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The adaptive temperature control method of reaction mi xture in a batch reactor with st rongly 
exothermic reaction is verified experimentally, The utility degree of cooling capacity of the 
reactor is kept on the required value by use of a two-position controller which is changing fhe flow 
rate of heat carrier into the cooler. The method is ba sed on continuous identilica tion of properties 
of the system in actual time by use of the Hewlett - Packard 3052 A computer centre, During the 
experiments temperature of mixture in the reactor and temperature of heat carrier in the cooler 
were measured, From the obtained data a nd their time derivatives reactivity of the mixture, heat 
transfer coefficient and utility degree of cooling capac ity of the reactor were evaluated, In the 
experiments were studied the effects of cooler inertia a nd of additive noi se in the temperature 
measurement on safety and quality of controL Experimental results have proved that the method 
is applicable to control of reaction temperature even under conditions when properties of the 
system are changing significantly e,g, reactivity of the mixture and dynamic properties of the 
manipulated variable and when pseudostationary states of the reactor are unstable in the open 
control loop, They simultaneously point to a significant effect of noise on system identification, 

Among the first studies where an analysis of adaptive centrol of a batch reactor was performed 
belong studies by Aris and coworkes 1 ,2, From recent studies, it is possible to mention the paper 
by Horn3 , For identification of system properties these studies use first of all the fact, that at the 
beginning of the process, when the mixture is heated to the reaction temperature it is possible to 
determine the actual value of the heat transfer coefllcient from the temperature changes, This 
value is then in the region, when the chemical reaction is already under way, used for determination 
of reaction rate from the heat balance of reaction mixture, This evaluation enables to propose 
the optimal moment for switching the reactor system into operation and further to propose 
parameters of the feedback controller for keeping temperature of the mixture at the constant -
required value, 

1n the study by Horak, Jiracek and JeZova4 a simple adaptive method of reaction temperature 
co ntrol has been proposed, where the heat transfer rate is altered by use of a two-position cont
roller. The utility degree of cooling capacity of the reactor may be kept on the given value by this 
method, The utility degree is evaluated from ratio of time at which the cooling system of the 
reactor is in operation to time for which it is out of operation, The method is applied to reactors 
wi th small inertia of the cooling system, In the study are experimentally verified results of simula
tio n on a mathematical model in the laboratory batch reactor in which activity of the catalyst is 
changing, In the study by Jiracek and Horak 5 the considered control method is studied on the 
case of a reactor with large inertia of the cooling system, The results of mathematical simulations 
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have proved a significant effect of dynamic properties of the cooling system on reaction tempera
ture control. 

In this study have been verified experimentally the effects of inertia of the reactor 
cooling system, of noise in information outputs on adaptive reaction temperature 
control under conditions when for control is used direct digital control (on line 
computer control in real time). 

THEORETICAL 

Mathematical Model of the System 

Description of dynamic behaviour of the system is based on the material and heat 
balance in the perfectly stirred batch reactor 

dx/dt = r/cAO (1) 

(2) 

(_1_) (dTe/dt) + Tc = ABT+ CTci 
AB + C AB + C 

(3) 

with initial conditions 

t = 0; x = 0; T = To; Te = Teo. 

In pseudostationary states of the reactor (x is supposed to be constant) there holds 

dT/dt = 0; dT,,/dt = o. (4) 

Adaptive Control Method 

Theoretical value of the utility degree of cooling capacity of the reactor (further on 
called only utility degree) is defined as the ratio of rate of heat generated by reaction 
to the maximum possible cooling rate at the given temperature of the mixture I 

(5) I 

I 
To start up the adaptive control an estimate of the reaction temperature for the first I 

switching on of the cooling system has to be known. At the temperature of "the first 
evaluation" of the utility degree the reactor regime must be safe. I 

Temperature of the mixture in the reactor is controlled by two position variation I 

of the cooling rate, closing and opening of passage for the heat carrier into the cooler. 
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The cooling rate dUling one cycle thus becomes equal to zero or to the largest value. 
Switching over of cooling is governed by conditions for the algorithm "relay with 
hysteresis" . 

The momentous utility degree is determined from temperature response of the 
mixture on switching on or off of cooling, given by 

(6) 

From the utility degree Rc is determined by extrapolation the new value of mixture 
temperature Ts' at which Re is reaching just the required value. Determination of the 
mixture temperature by extrapolation is based on the assumption that reaction rate 
depends only on temperature according to the Arrhenius equation and that cooling 
rate is proportional to temperature difference between that of the mixture and inlet 
temperature of the heat carrier entering the cooler, which is given by relations 

(7) 

(8) 

For the switching over cooling cycle the relation 

(9) 

holds approximately where Ccx = CdC2 is a constant including variable parameters 
of the system. 

The constant Cex can be continuously evaluated from the momentous value of 
utiJjty degree Re. After substitution of this constant into Eq. (9) together with the 
required utility degree it is then possible to determine by numerical solution of the 
equation (the method of halving intervals is used) temperature of the mixture 1'. 
at which the utility degree is equal to the given value. By succesive repeating of ex
perimental determination of the utility degree Rc and successive selection of mixture 
temperature Ts is the utility degree kept on required constant value. 

Algorithm of "Relay With Hysteresis" 

Switching over of the reactor cooling is governed by following conditions. Cooling 

of the reactor is switched on, when 

(10) 
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Cooling of the reactor is switched off when 

T ~ 7~ - 7~cg. (11) 

Inside the interval (7;; - Trcg; T. + ~cs) the previous state of the controller is held. 

Modified Adaptive Control Method 

Similarly as with the preceding method is assumed that the activation energy of 
reaction is known and during the control the mixture temperature in the reactor is 
measured. For the rate of heat generation the relation holds 

/'h = C1 exp (-EjRT), (12) 

where the constant C 1 is characterising reactivity of the mixture, e.g. effect of con
version of the key component and catalyst activity on reaction rate. 

Unlike the last method, it is assumed that is also measured temperature of the heat 
carrier in the cooler. Cooling rate is proportional to temperature difference between 
that of mixture in the reactor and temperature of heat carrier in the cooler, which 
is given by 

{I 3) 

The constant C2 is identical with the parameter A in Eq. (2). 

The modified control method is based on successive evaluation of each'''Of constants 
C 1 and C2 on the given identification interval. On basis of the measured temperatUles 
of mixture and heat carrier and their derivatives per time it is possible to determine 
at the switched-on cooling of the reactor, the constant C2 from relation (Eq. (3») 

C _ dTc /dt + C(Tc - Tc;) 
2 - B(T - Tc) 

(14) 

and at the switched-on or off reactor cooling the constant C1 from relation (Eq . 

(2» 
C

1 
= dTjdt + CzCT- Tc) . 

exp (-EjRT) 
{I 5) 

At the end of the identification interval are then determined the average values 
from the calculated constants. It is possible to obtain the initial estimate of constant 
C2 e.g. from measurements of the heat transfer intensity in the reactor withou t 
chemical reaction by evaluation of heating period of the mixture to the in advance 
fixed temperature. 
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After completing each identification period of the system the constants are used 

for extrapolation of the reaction temperature T, corresponding to the required ulilily 

degree of cooling capacity of the reactor Re. Extrapola tion is based on numerica l 

solution ot the relation 

(16) 

which results from the definition equation (5). 

As the first estimate of temperature of the carrier in the cooler is substitued the 

inlet temperature of heat carrier Tei . After calculation of the extrapolated mixture 

temperature the extrapolation procedure is repeated with the temperature of the heat 

carrier estimated from Eq. (3) for the case of pseudoslationary state of the reactor 
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according to 

T = C2 BT, + Cr.:i 
c C + C

2
B . 

(17) 

On basis of the algorithm "relay with hysteresis" it is then decided whether the reactor 

cooling should be switched-off or on and the whole procedure is repeated. Simplified 
block diagram of the computer program is given in Fig. 1. 

EXPERIMENTAL 

Model Reaction 

For model reaction was used a strongly exothermic oxidation of ethanol with hydrogen oxide 
in liquid phase, cata lysed homogeneously by ferric ions4

. The results of evaluation of mixture 
reactivity at experimental verification of the modified adaptive control method demonstrated 
that under the used reaction conditions (Table I) the reaction was autocatalytic (Fig. 2). For 
description of dependence of reactivity constant Cion degree of conversion of hydrogen peroxide 
it is possible to use relation 

(18) 

TABLE I 

Parameters of chemical reaction and of laboratory apparatus 

Parameter Value Dimension 

E 90 kJ mol - 1 

Tad 130 K 
Initial concentration of H 20 2 1·024 kmol m- 3 

Initial concentration of CzHsOH 2·0 kmol m- 3 

Catalyst concentration 0·001 kmol m- 3 

V 0017 m3 

Vc 00022 m3 

Pc 0·068 m2 

Fc 1'052.10- 5 m3 S - 1 

A 1'5.10- 4 S - 1 

B 7·72 
C 4'78 . 10- 3 S-1 

Tci 281-283 K 

Trcg 0·5 K 
M 

Interval of data smooth ing 60 - 120 
Identification interval 300- 600 
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Decrease of reactivity at the beginning of reaction after feeding the catalyst solution into the 
mixture is perhaps related with the content of oxidation products in the mixture which may 
activate the catalyst. All experiments were performed at the sa me initial composition of the 
reaction mixture and catalyst concentrations . 

La boratory Reactor 

The measurements were performed in the batch reactor with heat exchange between the reaction 
mixture and heat carrier in a stirred cooler (Fig. 3). The reactor was a polyethylene vessel . insulated 
thermally with foamy polystyrene from environment. The rate of the heat tra nsfer with environ
ment was 25 times smaller than the heat transfer rate into the cooler. The cooler was formed of 
glass vessel whose internal surface was covered by foamy polyethylene. By its thickness could be 
fixed the heat transfer coefficient. The cooling system of the reactor formed a closed loop. Cir
culation of the heat carrier in the loop was arranged for by use of a peristaltic pump. lis operation 
was actuated by two-position system open-closed, opera ted by computer. Parameters of the 
laboratory apparatus are given in Table I. 

• 

• • 
• 

0·2 

FIG . 

Measured mixture reactivity in dependence 
on degree of conversion of hydrogen peroxide. 
Solid line denotes the calculated dependence 
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FIG. 3 

Laboratory apparatus. 1 Reactor with ther
mal insolation, 2 cooler, 3 measuring unit , 
4 mixer, 5 feeding of mixture and catalyst, 
sampling of mixture; 6 thermocouple for 
temperature measurements in reactor; 7 
thermocouple for temperature measurements 
of heat carrier in cooler; 8 thermocouple for 
temperature measurement at inlet of heat 
carrier; 9 connection of circulation pump to 
measuring centre; 10 circulating pump; 
11 relay; 12 cooling of heat carrier 
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During the experiment were automatically measured in the given sampling interval?, tempera
ture of mixture in the reactor by iron-constantant thermocouples, temperature of the heat carrier 
in the cooler and at its inlet into the cooler. Experimentally determined time constants of thermo
couples were 2 to 3 s. Temperature was measured with the accuracy ± 0.05 K. While the reaction 
took place, the reaction mi'(ture was sampled, for determination of conversion of hydrogen 
peroxide. Starting of the experiments was similar in all experiments. Reaction mixture without 
the catalyst was heated to initial temperature 326 to 327 K, initial temperature of heat carrier 
in the cooler was 313 K. In some experiments the effect of initial mixture temperature on control 
was studied. During heating of the mixture to the initial temperature the heat transfer coeffkient 
was evaulated (constant e2 ). 

Digital Measuring Unit 

For control of the reactor in real time the "Automatic Data Acquisition System 3052" by Hewlett
- Packard was used. The unit consisted of the numerical voltmeter 3455 A, channel switch 3 495 A. 
numerical time unit 98035 A and control system unit, bench calculator Hewlett-Packard 9835 
(64 Kbites of the operating memory). 

Data Filtration 

In some experiments the additive "white noise" was generated on the automatic computer of the 
measuring centre. The generated pseudorandom numbers with constant probability distribution 
with values in the range from 0 to I were transformed to random numbers with the normal 
probability distribution, characterized by the standard deviation cr and zero mean value. The 
values of noise determined in this way were in each sampling interval added to measured tempera
tures of the mixture and of the heat carrier. 

Data filtration took place in two stages. Tn the first one the nonlinear exponential filter, proposed 
in the study by Weber6 was used for data filtration. Filtration was performed ac,c~rding to the 
relation 

(19) 

f(t1Xn) = Min (1, 1t1:anl) (2() ) 

TI1 and T I1 - t are filtered values of the measured quantity in the sampling interval t11 nand /),1
11 

_ I' 

/),XI1 difference between the momentous value of measured quantity with noise and value whi ch 
was filtered last. In the second stage the data were filtered i.e. dependence of measured quantities 
on the reaction time was smoothed by use of the third degree polynomial. The constants of 
polynomial were evaluated by the method of multifold linear regression. After calculation of 
constants the value of quantity at the end of the smooting interval was calculated by use of the 
polynomial and the interval was shifted by the given time length . The whole data filtration 
procedure was then repeated . From the calculated values are then determined their time derivatives 
by use of the three-point difference scheme. 

Standard deviation of the additive noise has been always evaluated continuously during the 
control from \00 temperature measurements. Noise in the given sampling interval was estimat ed 
as the difference of the measured temperature with noise and value calculated after filtration by 
use of the polynomial. Calculated standard deviations were in a good agreement with the value 
given at generation of noise (maximum deviation ± O.l). 
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RESULTS AND DISCUSSION 

]n cases when temperature of the mi xture in the batch reactor is no t a fixed quantity 

it could be kept at the highest va lue, under which the safet y of o perat io n is still 

secured. Keeping of temperature a t the highest ad missible va lue co rrespo nding to the 

given utility degree of cooling capacity leads to the max imulll reacto r output4
. T his 

method of operation o f the batch reacto r can be eas ily rea li sed by adapt ive contro l 

method o nly. During the reaction , due to changing conve rsio n of the mixt ure, 

properties of the system in an act ua l reactor significa ntly cha nge and mo reover, 

the effect of non idealities of the system and of dyna mic properties of the ma nipu lated 

variable can appear. 

One of basic problems of adaptive tempera ture control is thus collection o f 

information on momentous state of the system, i.e. identification of the systems. In 

this study was studied the effect of inertia of the reactor coo ler a nd effec t of noise in 

information outputs on control under conditions, when in the batch reactor a strongly 

exothermic autocatalytic reaction takes place a nd pseudostationary states of the 

reactor are unstable in the open control loop . This assumption is verified by cal

culation of the hea t generated by reaction and of the cooling ra te ror system 

parameters , which were evaluated from experiments (Fig. 4) . 

Adaptive Control Method 

At the proposed simple temperature control method is ass umed that the sare reaction 

temperature for the first identification of the system is known . Up to the moment of 

the first evaluation of the utility degree there is no info rma tion on the state of the 

system. The risk of uncontrolled temperature increase of the mixture thus depends 

first of all on selection of the temperature of the first identification (Figs 5 to 7). 

The results of experiments have proved a significant effect ot cooler inertia o n control s. 

Inertia of the cooler resulting from its large thermal capacity (Ta ble I) ca uses that the 

result of switching on or o ff of the cooling is not observed immediately a nd conse

quently overcontrol results. With regard to asymmetric character of the cooler be

haviours the overcontrol values a re not eq ual for on and off of the controller. Under 

conditions used in this study is especially significa nt the temperature overcontrol 

below the va lue given by the hysteresis band, after swi tching off of the cooling as the 

res ult of a high flow velocity of the heat carrier in the cooler and thu s of cold accumu

lated in the cooler. Inertia of the cooler thu s leads on one side to increase of time 

needed for determination of the experimental value of utility degree Rc and on the 

other side to the increase of the transition time to the next extrapolated mixture 

temperature T,;. This decreases adaptibility of control. This effect becomes di sadvan

tageo us especially when the reaction terminates, when changes of the degree of 

conversion have a relatively large effect (in extrapolation of temperature the effect 

Collection Czechoslovak Chern. Cornrnun. [Vol. 481 [1983] 



458 Jiracek, Horak: 

of conversion is neglected). The cooler inertia has also negative consequences on 
stability of the control algorithm. The used method neglects in determination of the 
utility degree of cooling capacity the amount of heat accumulated in the cooler 
(temperature of the heat carrier in the cooler is approximated by inlet temperature 
of the carrier). So the obtained result is distorted and can cause an oscillation in
stability (Figs 5 and 7). Its result can be a failure of control i.e. uncontrolled increase 
of temperature of the mixture. 

Results of experiments have proved that a t conditions when the cooler has a large 
inertia and requirements on the cooling rate increase during the process, the inertia 
of the cooler is a serious danger. These negative consequences result first of all trom 
inaccurate and delayed information on the instantaneous state of the system. 

K 350 

FIG. 4 

Calculated rate of heat generation and cooling 
rate in dependence on temperature. Solid 
line denotes dependence of rate of heat 
generation, dashed line the cooling rate and 
narrow dashed line the optimal trajectory of 
mixture temperature in reactor for R s = 0 8. 
1 Tc = 283 K; 2 293 K; 3 303 K; 4 308 K 

333 

10 
II 

FIG. 5 

! I 
1 0 

OL 

Adaptive temperature control of mixtu re 
for R s = 0·8. Measured temperature depen
dence of mixture in reactor, degree of conver
sion of hydrogen peroxide and utility degree 
of cooling capacity on reaction time. Arrows 
denote the moment of switching over of 
cooling; 0 cooling switched off, 1 cooling 
switched on 
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FIG. 6 

Measured temperature of heat carrier in the 
cooler and at inlet into cooler in dependence 
on reaction time for the case given in Fig. 5 
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Modified adaptive method control for 
Rs = 0·8. Symbols used are the same as in 
Fig. 5 
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Adaptive control of mixture temperature 
for Rs = 0 ·8. Effcct of initial tcmperature 
of mixture . Symbols lIsed are the same as 
in Fig. 

FIG . 

Modified adaptive control method for Rs = 
= 0·8. Effect of noise on mode of control. 
1 Measured mixture temperature in depen
dence on reaction time for a = 0'5 and 
interval of data smoothing 60 s; 2 a = 0·5 
and 120 s; 3 a = 0·25 and 120 s 
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Modified Adaptive Control Method 

The discussed adaptive control method has a number of advantages, especially 

si mplicity and small requirements on the number of information outlets from the 

system. Its disadva ntage is an insufficient ada ptibility resulting from discontinuity 

of the system identification and inaccurate information on the momentous state of 

the cooler. In the case of direct digital control by a computer possibilities of the 

considered control model are also not fully used . The modified control method is 

based on continuous identification of the system during the whole process. On basis 

of temperature measurements of mixture in the reactor and heat carrier in the cooler, 

reactivity of the mixture and heat transfer coefficient a re evaluated. Together with 

the known estimate of heat capacity of the cooler and flow rate of the heat carrier 

into the cooler (para mete rs B and C) basis is made for elimination of the inertia 

effect 01 the cooler on mode of control, first of a ll on extrapolation of temperature of 

the mixture corresponding to the giver utility degree of thermal capacity of the reactor. 

The results of experiments have proved (Fig. 8) that it is possible to decrease signi

ficantly the occurrence of the oscillation instability control by the given procedure. 

339 .... ---,----,---,---..,.--,---,10 

0'4 

I) 30 

FIG. 10 

Modified adaptive control method for 
Rs = O·S. Effect of noise on mode of control 
cr = 0·5; interval of data smoothing 120 s; 
identification interval 300 s. K = 5 

K 

336 

12 30 

FIG. II 

Modified adapti ve control method fo r 
Rs = O·S. Effect of noise on control mode. 
Smoothing interval 600 s; other symbols are 
identical with those in Fig. 10 
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The effect of uncertainty in the estimate of activation energy of the reaction and 

errors in determination of reactivity of the mixture and heat transfer coefficient of 
constants C j and C2 on identification has been verified d uring the experiment. It 
has been found that the error in the estimate of activation energy ± 10% relative, is 

causing an error in the estimate of the extrapolated mixture temperature Ts ± 1.5% 
reI. and equal error in determina tion of reactivity of the mixture and the heat transfer 

coefficient an error ± 2.5% reI. 

Effect of No ise all Control 

In a real reactor the outlet informations of the system are always affected by noise 
occurring by disturbances in the controlled system and in the conllOl circuit. From 

analysis of data measured in the laboratory reactor results that experimental tem

peratures of mixture and heat carrier are affected on ly by a negligible noise. The 

efl"ect of noise had to be thus simulated by use of the additive noise generated in the 
control computer. During the experiment the effect of magnitude of noise, smoothing 

interval (Fig. 9) and identification interval (Figs 10 and 11) on control operation were 

studied. On basis of thus obtained data results that the noise represents a serious 
problem in application ot adaptive methods for control of temperature of the mixture 

in the batch reactor. Consequences of the effect of noise on control operation have 

a similar character as the effect of cooler inertia and lead to the oscillation instability 
of control. The control quality then depends first of all on efficiency of data filtration 

which are obtained during identification of the system. The used filtration method of 

data appeared less efficient. 

FIG . 12 

Comparison of calculated and experimental 
dependences of mixture temperatures in 
pseudostationary reactor states on conversion 
degree for Rs = 0·8. 1 Tc = 283 K; 2 293 K; 
3 303 K; 4 optimal trajectory (curve 5 in 
Fig. 4); 5, 6 measured trajectories (Figs 10 
and 11) 
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CONCLUSIONS 

In this study has been experimentally verified the adaptive method of temperature 
control of mixture in the reactor, based on direct digital control of the process by 
computer in real time. The results of experiments have proved that application of this 
method may be an effective way toward increase in the reactor output under conditions 
when properties of the system significantly change during the process and cooling 
system of the reactor has a large inertia. From results of experiments, which are in 
a very good agreement with that obtained by mathematical simulation (Fig. 12) 
results that quality and security of temperature control decreases with magnitude of 
noise by which the measured data are affected. 

LIST OF SYMBOLS 

C = Fe/Ve 
C1, Cz, Ce x 

cAo 

cp , cpe 

E 

Fe 
K 
kh 
Pc 

parameter characterising intensity of heat transfer between reaction 
mixture in reactor and heat carrier in cooler (S-l) 

ratio of thermal capacities of reaction mixture in reactor and heat 
carrier in cooler 
parameter characterising residence time of heat ca rrier in cooler (S- l) 

consta nts 
initial concentration of the key component (kmol m - 3) 
specific heat of reaction mixture and heat carrier (kJ kg - 1 K - l) 

activation energy of reaction (kJ mol - I) 

volumetric flow rate of heat carrier into the cooler (m3 
S - I) 

constant in nonlinear filter 
heat transfer coefficient (kW m - z K - 1) 

heat exchange area of cooler for heat transfer (mz) 
gas constant 

I 

I 

I 

I 

I 

I 

I 

R 
Rs,Rc 

"e 
/'h 

set value and experimental value of utility degree of cooling capacit y 
cooling rate relative (Ks -1) 

rate of heat generated by reaction relative (Ks - I) 

temperature of reaction mixture (K) 
I 

T 
Te, Tci 
To, Teo 
I:,d 
Trcg 

Ts 

temperature of heat carrier in cooler and at inlet into the cooler (K) I 
initial temperature of mixture in reactor and heat carrier in coole r (K ) I 

adiabatic heating of reaction (K) 
width of hysteresis band of controler (K) I 

temperature of mixture corresponding to the given utility degree or 
cooling capacity of reactor (K) I 

reaction time (s) 
time for which the cooling is switched-off or on (s) I 

mixture volume in reactor and of heat carrier in cooler (m3
) 

degree of conversion of key component 
sampling interval (s) 
standard deviation of noise 
density of reaction mixture and heat carrier (kg m - 3) 
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