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Control algorithm of the operating temperature is described in the reactor, which is operated
at constant temperature and composition of the inlet mixture. The temperature is controlled
by dosing a constant volume of the catalyst solution. The dosing frequency is determined ac-
cording to the reaction temperature (deviation of the temperature from the desired value and the
sign of the derivative of temperature)., The control algorithm has been verified experimentally
for the laboratory reactor in unstable steady state.

This study is related to our recent publications*? (the literature survey is given there).
Dosing of the catalyst can be used for control of reactors in which takes place a reac-
tion catalysed by the dissolved catalyst which passes with the mixture through the
reactor. In the same manner it is possible to make use of dosing the initiator in chain
reactions of microorganism in biochemical reactions. The aim of this study is to
propose a simple mode of control which does not require application of action
elements varying continuously the rate of dosing of the catalyst. For control is ap-
plied the two-position controller by which it is possible to feed (dose) into the reactor
a certain constant volume of the catalyst solution. The aim of control is stabilisa-
tion of the operating temperature of the reactor on the given value. It is assumed
that the temperature and composition of the inlet mixture is constant. Then stabilisa--
tion of the reaction temperature leads in adiabatic reactor also to stabilisation of the
outlet degree of conversion.

As the disturbance quantities are considered the activity of solution of the catalyst
and the rate of feeding of the initial reaction components into the reactor.

THEORETICAL

Description of the Control Algorithm

The reactor is controlled according to changes in the reaction temperature. If the
temperature of the reaction mixture is lower or equal to the set value T, and simul-
taneously it decreases with time, into the reactor is added a volume of the catalyst
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solution ¥, with the concentration c. If the addition of the catalyst does not lead
to the increase in temperature of the mixture the addition of the catalyst is repeated.
The volume V, is thus added as long as there holds

T<T, and dT/dr <O0.

Mathematical Model

It is assumed that at constant inlet composition and inlet temperature of the mixture
is the reaction rate a function of the degree of conversion of the reactant and is
proportional to the concentration of the catalyst

r=c f(x). (1)

Dynamic behaviour of the adiabatic stirred flow reactor can be then described by rela-
tions
dx/dt = rfea; — Fix[V, 2

defdt = Fi(ce — co)fV. (2a)

As the steady state of the reactor is denoted the operating point for which there
holds

dx[dt = 0, defdr =0,

X =X, € = Cc-

For studies of the reactor behaviour in close vicinity of steady state the linearized
model is used in which the values of quantities x and ¢, are expressed as linear
functions of deviations from values corresponding to the steady state

X =(x—x)x, Z=/(cc— ces)ces (3, 3a)
and the reaction rate is described by the relation

r=r{l+ axX)(1 + Z).

The significance of the constant « is obvious from Fig. 1. Behaviour of the reactor
can be then described by the system of dimensionless differential equations

dX/dr = AX + Z, &
dzjdr = 1/D, (4a)
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where the dimensionless time 7 and parameters A and D are defined by relations
T=1tFV,, A=ax,—1, D=cf(c;— ¢). (5, 5a, 5b)

The parameter A is characterizing properties of the reaction and reactor, parameter D
properties of the controller. For the studied control algorithm (concentration of cata-
lyst in the feed is ¢.; = 0) the parameter D has the value D = —1.

The catalyst is charged at the instant when the quantity X becomes equal to non-
zero (the given degree of conversion x, is reached). Course of reaction at the instant
when the catalyst is charged up to the instant when the quantity X again becomes
equal to zero and the catalyst should by charged again is denoted as the operating
control cycle. Behaviour of the reactor during this operating cycle is described by the
equation

dX)dZ = D(AX + Z), ©)

which is derived from Eqgs (4) and (4a). At the beginning of the operating cycle the
condition holds

Solution of Eq. (6) can be then written in the form
X = ~7]A = 1J(4D) + [2)A + (4D) exp [ADZ — 2)]. ()

At the end of the operating cycle the quantity X becomes also equal to zero and the
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quantity Z equal to Z.. It can be determined from the relation
—Z. A — 1/(A’D) + [Z,/A + 1/(4’D)] exp [AD(Z, — Z,] = 0. (7a)
Eq. (7a) was solved numerically by the method of interval halving.

Method of Analysis of Stability

The method of point transformation (the method of the representing point) was
used® for determination of stability of the system. The catalyst is dosed when some
given temperature T (given degree of conversion Xs) is reached. Such amount of cata-
lyst must be added, that the temperature of the reaction mixture after addition
of the catalyst increases. This is satisfied when after dosing of the catalyst is its con-
centration in the mixture greater than the concentration c¢., corresponding to the
steady state (to the given operating point, Fig. 1 and 3).

The temperature dependence of the mixture after addition of the catalyst up to the
instant when the temperature of the mixture again decreases to the temperature 7,
and the catalyst should be fed (during the operating cycle) is determined by the con-
centration of the catalyst just after dosing. This concentration at the beginning of the
operating cycle n is denoted as c;. At the end of the operating cycle the catalyst
concentration has the value c,. After addition of catalyst its concentration increases
to the value ¢?**, which is simultaneously the inlet concentration into the cycle n + 1.
If the plot of concentration dependence cf, or c2*! on ¢? is constructed then each
point on the curve “represents” the operating cycle with the catalyst’s inlet concentra-
tion ¢} and final concentration cZ,. The plot enables to read off the succeeding changes
of the catalyst concentration ¢ from one cycle to another cycle and so to determine
also the position of limiting cycles and their stability.

F1G. 2
Schematic View of the Apparatus

1 Reactor; 2 polystyrene insulation of reac-
tor; 3 stirrer; 4 thermocouple; 5 overflow;
6 feed of reactants; 7 feed of catalyst; 8 sphe-
rical valve; 9 electromagnetic relais with
timer; 10 safety outlet with level gauge.
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The dependence of quantities cf, and c; was computed from the linearised model
according to Eq. (7a) (Fig. 3). For the concentration ¢;* ' then results the relation

Ml =" 4 NAc,, N=1,2,3, ... (8)

where N is the smallest integer for which there holds

+1
[ S

It thus denotes the number of catalyst volumes V, with the concentration ¢, which
were charged into the n + 1st cycle at the beginning of the operating cycle.

EXPERIMENTAL

The used model reaction and the apparatus are identical with those used in the previous paper?,
The model reaction was oxidation of ethanol by hydrogen peroxide catalysed homogeneously
by ferric ions. The reaction rate can be described by the equation

r = kg cal — x)c.exp (—E[RT),

where the constants have the values kg, = 7. 1013 ms/(kmol s), £ = 90 kJ/mol H,0,. The
reaction is strongly exothermic (AH = —275 kJ/mol H,0,).

The used apparatus is schematically drawn in Fig. 2. Into the laboratory adiabatic stirred
flow reactor were separately dosed the reactants which were the hydrogen peroxide and ethyl
alcohol. The catalyst solution (ferric nitrate) was dosed by use of the two-position spherical
valve, controlled through the electromagnetic relay with the time switch (type TP 11) by which
the length of time of dosing was fixed. The relay was controlled by hand.

Fi1G. 3
Determination of Position of the Limiting
Cycle for Control of the Reactor in Unstable
ks State
A = 1-4534; U unstable state of reactor;
C1 unstable limiting cycle for N=1; C2
unstable cycle for N=2; 1 dependence
05 of quantities ¢f, and ¢}; 2 dependence
of quantities ¢?*! and ¢ for N = 1; 3 de-

pendence of quantities cI*! and I for
N = 2; 4 dependence i ! = ¢% 5 graphical

plot of derivation del,/dc?.
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The constant volume of the mixture in the reacior during the experiment was V, = 2:15.
.107* m? and was fixed by the overflow.

During the experiment the temperature of the mixture was measured by use of the thermo-
couple with the value of the time constant 6s. In samples of the mixture withdrawn from the
reactor was manganometrically determined the content of hydrogen peroxide and by titration
by sodium hydroxide with phenolphthaleine the content of acetic acid. The result of measure-
ment were the dependences of temperature of the mixture in the reactor on time.

The reactor was brought into the given steady state in the discontinuous regime. When the
temperature of the mixture has reached the given value 7, = 333 K (or the value of degree
of conversion of hydrogen peroxide x, = 0-6) the feed was started and the control of the reactor
was switched on. The feed rate was F; = 1:2. 107¢ ma/s with the temperature 7; = 294 K. In all
experiments the concentration of reactants in the feed was c,; = 1-2 kmol/m® of hydrogen
peroxide and cp; 0-62 kmo]/m3 of ethyl alcohol. Concentration of the catalyst in the mixture
corresponding to the given steady state was ¢ = 1:22. 1072 kmol/ma. Concentration of the

dosed catalyst was ¢, = 05 kmol/m?>.

RESULTS AND DISCUSSION

Number and Stability of Limiting Cycles

As the catalyst is dosed discontinuously into the reaction mixture in the reactor
it is not possible by the control to arrange for the reactor to rest in the operating
point. Temperature of the mixture during the operating cycle always deviates from
the given value T, (to higher values). The aim of control is to reach the stationary
limiting cycle in which are the deviations insignificant.

In the plots of dependence of quantities c®** on ¢" are the limiting cycles represent-

ed by intersections of this dependence with the diagonal (line of dependence of ¢! =

= ¢}). The example of graphical determination of the position of limiting cycles is
given in Fig. 3.

115 15
Clo /Ces Ve
105 105
FiG. 4
Changes in Catalyst Concentration at the 095 095
Beginning of the Operating Cycle from Cycle s
to Cycle
a Control in stable state of the reactor 10 €& Yees
(4= —0-6); b control in unsteady state g3/l 105
(A = 1-4534); S stable state of the reactor; 400
other symbols used are the same as those
in Fig. 3. 08 T
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The steady state of the reactor is stable? when there holds the inequality

|de*!fdep] < 1. )

From the analysis of results obtained from the linearised model also resulted that
in all cases when the control in stable state is concerned there holds

0 > deffdel > —1. (9a)

Thus there exists only one limiting cycle which is stable. The example of concentra-
tion changes of the catalyst from one cycle to the other is given in Fig. 4a.

On the contrary, if the control in the unstable state of the reactor is concerned

(point U in Fig. 3) the condition holds

denfde? < —1. (9b)

42 T T

1800

Fic. 5

Example of Experimental Temperature De-
pendence at Introduction of the Reactor
into the Given Unstable State

IDiscontinuous reactor regime; /7 continu-
ous reactor regime; _instant of dosing of the
catalyst solution having the volume V, =
=12.10"%m?.

423 T :

|
300 900 s 2100

Fi1G. 6

Experimental Verification of Instability of
Steady State of Reactor

I Introduction of the reactor into the
given state; II control of reactor according
to the described algorithm. ¥, =2.107°
m3; 111 catalyst is fed in regular time inter-
vals; 1volume V,=2.10"°m? fed after
60s; 2 volume V,=1. 1079 m? fed after
30 s, BP boiling point.
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In such a case there must necessarily exist more than one limiting cycles which are
all unstable. The results of control are then periodical changes in concentration
of the catalyst within the interval {c.; ¢, + N .Ac.)>. In some cases there might
happen, due to the agreement of random properties of the system, a periodical
repetition of some system of concentrations of the catalyst.

In the control of the reactor in unstable state there interchange individual additions
of the catalyst (N = 1) with two-fold or even multifold (N = 2,3 ...). But the ana-
lysis has demonstrated that in the relatively large surrounding of the operating point
is the slope of the curve of dependence of quantities ¢{, and ¢} close to the value —1.
Thus as long as the changes in the concentration of the catalyst are small at dosing,
there dominate simple additions of the catalyst. Examples of the calculated and
experimental results are for this case given in Figs 4b, 5 to 8.

Selection of the Value V.,

The volume of the fed catalyst solution V, is the only fixable constant of the con-
troller. The change in the catalyst concentration in the reactor is related with the
added volume V, having the concentration of the catalyst ¢, by the relation

Ac, = Cchc/Vs . (10)

In the case of the ideal controller the control is the better the smaller is the value
Ac.. With its increasing value temperature deviations from the required value also
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Fic. 7
Experimental Temperature Dependence of the Mixture on Time at Control of Reactor in
Unstable State

a V. =24. 1076 m3; b V.=19. 107%m3, Ar=9s; 1 simple addition of catalyst;
3 double addition.
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increase (Fig. 8). This is profound especially in the control in the unstable state
of the reactor, when it is possible from some certain value Ac, to observe such worse-
ning of quality of control that the result must be qualified as run-away (Fig. 8,
curves 6 and 7). From simulation computations performed with the nonlinearized
model of the reactor there results that the process proceeds so that the temperature
in the reactor increases during the operating cycle with the mixture practically
completely converted. The temperature returns to the required temperature when the
concentration of the catalyst in the reactor is very small and it is necessary to add
multiple doses of the catalyst. The calculated and experimental examples are given
in Figs 9 and 10.

In practical realisation of the control algorithm it is necessary, after each addition
of the fixed amount of catalyst to evaluate the sign of the derivative only after elapse
-of some guard time At so that an erroneous addition of multiple dosis of the catalyst
is not taking place (N > 1) due to noise and transport lag of the instruments.

The reliability of control is then dependent both on the choice of V, (Fig. 8) and
selection of quantities which eliminate the effect of noise and small sensitivity of instru-
ments e.g. of the value At. If a too ““weak™ protection is selected which means also
a small value At, the repeated dosing of the catalyst takes place even when this is not
requirable with stochastic elements introduced into the equipment. Overdosing

F1G. 8
Effect of Volume of the Fed Catalyst Solution on Quality of Control

1V, =09.10"%m? (volume is fed each 9s) 2 1-4.107% 31-.9.107% 4 23.1075; 5
28, 10'6; 63. 10'5; 752. 10_6; other symbols used are the same as those in Fig. 7.
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of the catalyst deteriorates the quality of control. If a large value At is chosen the
repeated dosis of the catalyst is related with departure from the required tempera-
ture, This can lead in extreme cases in combination with a smail value Ac, to the
case where the addition of the catalyst cannot even compensate the decrease in the
reaction rate due to the decrease in temperature during this time interval Af. The
reaction rate then steadily decreases and the reactor “extincts”. Experimental exam-
ples are given in Fig. 8 (curve 1) and in Fig. 11.

The frequency of dosing can be estimated from the fact that the mean catalyst
concentration in the reactor must at least approximately correspond to the con-
centration ¢.,. The frequency is then equal to the value of ratio Fic../(Vice).

One operating cycle should be longer than is the transport lag of the input signal
and the time constant of the controller.

Disturbances

If we assume that the temperature and composition of the mixture at the inlet into the
reactor is stabilized then two types of disturbances can occur. Firstly the feed rate,
secondly the concentration of active compounds in the solution of the catalyst

095 L T T T
ax
031
01+
o] 2 VﬁA’c;’B’:l;mon?’ 6
F1G.9 Fic. 10
Calculated Example on the Effect of Fed Example of Dependence of Maximum Degree
Volume of Catalyst Solution on the Form of Conversion of Reactant During the
of Operating Cycle at Control of Reactor Operating Cycle on the Amount of Added
in Unstable State Catalyst
A =14534;1V,=06. 1076 m3; 211, Ax = x — x; 1 experimental dependence;
L1075 3 13.107% 4 24,1076 5 25. 2 calculated dependence.

.107662:6.107%73.1075;84-5 1076,
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can change. The same consequences has the change in the concentration of catalytic
poisons in the fed reaction mixture or the change in concentration of the catalytically
acting compounds in the feed.

The change in the feed rate must be compensated by the change in the catalyst
concentration in the reactor i.e. by the change in ¢ . From the point of view of control
the step change in the feed rate results in two consequences. First of all a step change
in ¢, takes place i.e. in the reactor there is suddenly an excess of catalyst (at the de-
crease of the feed rate) or insufficiency of the catalyst (at increase of the feed rate).
The used algorithm of control can balance the insufficiency of the catalyst so that the
catalyst is repeatedly added until the temperature starts to increase. But against the
surplus of catalyst neither the algorithm nor any other altorithm gives any protection
as the inlet of the catalyst must be left closed till the content of the catalyst in the
reactor is decreased by the outlet stream. If such situations occur during the opera-
tion of the reactor other means must be used e.g. addition of the catalyst poison.

Even the step change in the concentration of the active component in the solution
of the catalyst is not causing a step change inside the reactor. Its consequences are
thus not so “hard” as in the case of changes in the feed rate. There takes place
a successive change in the value ¢ (at constant value V) which leads to the con-
sequences discussed in the paragraph on selection of the value ¢.. From our results
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Effect of Time Interval Az on Quality of Control
1,2, 3,4 ... single, two-, three-, four-fold, ... etc. addition of catalyst solution with the volu-

me V,_.=1‘9.10"6m3; 1 At=09s; 27s;35s;43s;505s.
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it is possible to conclude that it is possible at the control in unstable state to assume
that this simple model of control is capable to compensate changes in concentration
of the active component in a relatively small range accounting approximately to 30 to
40% (Figs 12 and 13). In the case the activity of the catalyst would change more it is
necessary to use the adaptible model of control when the value ¥, would be changed
according to the activity of the catalyst. Informations on the activity of the catalyst
can be obtained e.g. from the frequency of addition of the catalyst. One of the pos-
sibilities is to choose the volume V so that the rate of addition would be approximately
constant which of course considerably complicates the control algorithm.

CONCLUSIONS

The results and experimental verifications prove that it is possible to control the reac-
tor also in the unstable state with relatively simple means. The proposed mode of con-
trol is not requiring the use of the dosing equipment which is continuously changing
the feed rate of the catalyst. When the adaptive equipment is not used the structure
of the controller is also very simple. On the contrary it is not possible to expect

41 T T 413 T T

Vere vy rort b e vt

333]

293 — -
L | i |
300 900 s 2700 400 1000 1600 s 2200
Fic. 12 Fic. 13

Effect of Disturbance in Dosing of the Cata-
lyst on Quality of Control

I Introduction of the reactor into the
given state; _addition of catalyst solution
having the volume V,=12.10%m%
| disturbance (trace of catalyst in the mixture
of reactants fed into the reactor).

Effect of Size of Disturbance in Concentra-
tion of the Fed Catalyst on Quality Control

| Disturbance simulated by addition of the
catalyst solution having the concentration
0-5 kmol/m?; 1 volume of solution 2. 107°
m? 2 25.107% 3 3.1075; BP boiling
point; other symbols used are the same as
those used in Fig. 12.
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that the proposed mode of control will be capable to operate at conditions when
the catalyst activity is varying by one or more orders of magnitude. Then it is neces-
sary to introduce the adaptive elements. In this case is also necessary that the start
of the operation is performed by manual adjustment.

LIST OF SYMBOLS

A dimensionless parameter defined by Eq. (5a)

ca;  concentration of compound A in feed (kmol/m?)
cp;  concentration of compound B in feed (kmol/m?)
. concentration of catalyst in the reactor (kmol/m?)

c  concentration of catalyst in the fed solution (kmol/m?®)
concentration of catalyst in the feed into reactor (kmol/ms)
concentration of catalyst in the reactor at the end of the operating cycle (kmol/mJ)
concentration of catalyst in the reactor corresponding to the given steady state (kmol/m:‘)
dimensionless parameter defined by Eq. (56)
activation energy of reaction (kJ/molA)
volume flow rate of feed of reactants into the reactor (ms/s)
constant in the rate equation of reaction (ms/kmol s)
operating cycle
number of volumes of the catalyst solution dosed at the beginning of the operating cycle
into the reactor
reactor rate (kmol A/m? s)
reaction rate in the given steady state of the reactor (kmol/m3 s)
gas constant
time  (s)
temperature of the reaction mixture in the reactor (K) -
temperature of feed (K)
temperature of the mixture corresponding to the given steady state of reactor (K)
volume of the mixture in the reactor (m3)
volume of the catalyst solution dosed into the reactor (m3)
volume of the reaction mixture in the reactor corresponding to the given steady state
(m®)
degree of conversion of compound A in the reactor
degree of conversion in steady state of reactor
dimensionless degree of conversion defined by Eq. (3)
dimensionless catalyst concentration defined by Eq. (32)
quantity Z at the beginning of the operating cycle (X = 0)
quantity Z at the end of the operating cycle (X = 0)
EAT, 1
RT? 1 — xg
AH  heat of reaction (kJ/mol A)
Ac,  change in catalyst concentration in reactor after dosing (Eq. (10)) (kmol/ms)
At time interval (s)
AT  temperature difference (K)
AT,; adiabatic temperature rise due to the reaction (K)
T dimensionless time defined by Eq. (5)
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