XMIF,YMIF)

RETURN

CALL CHASWI(MIF)

RETURN

END

SUBROUTINE NKWOH
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INTEGER *3 NIMx(10,4,2),NIMY(10,5,2) ,MX,MY
REAL BH(451),BA(451)

SPECIAL COMMON MXY,FX,SX,WP,JP,IBR

COMMON /MxY/ MX(10),MY(10)

m /m AX1{999,2,8);AX2{9’9‘9:2:3}:
1Ax3(999,2,8) ,AXT(999,2,8) ,AX4(999,2,8)
CcoMMON /SX/ AS1(451,2,2),AS2(451,2,2),
1AS3(451,2,2) ,AST(451,2,2) ,A54(451,2,2)
COMMON /WP/ EX(801) ,BM(801),YI(801)
COMMON /JP/ JQ,1Q,1Q,LX,NS,NC,NP,NB
COMMON /IBR/ MH(8,4),N2Z(4),3S,IR,IH,MS(2,2),NA(2)
INTEGER *6 BILN

DATA NIMX/4*"[TIME SECS] "
1 " [TEMP. *LOF *UREACTOR oc)”,
1 3*" [TEMP. *LOF *UCOOLING COOIL oC]"/
DATA NIMY/" [CONC. *LOF *UPRODUCT Kg/m3]",
1 " [TEMP., *LOF *UREACTOR oCl]",
1 " [TEMP. *LOF *UCOOLING COIL oC]",
1 "OONC. *LOF *UREACTANT Xa/m3]",
1 *[COIL FLOW RATE m3/SEC] ",
1 2*" [CONC. *LOF *UPRODUCT Kg/m3]",
1 2*" [TEMP. *LOF *UREACTOR oCl*™,
1 " [COIL FLOW RATE m3/SEC] "/
XX=16.0

YY=XX*2.5

XN=0.0

WRITE(NS,448)

READ(NS,456) IQOX
GO TO (438,440),I0X

438 CALL T4010
CALL, UNITS(0.9)
PP=YY
GO TO 442

440 WRITE(NS, 15)
READ(NS,21) BILN,NPAC
CALIL ASSIGN(15,BILN,LINM)
WRITE(NS,23) LINM,BIIN,NPAC
CALL OPEN
PP=YY*(7/4)
CALIL UNITS(1.50)
CALL DEVPAP(1500.0,290.0,1)
DO 441 MAC=1,NPAC
IF(MAC.NE.1) XN=220.0

442 PA=1.2*PP
WRITE(NS,429)
READ(NS, 456 ,ERR=494) JIM '
WRITE(NS,452)
READ(NS,456 ,ERR=494) JS,IR
IF(JS.EQ.1) JX=1
IF{JS.GE.Z) JX=2
IF(IR.GT.2) RETURN

429 FORMAT(5X,"SIMULATED(1) OR EXPERIMENTAL(2) OR BOTH(3)?',/)
WRITE(NS,454)
READ(NS, 456 ,ERR=494) NIZ
IG=NZ(JS)
IS=NA(JX)
NOS=0
IF(JIM.EQ.2) GO TO 431
DO 430 I10=1,IG

430 WRITE(NS,460) .10,MH(I0,JS)
IF(JIM.EQ.1) GO TO 433

431 DO 14 IO=1,I1S
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433
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434
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436

446
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22
25
23
452
454
456
460

461
24

462

26

WRITE(NS,461) IO,MS{IO,JS)

CONTINUE

Nv=0

XX=XN+16.0

IF( IQX.BQ.2.AND.MAC.NE. 1) YY=0.0

NIT=1

CALL FIXT(XM,YM,X,Y,NIT)

GO TO (432,480,506),IR

IF(JIM.EQ.2) GO TO 16

DO 434 IX=1,IG

IT=MH(IX,JS)

DO 434 J=1,IT

CALL SELECT(J,JX,IX,BX,BM,AXT,AX1,XM,YM,X,Y)

CONTINUE

FORMAT(5X, 'READ GRAPHICAL OUTPUT FILE NAME[6CHAC]',/,
1 NUMBER OF GRAPHS TO BE PLOTTED?')

IF(JIM.EQ.1) GO TO 20

DO 18 IX=1,IS

IB=MS(IX,JX)

DO 18 J=1,1B

CALl, RELECT(J,JX,IX,BH,BA,AST,AS1,XM,YM,X,Y)
CONTINUE

CONTINUE

NV=NV+1

CALL MOSES(YM,XM,Y,X,NV)

ENCODE(30,436,MX) (NIMX(12Z,NV,IR),IZ=1,10)
ENCODE(30,436,MY) (NIMY(IZ,NV,IR),IZ=1,10)

FORMAT( 10A3)

IF(NIZ.GE-Z) XX=16.0+0 . 5*PA+XN

CALL XSCALE(IQX,XX,YY,PP,PA,XM,YM,X,Y,NIT,NOS)

CALL CHAC(1,0.5,0.5,2)

IF(JIM.EQ.2) GO TO 22

DO 446 IX=1,1G

IT=MH(IX,JS)

CALL ACALL(IT,JX,IX,BX,BM,AXT,AX1)

CALL GRACUR(BX,BM,IT)

FORMAT( 1X,A6,13)

IF(JIM.EQ.1) GO TO 24

DO 25 IX=1,IS _

IB=MS(IX,JX) :

CALL GACALS(IB,JX,IX,BH,BA,AST,AS1)

CALL GRASYM(BH,BA,IB,5,0)

FORMAT(5X,13,5X,A6,2X,13)

CALL CHAC(0,0.5,0.5,1)

FORMAT( 10X, * INPUT GRAPH OUTPUT. SCREEN(1) OR PAPER(2)',/)
FORMAT(/,5X, '"WHICH PHASE FOR DISPLAY(1,2,3 OR 4)?',/,
110X, "AND WHICH SET OF VARIABLES(1,2 or3(return) 2',/)
FORMAT( 10X, ' FLOW RATE LABELING INVOLVED? YES(1) OR NO(2)',/)
FORMAT(213)

FORMAT(5X,'SIM LINE NUMBER ',I3,'SIM NUMBER OF POINTS ',13,/)
FORMAT(5X, 'EXPT LINE NUMBER=',I3,'EXPT NUMBER OF POINTS=',I3,/)
CALIL FIXT(XM,YM,X,Y,NIT)

IF(JIM.BEQ.2) GO TO 26

DO 462 IX=1,IG

IT=MH(IX,JS)

DO 462 J=1,IT

CALL SELECT(J,JX,IX,BX,BM,AXT,AX2,XM,YM,X,Y)
CONTINUE

IF(JIM.EQ.1) GO TO 30

DO 28 IX=1,IS

IB=MS(IX,JX)

DO 28 J=1,IB
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32

34
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468

38

40
42

472

44

46

48

CALL RELECT(J,JX,IX,BH,BA,AST,AS2,XM,YM,X,Y)
CONTINUE

CONTINUE

XX=0.0

IF(NIZ-GE.2) xx-—O-S"PA

YY=PA+10.0

NV=NV+1

CALIL MOSES(YM,XM,Y,X,NV)

ENCODE(30,436,MX) (NIMX(1Z,NV,IR),IZ=1,10)
ENCODE(30,436,MY) (NIMY(IZ,NV,IR),IZ=1,10)
CALL XSCALE(IQX,XX,YY,PP,PA,XM,YM,X,Y,NIT,NOS)
CALL CHAC(1,0.5,0.5,2)

IF(JIM.EQ.2) GO TO 32

DO 466 IX=1,IG

IT=MH(IX,JS)

CALL ACALL(IT,JX,IX,BX,BM,AXT,AX2)

CALL GRACUR(BX,BM,IT)

IF(JIM.EQ.1) GO TO 36

DO 34 IX=1,1S

IB=MS(IX,JX)

CALL GACALS(IB,JX,IX,BH,BA,AST,AS2)

CALL GRASYM(BH,BA,IB,5,0)

CALL CHAC(0,0.5,0.5,1)

CALL FIXT(XM,YM,X,Y,NIT)

IF(JIM.EQ.2) GO TO 38

DO 468 IX=1,1G

M(IK,JS)

DO 468 J=1fIT

CALL SELECT(J,JX,IX,BX,BM,AXT,AX3,XM,YM,X,Y)
CONTINUE

IF(JIM.EQ.1) GO TO 42

DO 40 IX=1,IS

IB=MS(IX,JX)

DO 40 J=1,1B

CALL RELECT(J,JX,IX,BH,BA,AST,AS3,XM,YM,X,Y)
CONTINUE

CONTINUE

XX=PP+11.0

YY=0.0

NV=NV+1

CALL MOSES(YM,XM,Y,X,NV)

ENCODE(30,436,MX) (NIMX(IZ,NV,IR),IZ=1,10)
ENCODE(30,436,MY) (NIMY(IZ,NV,IR),IZ=1,10)
CALL m(IQXOHJYYIPP!'PAJleMIxJYINITcm}
CALL CHAC(1,0.5,0.5,2)

IF(JIM.EQ.2) GO TO 44

DO 472 IX=1,1G

IT=MH(IX,JS)

CALL ACALL(IT,JX,IX,BX,BM,AXT,AX3)

CALL GRACUR(BX,BM,I1T)

IF(JIM.EQ.1) GO TO 48

DO 46 IX=1,IS

IB=MS(IX,JX)

CALL GACALS(IB,JX,IX,BH,BA,AST,AS3) -

CALL GRASYM(BH,BA,IB,5,0)

CALL CHAC(0,045,0.5,1)

CALL FIXT(XM,YM,X,Y,NIT)

IF(JIM.EQ.2) GO TO 50

DO 474 IX=1,1G

IT=MH(IX,JS)

DO 474 J=1,IT

CALL mt J,JX, IX, BX, BM, AXT, AX4, XM, YM, X, Y)
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474 CONTINUE
IF(JIM.EQ.1) GO TO 54
50 DO 52 IX=1,IS
IB=MS( IX,JX)
DO 52 J=1,1IB
CALIL RELECT(J,JX,IX,BH,BA,AST,AS4,XM,YM,X,Y)
52 CONTINUE
54 OONTINUE
NV=NV+1
CALYL, MOSES(YM,XM,Y,X,NV)
XX=0.0
YY=-(PA+10.0)
ENCODE(30,436,MX) (NIMX(IZ,NV,IR),I1Z=1,10)
IF(NIZ.GE.2) ENCODE(30,436,MY) (NIMY(IZ,NV,IR),IZ=1,10)
IF(NIZ.GE.2) GO TO 450
ENCODE(30,436,MY) (NIMY(IZ,NV+1,IR),IZ=1,10)
CALL XSCALE(IQX,XX,YY,PP,PA,XM,YM,X,Y,NIT,NOS)
CALL CHAC(1,0.5,0.5,2)
IF(JIM.EQ.2) GO TO 56
DO 478 IX=1,IG
IT=MH(IX,JS)
CALL ACALL(IT,JX,IX,BX,BM,AXT,AX4)
478 CALL GRACUR(BX,BM,IT)
IF(JIM.EQ.1) GO TO 60
56 DO 58 IX=1,IS
IB=MS(IX,JX)
CALI, GACALS(IB,JX,IX,BH,BA,AST,AS4)
58 CALL GRASYM(BH,BA,IB,5,0)
CALL CHAC(0,0.5,0.5,1)
60 CONTINUE
450 XX=-(PP+11.0)
IF(NIZ.EQ. 1) YY=0.0
NIT=2
CALI, XSCALE(IQX,XX,YY,PP,PA,XM,¥M,X,Y,NIT,NOS)
GO TO 441
480 IF(JIM.EQ.2) GO TO 62
DO 482 IX=1,IG
IT=MH(IX,JS)
DO 482 J=1,IT
CALL SELECT(J,JX,IX,BX,BM,AX2,AX1,XM,¥M,X,Y)
482 OONTINUE
IF(JIM.EQ.1) GO TO 66
62 DO 64 IX=1,IS
IB=MS(IX,JX)
DO 64 J=1,1B
CALL RELECT(J,JX,IX,BH,BA,AS2,AS1,XM,YM,X,Y)
64 OONTINUE :
66 CONTINUE
NV=NV+1
CALL MOSES(YM,XM,Y,X,NV)
ENCODE(30,436,MX) (NIMX(IZ,NV,IR),IZ=1,10)
ENCODE(30,436,MY) (NIMY(IZ,NV,IR),IZ=1,10)
IF{NIZ.GE.2) XX=16.0+0.5*PA
CALL XSCALE(IQX,XX,YY,PP,PA,XM,YM,X,Y,NIT,NOS)
CALL CHAC(1,0.5,0.5,2)
IF(JIM.EQ.2) GO TO 68
DO 492 IX=1,IG
IT=MH(IX,JS) )
CALL ACALL(IT,JX,IX,BX,BM,AX2,AX1)
492 CALI, GRACUR(BX,BM,IT)
IF(JIM.EQ.1) GO TO 72
68 DO 70 IX=1,IS
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70

72

494

74

76
78

498

80

82

500

83

85
86

IB=MS(IX,JX) '

CALL GACALS(IB,JX,IX,BH,BM,AS2,AS1)

CALL M{Bﬂpmrmasfo)

CALL CHAC(0,0.5,0.5,1)

CALL FIXT(XM,YM,X,Y,NIT)

IF(JIM.EQ.2) GO TO 74

DO 494 IX=1,IG

IT=MH(IX,JS)

DO 494 J=1,IT

CALL SELECT(J,JX,IX,BX,BM,AX3,AX1,XM,YM,X,Y)
CONTINUE

IF(JIM.EQ.1) GO TO 78

DO 76 IX=1,IS

IB=MS(IX,JX)

DO 76 J=1,1B

CALL RELECT(J,JX,IX,BH,BA,AS3,AS1,XM,YM,X,Y)
CONTINUE

CONTINUE

XX=0.0

I.F(NIZ-GE«2, H*O.S*PA

YY=‘PA+10.°)

NV=NV+1

CALL MOSES(YM,XM,Y,X,NV)

ENCODE(30,436,MX) (NIMX(1Z,NV,IR),IZ=1,10)
ENCODE(30,436,MY) (NIMY(IZ,NV,IR),IZ=1,10)
CALL XSCALE(IQX,XX,YY,PP,PA,XM,YM,X,Y,NIT,NOS)
CALL CHAC(1,0.5,0.5,2)

IF(JIM.EQ.2) GO TO 80

DO 498 1X=1,IG

IT=MH(IX,JS)

CALL ACALL(IT,JX,IX,BX,BM,AX3,AX1)

CALL GRACUR(BX,BM,IT)

IF(JIM.EQ.1) GO TO 84

DO 82 IX=1,IS

IB=MS(IX,JX)

CALL GACALS(IB,JX,IX,BH,BA,AS3,AS1)

CALL GRASYM(BH,RBA,IB,5,0)

CALL CHAC(0,0.5,0.5,1)

CALL FIXT(XM,YM,X,Y,NIT)

IF(JIM.EQ.2) GO TO 83

DO 500 IX=1,IG

IT=MH(IX,JS)

DO 500 J=1,IT

CALL SELECT(J,JX,IX,BX,BM,AX3,AX2,XM,YM,X,Y)
CONTINUE

IF(JIM.EQ.1) GO TO 86

pO 85 I1X=1,IS

IB=MS(IX,JX)

Do 85 J=1,1B

CALL RELECT(J,JX,IX,BH,BA,AS3,AS2,XM,YM,X,Y)
CONTINUE ‘

CONTINUE

NV=NV+1

CALL MOSES(YM,XM,Y,X,NV)

JCX’PP'H‘]-O

YY-0.0

ENCODE(30,436,MX) (NIMX(IZ,NV,IR),IZ=1,10)
ENCODE(30,436,MY) (NIMY(IZ,NV,IR),IZ=1,10)
CALL XSCALE(IQX,XX,YY,PP,PA,XM,YM,X,Y,NIT,NOS)
CALL CHAC(1,0.5,0.5,2)

IF(JIM.EQ.2) GO TO 88

DO 504 IX=1,IG
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504

© 90

92

441

506

94

94

508

510

512

IT=MH(IX,JS)

CALL ACALL(IT,JX,IX,BX,BM,AX3,AX2)
CALL GRACUR(RBX,BM,IT)

IF(JIM.EQ.1) GO TO 92

DO 90 IX=1,IS

IB=MS(IX,JX)

CALL GACALS(IB,JX,IX,BH,BA,AS3,AS2)
CALL GRASYM(BH,REA,IB,5,0)

CALL CHAC(0,0.5,0.5,1)
XX=-(PP+11.0)

YY=-(PA+10.0)

NIT=2

CALL XSCALE(IQX,XX,YY,PP,PA,XM,¥YM,X,Y,NIT,NOS)
CONTINUE

RETURN

END

SUBROUTINE ACALL(IK,IV,IM,D1,D2,81,82)

REAL D1(999),D2(999),51(999,2,8),52(999,2,8)
INTEGER J,IK,IV,IM

DO 94 J=1,1IK

D1(J)=s1(J,IV,IM)

D2(J)=52(J,1IV,IM)

RETURN

END

SUBROUTINE GACALS(IK,IV,IM,D1,D2,S51,S2)

REAL D1(451),D2(451),51(451,2,2),52(451,2,2)
INTEGER J,IK,IV,IM

DO 94 J=1,IK

D1(J)=51(J,IV,IM)

D2(J)=82(J,IV,IM)

RETURN

END

SUBROUTINE XSCALE( IXQ,XX,YY,PP,PA,XM,YM,X,Y,NIT,NCS)
SUBROUTINE FOR SCALING DIAGRAM.

SPECIAL COMMON JP

coMMON /JP/ J,1Q,10,1X,NS,NC,NP,NB

IF(NIT.GE.2) GO TO 510
WRITE(NS,508) XM,YM
WRITE(NS,508) X,Y
FORMAT(2(F10.3,/))

SHIFT ORIGIN

CALL SHIFT2(XX,YY)

CALL CHAC(1,1+2,1.6,2)
IF(NIT.GE.2) GO TO 512
POSITION AXES

CALL AXIPOS(1,0.0,0.0,PP,1)
CALL AXIPOS(1,0.0,0.0,PA,2)
CALL AXISCA(3,2,XM,X,1)
CALL AXISCA(3,2,YM,Y,2)
DRAW AXES s
CALL AKIDRA(-i,hl)

CALL A}CIDRA(1;-1,2)

CALL MOVTO2(0.0,PA)

CALL LINTO2(PP,PA)

CALL LINTO2(PP,0.0).

CALL MW'IO2(2-0,PA—3-)

CALL AXTLAB(NIT,PA) .

CALL MOVTO2(0.0,0.0)
NOS=NOS+1
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516
518
520

522

524

526

aaoa

RETURN
END

SUBROUTINE AXLAB(NIT,PP)
Subroutine for labeling diagram.
INTEGER*3 MI1(15),MI2(15),MI3(15)
1,MI4(15) ,MX, MY

SPECIAL COMMON MXY,JP

COMMON /MXY/ MX(10),MY(10)
CoMMON /JP/ J,1Q,1Q,LX,NS,NC,NP,NB
IF(NIT.GE.2) WRITE(NS,520)
IF(NIT.LE.1) WRITE(NS,516)
READ(NS,518) (MI1(I),I=1,15)
READ(NS,518) (M12(I1),I=1,15)
READ(NS,518) (MI3(I),I=1,15)
READ(NS,518) (MI4(I),I=1,15)
IF(NIT.LE.1) GO TO 522
FORMAT(5X, " INSERT TITLE ON DIAGRAM[4 LINES]
FORMAT( 15A3)

FORMAT(5X, "OVERALL LABELS FOR DIAGRAM[4 LINES]
IF(NIT.GE.2) GO TO 524

CONTINUE

CALL CHAARR(MI1,10,3)

CALL MOVTO2(15.0,PP-6.)

CALL CHAARR(MI2,15,3)

CALL MOVTO2(15.0,PP-9.0)

CALI, CHAARR(MI3, 15,3)

CALL MONTO2(15.0,PP-12.0)

CALL CHAARR(MI4,15,3)

CALL MOVTO2(~6.0,6.0)

CALIL CHAANG(90.)

CALL CHAARR(MY,10,3)

CALL M’N‘IOZ(-O.S.—G.O)

CALL CHAANG(0.0)

CALL CHAARR(MX,10,3)
IF(NIT.EQ.1) GO TO 526

CALL MOVTO2(20.0,-18.0)

CALYL, CHAARR({MI1,15,3)

CALL m2{20|0;-2200)

CALL CHAARR(MI2,15,3)

CALL MOVTO02(20.0,-26.0)

CALL CHAARR(MI3, 15,3)

CALL MOVTO2(20.0,-29.0)

CALL CHAARR(MI4, 15,3)

CALL m2(20003-3300)

CALL CHAC(0,0.5,0.5,1)

RETURN

END

SUBROUTINE LYAPON(LQV,JBX,JIB)

CALCULATES THE LYAPONUV'S FUNCTION FOR
SYSTEM.

STEP ONE.CALCULATES INITIAL SYMMETRIC MATRIX.
LOGICAL GROW,LBLOCK

REAL CI(6,6),A(45),RHS(6),W(6)

SPECIAL COMMON SK,SD,JP,BZ,ZZ,VB,XT,WX,XP,SV
COMMON /SK/ X(6) ,E(6,6),5(2,6) ,2(6) ,AB(3,3)

COMMON /JP/ JS,I1Q,1Q,LX,NS,NC,NT,N

COMMON /22/ TCI,TI,CA,VC(4),FC(4),V1,E1
COMMON /BZ/ 'TV(4),TVS(26,3,4),PVS(6)

COMMON /XT/ Y1(4),Y2(4),Y3(4),PV(2),PY(4),SM
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280

ooMMoN /VB/ S1,82,83,84,S5,56,57
COMMON /WX/ TQ,TCO,CAO,R1,CP,F,U(4),DEL,R
COMMON /X.P/ T1S(3,4) tCIS(3:4):M(3;4)
COMMON /sv/ D1,G1,B2,BC(4),TP,TK(4),TH,BY(4)
INTEGER I,IFAIL,LICN,LIRN,MIYPE,N,NS,NZ,NN,ISW,NT
INTEGER ICN(45), IDISP(10), IKEEP(30), IRN(25), IW(48)
LOGICAL ABORT(4) '
FO1BRF, F04AXF

DATA CI,RHS,TENTH,T0L/42*0.0,1.0D~01, .1E-07/
CALL ZEROES(LS,PV(2),PM,QM,PV(1),5G,NN)
NZ=0

CcI(1,1)=B1(1,1)

CI(2,1)=BJ(1,2)

CI(3,1)=B3(1,3)

RHS(1)==0.5

C1(1,2)=BJ(2,1)
CI(2,2)=BJ(1,1)+BJ(2,2)
CI1(3,2)=BJ(2,3)

CI1(4,2)=BJ(1,2)

CI(5,2)=BJ(1,3)

c1(1,3)=BJ(3,1)

CI(2;3]=BJ(3:2)
C1(3,3)=BJ(1,1)+BJ(3,3)
CI(5,3)=BJ(1,2)

C1(6,3)=BJ(1,3)

CI(2,4)=BJ(2,1)

CI(4;4)=BJ(2|92)

CI(5;4)=BJ(2f3)

RHS(4)==0.5

CI(2,5)=BJ(3,1)

CI{335)"BJ(2:1}

C1(4,5)=BJ(3,2)
CI(SiS)"BJ(202)+EJ(3:3)
C1(6,5)=BJ(2,3)

CI{3f6)"BJ{3:1)

CI(5,6)=RJ(3,2)

CI(GrG)"BJ(3J3)

RHS{6)=-0.5 .

DO 280 I=1,N

WRITE(NS,25) (c1{J,I1),3=1,N)
WRITE(NS,25) (RHS(L),L=1,N)

DO 45 I=1,N

DO 45 J=1,N

IF(CI(I,J).EQ.0.0) GO TO 50

NZ=NZ+1

A(NZ)=CI(I,J)

IRN(NZ)=I

ICN(NZ)=J

CONTINUE

CONTINUE

WRITE(NS,30) Nz

DO 40 I=1,NZ

WRITE(NS,35) A(I),IRN(I),ICN(I)
CONTINUE

FORMAT(2X,F10.4,214)

FORMAT(I4)

LICN = 45

LIRN = 25

ULA = TENTH

LBLOCK = .TRUE.

GROW = .TRUE.

ABORT(1) = TRUE.
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ABORT(2) = .TRUE.
ABORT(3) = .FALSE.
ABORT(4) = .TRUE.
IFAIL = 110
CALL FO1BRF(N,NZ,A,LICN, IRN,LIRN,ICN,ULA,IKEEP,IW,W,
* I BL.OCK,GROW, ABORT, IDISP, IFAIL)
IF (GROW) WRITE (NS,3) W(1)
MTYPE = 1
CALL F04AXF(N,A,LICN,ICN,IKEEP,RHS,W,MIYPE, IDISP, RESID)
c WRITE (NS,2) (RHS(I),I=1,N)
25 FORMAT(6F9.4)
15 FORMAT(3F17.9)
DO 10 ISw=1,NT
NN=NN+1
DO 10 J=NN,NT
LS=LS+1
10 AO(NN,J)=RHS(LS)
A0(2,1)=A0(1,2)
A0(3,1)=R0(1,3)
AO(3,2)=A0(2,3)
c DO 290 LI=1,NT
C290 WRITE(NS,15) (AO(LI,K),K=1,NT)
IXON=0
295 CALL MAXIZE(LQV,JBX,JIB)
IKON=IKON+1
IF(IKON.NE. 1.AND.ABS(PV(2)~PV(1)).LT.TOL) GO TO 298
IF(PV(1).GT.PV(2)) WRITE(NS,297)
IF(PV(1).GT.PV(2)) GO TO 298
IF(PV(2) .GT.PV(1) . AND.IKON.NE. 1) PV(1)=PV(2)
DO 296 JHB=1,NT
DO 296 JHG=1,NT
296 CI(JHB,JHG)=AO(JHB,JHG)
297 FORMAT(5X,'MUST HAVE TAKEN A WRONG TURNI!!1!')
WRITE(NS,4) IKON,PV(2),PV(1)
GO TO 295
298 DO 299 JHG=1,NT :
WRITE(NS, 15)* (AO(JHG,JHB) ,JHB=1 ;NT)
c WRITE(NS, 15) (CI{JHG,JHB),JHB=1,NT)
299 CONTINUE .
WRITE(NS,4) IKON,PV(2),PV(1)
WRITE(NS,15) 2(1),2(2),2(3)
FORMAT (5(2X, F4.0, 2X, I1, 2X, I1))
FORMAT(5X,13,2F15.10)
FORMAT (5X,'ON EXIT FROM FO1BRFVALUE OF W(1) =', F10.4)
FORMAT (5X,'ON EXIT FROM FO4AXF SOLUTION=', F10.4))
RETURN
END

N W

SUBROUTINE ZEROES(LK,PL,PM,QM,PF,SG,IG)
SG=0.0

PF=0.0

LK=0

PL=0.0

PM=1.0

QM=1.0

IG=0

RETURN

END

SUBROUTINE ZEROED(NZEROS,CADS)
REAL CADS(50)
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10

10

15

10

15

DO 10 JJ=1,NZEROS
CADS(JT)=0.0
RETURN

END

In search of BEmax (X'AX=Fmax)

SUBROUTINE TEST(V1,V2,PX,TS,AE,LN)

SPECIAL COMMON JP,SK,SD

COMMON /JP/ JS,1Q,10,LX,NS,NC,NT, NU

coMMON /SK/ X(6) ,E(6,6),S(2,6),2(6),AB(3,3)
COMMON /SD/ A(6,6),B(6,6),A0(3,3),AM(3,3),RQ(3)
DO 10 I=1,NT

DO 10 J=1,NT

AB(I:J)’BH{I:J) d

V1i=A0(1, 1)*(X(1)**2)+A0(2,2) *(X(2)**2)+A0(3,3)*(X(3)**2)
1+2*(A0(1,2)*X(1)*X(2)+A0(1,3)*X(1)*X(3)+A0(2,3)*X(2) *X(3) )-AE

IF(ABS(V1=V2).LE.TS) GO TO 1
IF(V1.GT.V2) LN=1
IF(V1.LT.V2.AND.X(1) .GT.PX) IN=2
IF(V1.LT.V2.AND.X(1) .LE.PX) IN=3
IF(V1.GT.V2) V2=V1

WRITE(NS, 15) IN,V1

RETURN

ILN=4

WRITE(NS, 15) IN,V1
FORMAT(I5,3%X,4E15.9)

RETURN

END

SUBROUTINE MAXIZE(LCV,JCT,JET)

REAL UY(3) ;

SPECIAL COMMON SK,SD,JP,BZ,ZZ,VB,XT,WX,XP,SV
COMMON /SK/ X(G)JE(6l6}IS(ZIG)IZ(G)'ABta;a)
COMMON /SD/ A(6,6),B(6,6) ,A0(3,3) ,A0E(3,3) ,RO(3)
COMMON /JP/ JS,1Q,LQ,LX,NS,NC,NT,NP

CoMMON /2Z/ 'TCI,TI,CA,VC(4),FC(4),V1,E1
COMMON /BZ/ TV(4),TVS(26,3,4),PVS(6)

COMMON /XT/ Y1(4),Y2(4),Y3(4),PV(2),PY(4), M
COMMON /VB/ S1,S2,83,54,S5,56,S7

COMMON /WX/ TQ,TC0,CAO,R1,CP,F,U(4),DEL,R
COMMON /XP/ TIS(3:4):CIS(3;4);M(3;4)
coMMoN /sv/ D1,G1,B2,BC(4),TP,TK(4),TH,BY(4)

DATA STEP,ALPA,BETA,TOL,EO/.1E-01, .9E~01,.8E~-01,.1E~06, « 1E~04/

DATA A,B/72*0.0/

LBON=10

CALL ZEROED(3,UY)

CALL ZEROES(L,PL,PM,QM,CHECK, PS, IQT)
DO 2 I=1,NT

Starting co-ordinates for search.
5(1'1)”'. 1+F10AT(I)*-1E—01
S(2,I)=S(1,I)+(2.65~-FLOAT(I))*.2
X(1)=s(2,1)

NY=1

L=L+1

Calculates direction of step £
CALL FIRST(1,LBON)

II=1

I=0

GO TO 40

OONTINUE

I=I+1

Search for Emax
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CALL TEST(UY(3),UY(2),PS,T0L,E0,K)
CALIL OONST(JET,UY(3),CHECK,1.0,1.0,ICV,JCT)
C Max§Ep subject to constraint £'(Yj/(Y'j(Ao/e)Y]j)**.5)A0Yi<0
IF(CHECK.GE.0.0) GO TO 85
GO TO (20,30,40,50),K
20 PM=PM+0.2
PS=X(1)
DO 25 JI=1,NT
25 X(JI)=X(JI)+ALPA*PM*STEP*E(II,JI)
CALL ZEROES(LP,QM,ZM,YA,VZ1,VZ2,IQT)
GO TO 55
30 QM=OMH0.2
pO 35 JI=1,NT
35 X(JI)=X(JI)-BETA*QM*STEP*E(II,JI)
CALL ZEROES(MAZ,PL,PM,YA,VZ1,VZ2,IQT)
GO TO 55
40 PL=PL+1.0
DO 45 JI=1,NT
45 X(JI)=X(JI)+ALPA*STEP*E(II,JI)/(PL+1.)
CALL ZEROES(MAZ,YA,PM,QM,VZ1,VZ2,IQT)
GO TO 55
50 WRITE(NS,80) X(1),%(2),%(3)
WRITE(NS,70) II
II=II+1
IF(II.GE.4) GO TO 60
GO TO 10
55 CONTINUE
C 55 WRITE(NS,80) x(1),X(2),X(3)
IF(I.GE.10) GO TO 60
GO TO 15
60 DO 65 JU=1,NT
65 S(2,JU)=X(JuU)
c WRITE(NS,75) L
GO TO 3
70 FORMAT(5X,'COMPLETION OF PART',I3,' OF MAXIMIZATION.')
75 FORMAT(5X,'COMPLETION OF STAGE',I3,' OF MAXIMIZATION')
80 FORMAT(2X,6E11.4)
85 CONTINUE i
DO 90 I=1,NT
DO 90 J=1,NT
90 AO(I,J)=AB(I,J) .
C DO 95 I=1,NT
C 95 WRITE(NS,80) (no(1,J),3=1,NT)
(o4 Minimise maximum eigenvalue.
CALL, MINIMI(ICV,JCT,JET)
RETURN
END
SUBROUTINE OONST(JAT,W1,CHECK, SKR, SKP,LF,LF1)
REAL Y(250,4),S1,S7
SPECIAL COMMON SK, SD,JP,XT,WX,XP,SV,BZ,VB, ZZ
COMMON /SK/ xts)!Etsls)IS(ZIG)!Z(G)!mtara’
coMMON /sD/ A(6,6),B(6,6),A0(3,3),A0E(3,3),RQ(3)
COMMON /JP/ JS,1Q,1Q,LX,NS,NC,NT, NP
COMMON /2Z/ TCI,TI,CA,VC(4),FC(4),V1,E1
COMMON /BZ/ TV(4),Tvs(26,3,4) ,PVS(6)
CoMMON  /XT/ Y1(4)1Y2(4):Y3(4) sPV(2),PY(4),5M
coMMON /VB/ S1,82,83,84,85,56,S57
COMMON /WX/ TQ,TCO,CAO,R1,CP,F,U(4) ,DEL, R
COMMON /XP/ TIS(3,4),CIS(3,4),TCS(3,4)
COMMON /SV/ D1,G1,B2,BC(4),TP,TK(4),TH, BY(4)
DATA NN/240/
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DO 95 J=1.NN
DO 95 I=1,NT
SI=FLOAT(NN)
SI=FLOAT(J)
Y(J,I)=(SJ/SI1)*(3.142/2.)
95 CONTINUE
IF(LF1.EQ.1) ZS1=S1
IF(LF1.GE.2) 2S1=S4
pO 100 I=1,NT
DO 100 J"I,NT
AOE(J,I)=A0(J,I)/W1
100 OONTINUE
105 FORMAT(2X,3F18.11)
X1S8=CIS(LF,LF1)
X2S=T1S(LF,LF1)
¥S=((Y(I,1)**2)*A0E(1,1)+(¥(I,2)**2)*A0E(2,2)+(Y(I,3)
1**2)*A0E(3,3)+2*(Y(I,1)*Y(I,2)*A0E(1,2)+Y(I,2)*¥(I,3)
2*A0E(2,3)+Y(I, 1)*Y(I,3)*A0E(1,3)))**0.5
YX1=((SKR/SKP)*Y(I,1))/¥YS
YX2=(( SKR/SKP)*Y(I,2))/YS
YX3=( ( SKR/SKP)*Y(I,3))/¥Ys
FY1=-YX1-D1*{ (X1S+YX1) *CE(X2S,¥X2,G1)~-X1S*CE(X2S,0.0,G1))
FY2=-YX2+B2*D1*( (X1S+YX1) *CE(X2S,¥X2,G1)-X 1S*CE(X2S,0.0,G1))
1-BY(LF1)*YX2+(BY(LF1)/SM)*YX3
FY3=(BC(LF1)/SM)*( YX2~YX3)~-YX3
GO TO (8,6,4,2,10),JAT
2 FY3=-2S1%*(TVS(24,LF,LF1)-TCS(LF,LF1) ) *(CAO/FC(LF1))
GO TO 8
4 FY3=((BC(LF1)/SM)+2S1*{TVS(24,LF,LF1)-TCS(LF,LF1)
1)*(TQ*G1/FC(LF1)))
GO TO 8
6 FY3==(1.+(BC(LF1)/SM)=ZS1*TQ*G1*(TVS(24,LF,
2LF1)=-TCS(LF,LF1))/FC(LF1))
GO TO 8
10 FY3=-ZS1*YX2
8 CONTINUE
CHECK=( FY1*A0( 1, 1)+FY2*A0( 1,2)+FY3*A0( 1,3) )*Y(I, 1)+
1(FY1*A0( 1,2)4FY2*A0(2,2)+FY3*A0(2,3) ) *Y(I,2)+(FY1*
2A0(1,3)+FY2*A0(2,3)+FY3*A0(3,3))*Y(I,3)
IF(CHECK.LT.0.0) CHECK1=CHECK
IF(CHECK+GE«0+0+.AND+I.LT.2) WRITE(NS, 105) CHECK,CHECK1,W1
110 CONTINUE
WRITE(NS, 105) CHECK
RETURN
END

SUBROUTINE MINIMI(LEV,JOT,JAB)

REAL UY(3)

SPECIAL COMMON SK,SD,JP,BZ,2Z,VB,XT,WX,XP,SV
COMMON /sK/ Xx(6),E(6,6),5(2,6),2(6),AB(3,3)
coMMON /sp/ A(6,6),B(6,6),A0(3,3),A0E(3,3) +RQ(3)
COMMON /JP/ JS,1Q,1Q,LX,NS,NC,NT, NP

COMMON /ZZ/ TCI,TI,CA,VvC(4),FC(4),Vi,E1

COMMON /BZ/ TV(4),TVS(26,3,4) ,PVS(6)

COMMON /XT/ Y1(4),Y2(4),Y3(4),PV(2),PY(4),5M
CoMMON /VB/ S1,S82,583,54,S5,56,S7

COMMON /wWX/ TQ,TC0,CAO,R1,CP,F,U(4),DEL,R
coMMOoN /xp/ TIS(3,4),CIS(3,4),TCS(3,4)

CcoMMON /sv/ D1,G1,B2,BC(4),TP,TK(4),TH,BY(4)
DATA STEP,ALPA,BETA,TOL/.1E-02, .9E-01, .8E-01, . {E~06/
DATA A,B/72*0.0/ ' '

LBON=10
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120
125

135

140

183
142
145

150

155

160

165

170

175
Cc175

c180
180

cig4

185
190

195
200

CALL ZEROED(3,UY)

CALIL, ZEROES(L,PL,PM,QM,VZ1,PS,IQT)
s(1,1)=A0(1,1)

s(1,2)=n0(1,2)

s(1,3)=A0(1,3)

S(1r4)’m(2:2)

S(1,5)=A0(2,3)

s(1,6)=A0(3,3)

DO 120 I=1,NP
S(2,I)=S(1,I)+(3.2-FLOAT(I))*.2E-04
X(I)=S(2,I)

L=L+1

CALL FIRST(2,LBON)

II=1

I=0

GO TO 165

CONTINUE

I=I+1

CALL BEST(UY(3),U¥(2),PS,TOL,K)

CALL CONST(JAB, 1.0,CHECK,1.0,1.0,LEV,JOT)
IF(CHECK.GE.0.0) GO TO 210
IF(UY(3).NE.UY(2)) GO TO 142

DO 183 JJ=1,NT

Z(J7)=RQ(JJ)

DO 183 IJ=1,NT

AB(JJ,IJ)=A0(JJ,1J)

CONTINUE

GO TO (145,155,165,175),K
PM=PM+0.5E~01

PS=x(1)

DO 150 JI=1,NP
X(JI)=X(J1)+ALPA*PM*STEP*E(II,JI)
CALL ZEROES(LP,QM,2ZM,YA,VZ1,V22,IQT)
GO TO 180

QM=QOM+0.5E-01

DO 160 JI=1,NP
X(JI)=X(J1)~-BETA*QM*STEP*E(11,JI)
CALL ZEROES(MAZ,PL,PM,YA,VZ1,VZ2,IQT)
GO TO 180

PL=PL+1.0

DO 170 JI=1,NP :
X(J1)=X(JI)+ALPA*STEP*E(I1X,J1)/(PL+1.)
CALL ZEROES(MAZ,YA,PM,QM,VZ1,VZ2,IQT)
GO TO 180

CONTINUE

WRITE(NS;ZOS) X(1)aX(2):X(3):X(4hX(5);X(G)
WRITE(NS, 195) II

II=II+1

IF(IX.GE.4) GO TO 185

GO TO 135

WRITE(NS,205) Xx(1),x(2),%X(3),X(4),X(5),X(6)
CONTINUE

DO 184 JJ=1,NT

WRITE(NS,205) (A0(J3,1J3),IJ=1,NT)
IF(I.GE.10) GO TO 185

GO TO 140

DO 190 JU=1,NP

s(2,JU)=X(JU)

WRITE(NS,200) L

GO TO 125

FORMAT(5X, ' COMPLETION OF PART',I3,' OF MINIMIZATION.')
FORMAT(5X, ' COMPLETION OF STAGE',I3,' OF MINIMIZATION')
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205 FORMAT(2X,6F12.8)
210 DO 213 I=1,NT
DO 213 J=1,NT
213 RAO(I,J)=AB(I,J)
C DO 214 I=1,NT
C214 WRITE(NS,205) (AO(I,J),J=1,NT)
PV(2)=2(1)*Z(2)*Z(3)
RETURN
END

C Calculates best direction of advance
o] An are the unit vectors joining the initial and final points.
SUBROUTINE FIRST(ML,LBOM)
SPECIAL COMMON SK,SD,JP
COoMMON /SK/ X(6),E(6,6),5(2,6),2(6) ,AB(3,3)
CoMMON /Sp/ A(6,6),B(6,6),R0(3,3),AM(3,3) ,RQ(3)
COMMON /JP/ JS,1Q,LQ,LX,NS,NC,NT,NP
IF(LBOM.EQ.10) CALL BIXT(EI,SI,TI,WI)
IF(LBOM.EQ.10) CALL BIXT(EI,SI,QI,AI)
LBOM=10
IF(ML.EQ.2) GO TO 273
DO 215 I=1,NT
215 A(1,I)=s5(2,I)-s(1,I)
A(2,1)=0.0
DO 220 I=2,NT
220 A(2,I)=S(2,I)-S(1,I)
DO 225 I=1,2
225 A(3,1)=0.0
A(3,1)=s(2,3)=s(1,3)
DO 230 I=1,NT
230 EI=EI+A(1,I)**2
EI=EI**0.5
DO 235 I=1,NT
235 E(1,I)=A(1,I)/EI
DO 240 I=1,NT
240 B(2,I)=A(2,I)-E(1,I)*(A(2,1)*E(1,1)+A(2,2)*E(1,2)+A(2,3)*E(1,3))
DO 245 I=1,NT
245 SI=SI+B(2,I)**2
SI=SI**0.5
DO 250 I=1,NT
250 E(2,I)=B(2,I)/SI .
DO 255 I=1,NT
255 B(3,I)=A(3,I)-E(2,I)*(A(3,1)*E(2,1)+A(3,2)*E(2,2)+A(3,3)*E(2,3))
TI=(B(3,1)**2+B(3,2)**2+B(3,3)**2)**0,5
DO 265 I=1,NT
265 E(3,I)=B{3,I)/TI
DO 270 I=1,NT
270 B(1,I)=B(2,I)
RETURN
273 CONTINUE
DO 290 I=1,NP
IF(I.BQ.1) GO TO 285
DO 275 J=1,I-1
275 A(I,3)=0.0
DO 280 JI=I,NP
280 A(I,JI)=s(2,J1)-5(1,J1)
285 CONTINUE
290 A(1,I)=s(2,I)-S(1,I)
EI=(A(1, 1)**2+A(1,2)**2+4A(1,3)**2+A(1,4)**2+A(1,5)**2
14A(1,6)**2)**0,5
DO 295 I=1,NP
295 E(1,I)=A(1,I)/EX
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300

305

310

315

320

325

330

335

340

345

347

348
350

351

DO 300 I=1,NP
B(2,1)=A(2,1)-E(1,I)*(A(2,1)*E(1,1)+A(2,2)*E(1,2)+A(2,3)
1*E(1,3)+A(2,4)*E(1,4)+A(2,5)*E(1,5)+A(2,6)*E(1,6))
SI=(B(2, 1)**2+B(2, 2)**2+n(2,3)**2+3(2 4)**24+B(2,5)**2
14B(2,6)**2)**0,5

DO 305 I=1,NP

E(2,I)=B(2,I)/SI

DO 310 I=1,NP

B(3,1)=A(2,I)-E(2,I)*(A(3,1)*E(2, 1)+A(3,2)*E(2,2)+A(3,3)
1*E(2,3)+A(3,4)*E(2,4)+A(3,5)*E(2,5)+A(3,6)*E(2,6))
TI=(B(3,1)**24B(3,2)**2+B(3,3)**2+B(3,4)**24B(3,5)**2
1+B(3,6)**2)**0.5

DO 315 I=1,NP

E(3;1)=B(3:I)/TI

DO 320 I=1,NP
B(4,I)=A(4,I)-E(3,I)*(A(4,1)*E(3,1)+A(4,2)*E(3,2)+A(4,3)
1*E(3,3)+A(4,4)*E(3,4)+A(4,5)*E(3,5)+A(4,6)*E(3,6))
QI=(B(4,1)**2+B(4,2)**2+B(4,3)**2+B(4,4)**2+B(4,5)**2
14B(4,6)**2)**0,5

DO 325 I=1,NP

E(4,1)=B(4,1)/0I

DO 330 I=1,NP
B(5,I)=A(5,1I)-E(4,I)*(A(5,1)*E(4,1)+A(5,2)*E(4,2)+A(5,3)
1*E(4,3)+A(5,4)*E(4,4)+A(5,5)*E(4,5)+A(5,6)*E(4,6))
WI=(B(5, 1)**2+B(5,2)**2+B(5,3) **2+B(5, 4]**2+B(5 S)w*2
14B(5,6)**2)**0,5

DO 335 I=1,NP

E(5,1)=B(5,I)/WI

DO 340 I=1,NP
B(6,1)=A(6,I)-E(5,I)*(A(6,1)*E(5,1)+A(6,2)*E(5,2)+A(6,3)
1*E(5,3)+A(6,4)*E(5,4)+A(6,5)*E(5,5)+A(6,6)*E(5,6))
AT=(B(6,1)**2+4B(6,2)**2+B(6,3) **24B(6,4)**2+B(6,5) **2
14+B(6,6)**2)**0,5

DO 345 I=1,NP

E(6,I)=B(6,I)/AI

DO 347 I1=1,NP

B( 1:1}“5(2:1)

RETURN .

END

SUBROUTINE BEST(V1,V2,PX,TS,N)

REAL RI(3)

SPECIAL COMMON SK,SD,JP

COMMON /SK/ X(6),E(6,6),5(2,6),2(6),AB(3,3)
CoMMON /SD/ A(6,6),B(6,6),A0(3,3) ,AM(3,3),RR(3)
COMMON /JP/ JS,1Q,10,LX,NS,NC,NT,NP
INTEGER INTEG(3),IA,IN,IFAIL

DATA IA,IN/2*3/

IFAIL~1

VMAX=0.0

DO 350 I=1,3

AO(1,I)=X(I)

IF(I.BEQ.1) GO TO 348

AD(2,I)=X(2+I)

AO(I,1)=A0(1,I)

CONTINUE

CONTINUE

AQ(3,2)=a0(2,3)

A0(3,3)=X(6)

DO 352 JZT=1,NT

DO 351 IZT=1,NT

AM(JZT, 1ZT)=A0(JZT, 1ZT)
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352

354
C353
C356

355
360

C360
365

370

375

380

385

CONTINUE

CALL FO02AFF(RAO,IA,IN,RR,RI, INTEG,IFAIL)
DO 354 JZT=1,NT

DO 354 1ZT=1,NT
AO(JZT,1ZT)=AM(J2T, IZT) .

WRITE(NS,356) (RO(JZT,ILL),ILL=1,NT)
FORMAT(3F20.10)

IF(IFAIL.BEQ.0) GO TO 360

. WRITE(NS,355) IFAIL

FORMAT(5X,"ERROR IN IFAILL=',I3)
RETURN

CONTINUE

WRITE(NS:365) (RR(I):RI(I).I=1;IN)
FORMAT(2(7X,E12.5,7X))

VMIN=RR( 1)

IF(RR({I).GE.VMAX) VMAX=RR(I)
IF(RR(I).LE.VMIN) VMIN=RR(I)
IF(RR(I).LE.0.0) WRITE(NS,375) RR(I)
FORMAT(5X,'ERROR IN EIGEN VAILUE',E10.3)
V1=(ABS(VMAX)=ABS(VMIN))
IF(ABS(V1-V2).LE.TS) GO TO 380
IF(V1.LT.V2) N=1
IF(V1.GT.V2.AND.X( 1) .GT.PX) N=2
IF(V1.GT.V2.AND.X( 1) .LE.PX) N=3
WRITE(NS,385) N,Vi,V2
IF(V1.LT+V2.0R.V2.EQ.0.0) V2=V1
RETURN

N=4

WRITE(NS,385) N,V1,V2
FORMAT(5X,I3,2F17.9)

RETURN

END
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A.4.7.1 FLOY CHART FOR TOTAL SIMULATION PROGRAMVE
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A.4.7.2 FLOW CHART OF ON-LINE SIMULATION PROGRAMME
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i
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A.4.7.3 FLOW CHART OF LYAPUNOV FUNCTION PROGRAMME
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P

A.7.1 SUBROUTINE SIX (SIMULATING REACTANT & PRODUCT CONCENTRATION)

SUBROUTINE UNCODY(X,XS,HS,Z)

DIMENSION SX(4,4),XsS(4),2(11)

COMMON /sv/ B,D1,G1,CS,TS,TY,CY,PV,FX(2)
EXTERNAL MEX,MAXI,MILL

G1=2(1)

TS=2(2)

cs=z(3)

TY=2(4)

CY=2(5)

D1=2(6)

PV=2(7)

FX(1)=2(8)

FX(2)=2(9)

NF=INT(Z(10)+0.2)

B=Z(11)

IF(NF.EQ. 1) CALL LINASS(MEX,2,SX,XS,ND,X,HS)
IF(NF.EQ.2) CALL LINASS(MAXI,4,SX,XS,ND,X,HS)
RETURN

END

SUBROUTINE LINASS(BONES,NIS,SX,XS,ND,X,HS)
REAL SX(4,4),PS(4),HS,X,Xs(4)

COMMON /sV/ B,D1,G%1,TS,CS,TY,CY,PV,FX(2)
INTEGER NIS,M,J,I

EXTERNAL BONES

PS(1)=Xs(1)

Ps(2)=Xs(2)

PS(3)=Xs(3)

PS(4)=Xs(4)

CALL DOINT(X,PS,NIS,HS,SX,BONES)
Xs(1)=pPs(1)

Xs(2)=pPs(2)

XS(3)=Ps5(3)

Xs(4)=ps(4)

RETURN

END

SUBROUTINE MEX(PT,PS,X,ND)

REAL PT(4),PS(4),X

COMMON /sV/ B,D1,G%,TS,CS,TY,CY,PV,FX(2)
PM=EXP(PX(1)/(1.4G1*FX(1)))
PT(1)=PV=-PS(1)-D1*PS(1)*PM
ZM=EXP(FX(2)/(1.,+G1*FX(2)))
PT(2)=(PS(1)=-PS(2))~D1*PS(2)*zZM

RETURN

END

SUBROUTINE MAXI(PT,PS,X,ND)

REAL PT(4),PS(4),X,S1,S2

coMMON /sv/ B,D1,G1,TS,CS,TY,CY,PV,FX(2)
FW=FX(1)+Ts

WF=EXP(FW/(1.4G1*FW))
S1=EXP(TS/(1.+G1*TS))
PT(1)=PV=-PS(1)=-D1*((PS(1)+CS)*WF~CS*S1)
PT(2)=PS(1)

ZW=PX(2)+TY

ZF=EXP(ZW/(1.4G1*2W))
S2=EXP(TY/(1.+G1*TY))
PT(3)=(PS(1)~PS(3))=D1*((PS(3)+CY)*ZF~CY*S2)
PT(4)=PS(3)

348



RETURN
END

A.7.2 SUBROUTINE SEVEN (GRAPH).

ooaoaoaoaaoaan

10

20

30

35

40

50

SUBROUTINE OLGRA(T,C,D,E,G,X,Q,R,V)

REAL T,A(4),c(4),D,E(4),F(4),G,X(4),Q,R,V(6)

DIMENSION I(4),K(4)

M CONTROLS INITIAL ENTRY VALUES TAKEN FROM BASIC.

M1 CONTROLS NUMBER OF POINTS.
IF M.EQ.M1=1 PROGRAMME CLEARS SCREEN.

V(1)=A(1) IS THE INITIAL CONC. (ORIGIN OF Y-AXIS).

V(2)=aA(2) IS THE Y-AXIS
V(3)=A(2) IS THE Y~-AXIS FOR J1>2
V(4)=A(3) IS THE TOTAL SCANNING TIME

V(5)=A(1) IS THE INTIAL TEMP. (Y-AXIS FOR J>2)

A(1)=vV(1)

A(2)=V(2)

A(3)=V(4)

A(4)=V(5)

M=INT(Q+0.2)
M1=INT(R+0.2)
IF(M1.EQ.1) GO TO 35
IF(M1.EQ.2) GO TO 40
IF(M.EQ.1) GO TO 50
J1=0

J1=J1+1

IF(J1.GE.3) A(2)=V(3)
IF(J1.GE.3) A(1)=V(6)
CALL VWINDO(A(4),A(3),A(1),A(2))
CALL SWINDO(I(J1),J,K(J1),L)
CALL POINTA(S1,F(J1))
CALL DRAWA(T,X(J1))
F(J1)=X(J1)
IF(J1.LT.4) GO TO 10
S1=T

M=M+1

Q=FLOAT (M)

IF(M1.EQ.1) GO TO 40
IF(M.NE.M1) RETURN

DO 30 I1=1,5

CALL BELL

CALL FINITT(I(4),K(4))
RETURN

CALL ANCHO(24)

RETURN

CALL ANCHO(25)

RETURN

CALL ANCHO(29)

CALL INITT(O)

§1=0,0

J=INT(D+0.2)
L=INT(G+0.2)

DO 60 M2=1,4
IF(M2.GE.3) A(2)=V(3)
IF(M2.GE.3) A(1)=V(6)
I(M2)=INT(C(M2)+0,2)
K(M2)=INT(E(M2)+0.2)
F(M2)=X(M2)

CALL VWINDO(A(4),A(3),A(1),A(2))
CALL SWINDO(I(M2),J,K(M2),L)
CALL MOVEA(A(4),A(1))
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CALL DRAWA(A(4),(A(1)+A(2)))
CALL DRAWA(A(4)+A(3)),(A(1)+A(2)))
CALL DRAWA((A(4)+A(3)),A(1))
CALL DRAWA(A(4),A(1))
60 CONTINUE
GO TO 20
END

A.7.3 SUBROUTINE FIVE (CONTROLS OUTPUT DEVICES)

SUBR SU89
REL
SU89 DAC  **
JST VAL
SNZ
JMP  SUS8 JMP TO SN4 ROUTINE
JST VAL
SNZ
JMP  PLD1 JMP TO PUNCH
HLT PAUSE
PLD2 IRS SU89
JMP*  SU89 RETURN
PLD1 JST PLD PUNCH LEADER
JMP  PLD2
PLD EQU '5432
sSus8 JST VAL SNSW4 ROUTINE
SNZ
JMP  *+3
IRS* PFLG
JMP  *+3
CRA
STA* PFLG
JMP  PLD2
PFLG XAC PFLG
VAL DAC  ** ARGUMENT ROUTINE
LDA* SU89
STA  TEMP
LDA* TEMP
IRS sU89
JMP* VAL
TEMP BSZ 1
END

A.7.4 SUBROUTINE FOUR (RECORDS PROGRAMME EXECUTION TIME)

SUBR ITIM

REL
ITIM DAC o

LDA* ITIM
STA DMY
IRS ITIM
LDA* DMY
SNZ

JMP TER
LDA¥* ITIM
STA DMY1
LDA TIM
SUB CONS
ocPp 1220

JST* C£12
JST* H£22
DMY1 DAC bl
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DMY
TIM
C£12
H£22
TER

ouT

CONS

A.7.5 LIBRARY

JMP
BSZ
EQU
EQU
EQU
LDA
STA
ocp
IRS
IRS
JMP*
DEC
END

ouT
1
'61
'675
'654
CONS
TIM
120
ITIM
ITIM
ITIM
-32760

ROUTINE POINTERS

ABS

LE£22
HE£22
N£22
S£22
A£22
D£22
MEN
ME22
C£12
EXP

SQRT

A.7.6 MEMORY MAP OF SUBROUTINES CALLED FROM BASIC.

SUBR
SUBR
SUBR
SUBR
SUBR
SUBR
SUBR
SUBR
SUBR
SUBR
SUBR
SUBR
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
EQU
END

ABS
L£22
H£22
N£22
S£22
A£22
D£22
MEN
M£22
c£12
EXP
SQORT
'5470
'5554
'5560
'5576
'5753
'5760
'6035
'6163
'6204
16247
'6563
'6677

*LOW
*START
*HIGH
*NAMES
*COMN
*BASE
*BASE
*BASE
*BASE
*BASE
*BASE
*BASE
*BASE
*BASE
*BASE
*BASE
IOMOD
PFLG

00000
00720
37610
11434
37651
37636
36733
31775
32757
33765
30771
34771
35772
27773
26710
25574
00720
00756
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ABS
L£22
HE£22
N£22
s£22
AL22
D£22
M£11
M£22
C£12
EXP
SQRT
HADIOS
SUB3
IFLG
MYSR
ERCL
ITIM
su89
UNCODY
LINASS
MEX
MAXI
DOINT
FLAT
IFIX
IDINT
INT
c£21
OLGRA
FINITT
SWINDO
BELL
VWINDO
MOVEA
POINTA
DRAWA
ANCHO
NEWLIN
CARTN
LINEF
V2SsT
CLIPT
LVLCHT
MODCHK
REVCOT
WINCOT
PCLIPT
PARCLT
INITT
NEWPAG
VECMOD
PNTMOD
XYCNVT
IOWAIT
TOUTPT
MOVABS
ANMODE
MOD
FLOAT
D£11X
D£11

05470
05554
05560
05576
05753
05760
06035
06163
06204
06247
06563
06677
25000
25433
25473
26603 %*
26624
26710
26742
27000
27266
27422
30000
31000
31450
31532
31532
31532
31542
32000
33000
33014
33042
33050
33110
33130
33160
33224
33260
33266
33326
33352
34000
35000
35034
35062
35170
35306
35366
35506
35656
36000
36052
36110
36362
36426

36444

36464
36506
36534
36544
36544
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F£ER 36614
F£LHT 36624
ARGE 36662

AC1 36702
AC2 36703
AC3 36704
ACS 36706

TKDASH 37000
TKTRNX 37651
sV 37753
MR

A.7.7 I/0 MOD

REL
ENT IOMOD,AA
ENT PFLG
AR ss3
JMP *+3
CRA
STA '105
LDA '406
JMP* *+1
ocT 4143
BB IRS '105
CRA
STA ‘106
JST* *+2
JMP* *4+2
oCT 3056
ocT 4575
CcC LDA PFIG
SZE
JMP *+3
ss4
JMP *+3
OCP 2
IRS '106
JST* *+2
JmMp *+2
ocT 3047
oCcT 4212
DD IRS 105
CRA
STA '106
JMP* *41
oCT 5245
PFLG  BSZ 1
ABS
BASE EQU ‘767
ORG BASE
DAC - AA
DAC BB
DAC cc
DAC DD
ORG '4142
JMP* BASE
ORG '4574
JMP¥* BASE+1
ORG '4211
JMP* BASE+2
ORG '5244

JMP* BASE+3
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END

A.7.8 ADT1-8 TABLE
*ADT1-8 RELOCATION

*

ORG Y4757
STA 1761
ORG 14761
STA ‘762
ORG Y4763
STA t764
STX v763
ORG 14766
STA *766
ORG '5006
ocT 764
STA 764
IRS 762
ORG '5023
LDA t764
ORG 15025
ADD 762
ORG 15027
STA '765
ORG 15034
STA 1757
SUB 1765
ORG '5037
STA '760
LDA* '757
STA* '760
IRS 1757
IRS 760
ORG 15045
SUB 1757
ORG '5050
LDA '756
ORG '5061
SUB 1765
ORG '5065
LDA 767
ORG '5070
STA '757
ORG 15074
IRS 1757
ORG *5076
LDA *771
ORG '5100
STA 1757
ORG '5104
IRS 1757
ORG '5112
LDA 1762
ORG '5114
LDA '761
ORG '5123
LDA '766
ORG '5126
LDX '763
END
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