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Abstract

To detect possible hazardous states occurring in a chemical reactor, the off-line parameter sensitivity analysis can be applied to ascertain
whether the reactor system is operated in a parameter sensitive region. However, as the reactor is usually operated under closed-loop contro
in a real application, the off-line parameter sensitivity analysis was extended to the closed-loop operation of a batch reactor. It was found
that if a closed-loop reactor system was operated in the parameter sensitive region, the maximal sensitivities of all state variables appeared
at the same time. To avoid any possible measurement error of the initial concentration, a state observer was applied to provide correct
states for the parameter sensitivity analysis under closed-loop operation. For the on-line detection of hazardous states, a neural network
was built and applied to evaluate whether the operation conditions were located in the parameter sensitive region in the least computation
time. Applicability of the developed integrated strategy for the early detection of hazardous states was demonstrated in batch reactors or
continuously stirred tank reactors (CSTRS) using the acetic anhydride reaction catalyzed by sulfuric acid as the model reaction. Based on
the prediction, in-time adjustments of operation conditions can be made to prevent any hazardous condition that might ensue in either a
batch reactor or a continuously stirred tank reactor.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction like the On-Line Warning (OLIWA) system, which applies
one-order and two-order differentiation of reaction tempera-
Batch reactors are one of the reactors that are extensivelyture (d7/dr and #7/dr?) to set up a safe operation detection
used in industry. Because of its flexibility and convenience system. Hugo et all2] concluded that as far as the safe
in operation, batch reactors are always used in manufac-operation problem in reaction is concerned, we do not want
turing products in small volume but of high added value. reactors to reach high temperature, which may end up with
However, batch reactors are operated in a closed tank; im-sub-reactions or cracking reactions and a possible runaway.
properly control may have other sub-reaction or cracking Chemburkar et al[3] proposed the generalized parametric
reaction not found in correct production. If out of control, sensitivity criterion to figure out a safe operation region for
reactors may reach high temperature and pressure beyondhe steady state and multiple steady states in continuously
the endurance of the reactor, thus resulting in a runaway. stirred tank reactors. Morbidelli and Varnj@ applied the
Similar runaway phenomenon can be found in continuously same method to find out the safe operation region for batch
stirred tank reactors (CSTRs). Therefore, problems concern-reactor operation. The generalized thermal parametric sen-
ing the design and operation of chemical reactors have beersitivity criterion was applied to the thermal behavior of the
extensively discussed, resulting in numerous control and esterification of 2-butanol with propionic anhydride in a
analysis methods. The technique of early detection of haz-batch reactor under isoperibolic conditigh$. The last two
ardous states in chemical reactors has been devefdped  works cited above studied this problem in an off-line way.
Off-line parameter sensitivity analysis is inapplicable if the
system parameters deviate from the assumed values; for
revidt example, the flow rate and inlet temperature of the cooling
proportional-integral .
* Corresponding author. Tekt886-2-5925252-3451 medium of the reactor system as well as the feed rate of thg
fax: +886-2-5861939. reactant are not kept at the desired values. As a reactor is
E-mail address: jschang@ttu.edu.tw (J.-S. Chang). usually operated under a temperature control loop, it is re-
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Nomenclature

heat transfer area @

reduced order Jacobin matrikEdq. (41)
heat of reaction dimensionless
parameterkq. (30)

Be (Eq. (18)

heat of reaction dimensionless
parameterkq. (18)

reduced order gradient vectdEd. (41)
concentration of reactant

(kmol m~—3)

scaled concentration

(C - Cmin)/(cmax — Cmin)

estimated concentration of reactant
(kmolm=3)

mean specific heat (kJkgK—1)
Damkohler numberEqg. (30)
estimation error

dynamic of estimation error
activation energy (kJ kmolt K—1)
modeling error

flow rate (n?s~1); federate Eq. (1);
transformed functionKq. (35)
function Egs. (19)—(21)

function Eqgs. (26)—(28)

heat of reaction (kJ kmol)

identity matrix

Jacobian matrix of the system
reaction rate constant (kmolms 1)
controller gain {C™1)

observer gain

reaction order

dimensionless groufEg. (30)
dimensionless group&(. (18)

ideal gas constant (kJ kmdiK—1);
reaction rate

dimensionless heat transfer
parametersEqg. (30)

dimensionless heat transfer
parametersHg. (30)

sensitivity matrix of states with respect
to parameters

time (s)

time required for thermal runaway (s)
dimensionless timeHg. (18)
temperature°C or K)

scaled temperature

(T — Trin)/(Tmax — Tmin)
dimensionless temperaturgd. (18)
controller output

overall heat transfer coefficient (kJ#&s™1)
volume (n¥)

vector of state variables

rate change of state vector

x estimated vector of state variables

y rate change of measurement

z dimensionless grougE(. (18)

Greek letters

e characteristic equatiore(y. (42)

y the inverse of dimensionless activation
energy parametekq. (30)

3 dimensionless activation energy
parameterkqg. (18)

Vo gradient operator

n state vector to be estimated

7 rate change of state vector to be estimated

] estimated state vector

0] rate change of estimated state vector

A eigenvalue of characteristic equation

0 density (kg n73)

T dimensionless heat transfer parameter
(Eq. (18)

7’ dimensionless space timed. (30)

7| intergral time of the PI controller (s)

1) vector of parameters

v Semenov numbelEg. (18)

¥ dimensionless parameteEd. (18)

Subscripts

A component A

b batch side

c cooling water

[ individual

in inlet

max maximal

min minimal

r reduced order

ref reference

S sulfuric acid as catalyst

0 initial; inlet

Superscript

* desired; time required for thermal runaway|

warding to develop an on-line parameter sensitivity analysis
for an early detection of hazardous states of the reacting
medium under closed-loop operation. In order to provide the
parameter sensitivity analysis with correct states, Alés et al.
[6] discussed the application of a model-based estimation
technigue, namely a Kalman filter, to the on-line detection
of hazardous states in the transients of a continuous process.
The detection system developed by Alos ef@].can iden-

tify the hazardous start-up 9 min before the excursion takes
place in case of an initial mischarge of the catalyst. However,
the reactor system studied by Al6s et @] seemed to be

an open-loop one, unable to reflect the real world situation

properly.
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Fig. 1. Structure of an observer/FNNs based early detection system.

Runaway

In this work, both the kinetic data and the related system with initial conditions

rameters wer m roperly available. B n th
para eters were assumed properly available _asedo teCAch, Ty =T, . T.=T, 5)
available process model and parameters, we built a database 0 0 0
which was composed of the inputs, the loading of the reac- The PI controller adjusts the flow rate of the coolant by
tants, and the initial temperature of reaction, as well as the

. ! Fe=(Fe.. — F u + F 6
outputs, the thermal runaway index, and the time for thermal ~ © (Fenin emax) Cmax ©
runaway, by the off-line parameter sensitivity analysis. For _ Kc ! .
on-line application, interpolation of the built database was u(t) = Keelt) + 1 Jo e(r) dr + bias (7)
required to save the on-line computation time for the inte-

o 0 e(t) = T (1) — Th(t) ®)

gration of dynamic equations governing the parameter sen-
sitivity analysis. Therefore, a feed-forward neural network The controller output is constrained
(FNN) was built to give the mapping between the inputs

and outputs of the database. To obtain a correct result from#“min < () = Umax

the parameter sensitivity analysis, an effective observer was, . —Q,
developed to provide the parameter sensitivity analysis with

the correct states. Thus, the correct thermal runaway indexfcq, = 0, Fope =25 x 10 *m3s7! 9)
and the time for thermal runaway could be calculated form
the built FNN, the reactor could be predicted whether it was
in the parametric sensitive space, and suitable adjustment ofV = ao + a1f¢ (10)
the operation conditi_ons cpuld be_proposed_ to avoid any pos'whereao — 01241 = 1.14 x 105,

sible dangerous accident in due time. The integrated scheme
proposed is depicted iRig. 1

Umax = 1

The relation ofU andF. is

If the external feed rat& = 0, the reactor is operated in
a batch mode; otherwise, the reactor is operated in a CSTR
mode.

2. The process
. : ) . 3. Parametric sensitivity analysis
In this work, the sulfuric acid-catalyzed hydrolysis of

acetic anhydride reaction was adopted as the model reaction. To remove the drawback of the criterigii] specific to

H2SOy the process studied, Morbidelli and Varij@g presented an
(CH3CO20 + H20 2CHCOOH intrinsic criterion based on a generalized behavior of the

The reaction was carried out either in a jacketed batch reactorSENSitivities of the states with respect to the operating con-
orinajacketed CSTR. The conventional proportional-integrald't'ons' It is expected to recognize if a process is becoming
(PI) controller adjusted the flow rate of the coolant through dangerous.

the jacket side. The mass and energy balance equations are A differential equation of describing the dynamic behavior
in a chemical reactor

dCa F

o = v (Car = Cn) = Ra (1) % — F(x. y.9) (11)
%=£(Tf ~ T + _AHRA + UA (Te—To) (2) y is the vector of a dependent variable (temperature or con-
d W Cpbpb VbCpbob centration)x is an independent variable (timg) represents
dr; UA F. the input parameters of the system. The elements of the
— = (Tp — Tc) + — (Tgin — To) 3) first-order sensitivity coefficient matrix are defined as:

dr VeocCpc Ve

dy;

Ra = ko E/RTn+27319 0 o 4) Sit = G (12)
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By directly differentiatingEg. (11) one can obtain the fol-
lowing:

dsg, F
&2\]54, +8 (x,y, $)

dx : i (13)

where J is the Jcobian matrix of the system. The initial

conditions forEq. (13)are
s¢; =0atx =0

3.1. Parametric sensitivity analysis for the open-loop
batch reactor system

dTy
By transforming the governing equations of the batch re- dT).
actor system into the dimensionless design equations for the d7;
process considered, one can obtain: d d_¢| oF, 0F, 0F, dTp
dTb — e - - dZ ﬁ ﬁ a_Z J
— =e(1—2)" f(Tp) + — (T — Ti 14 - b c '
G = Q-9 0o + 50— To) s, Llagd |om om om ||
d7. P, - - ) ) d —  dr | 9Ty 9T oz do
& = o o~ 1o+ 2P(Tein = To) (15) dF3 9F; 3F3 || dz
d T, 0Tc 9z doi
& —
T = 51— 9" A0 (16) 1
i
The initial condition is aFlz
=0, Th=Tp, To=T, ati=0 (17) e (24)
where dF3
f(Ty) = - W/ Tot@7315/Trep)), o
(—AH)k(Trer)Ca," CsVp wheregi = (y°, B, n, e, P1, P2).
= TrereUA ; The initial condition
k(Tref) = koeE/RTe. g — CAMCACs Sy =0 atr=0 (25)
’ CpoopT . . _—
pbPb fref® Given the system parameters showiTable 1and the initial
— E : P = prbcpb; conditions shown irmable 2 the behavior of the parameter
RTref Vepecp sensitivitiess,, , for each of the six independent parameters
p TreteppnCpbFe (18) of the model, is shown ifrigs. 2 and 3In these two figures,
2 =
(—AH)k(Tref)CAO"Cch
T Table 1
BO = Be; wo = e, Tb = _b; System parameters of sulfuric acid-catalyzed hydrolysis of acetic anhy-
Tref dride reaction in the batch reactor and CSTR
- Tc Cap — Ca - Vp (m?) 0.0082
¢ Tres ‘ Cao v pb (kgm 3)1 . 1000
UA Cob (kSJ kgtK—h 3.862
T = ¢ Ve (M) 0.0011
Cpbob Vi pe (kg rrf3)1 . 1000
. . Cpo (kIkgtK~ 4.184
In order to observe the real states, the following equations c: (lﬁmoﬁfnfs) ) 0.225
can be derived fronkgs. (14)—(16) F (mis 1) 5 x 1074
Tein (°C) 20
% — ATref 8(1 _ Z)nf i + i E _ i ko (m3 kmol’l Sﬁl) 1.85 x 1014
dt Tref wo Tref Tref E/R (K) 11244
—F (19) AH (kJkmolt) —1.741 x 10°
=M Tref (lg) . 298 4
Fe (m®s™?) 1.25x 10~
dT, eP1 [ Tq T Tei T o
e _ ar . [_01 <_b__6>+2p2 (ﬂ__°>] T (€) 20
dt 14 Tret Tret Tret Tret aFor CSTR operation (the other parameters are used for both batch
=F (20) reactor and CSTR operation).

dz ) Ty

o =4 [pa- ()] -7 @

where
T

7 (T_bf) _ /(T Ten+(27315/ Tep) (22)
re
(—AH)kge*Cp "C

_ 0 A, s (23)

Trefgprpc

The dynamic equation for parameter sensitivity is
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Table 2 comes sensitive to small variations of any of its independent
The operating conditions of the reactor systems input parameters.
Ty, (°C) Ca, (kmol m=3) Figure ) o )
= 1 F— 3.2. Parametric sensitivity analysis for the open-loop
ig.
50 3 Fig. 3 CSTR system
20 3 Figs. 10 and 11

For the CSTR system, the following equations similar to
those ofEgs. (19)—(21kan be derived:

the peaks ofi7.4 are not significant compared with those dTy, T T T Te T
of spe ands, ; therefore, there are not depicted in the =— [( > ty (T_ - T_)
! ref ref

A /
figures. Similar results to those available from the work of dr t
Morbidelli.a_md Varma[4] were %btained. Note .that for the +B'yDy et/ Tt/ 1) (1 z)} = F] (26)
safe condition Ca, = 1 kmol m~°) the sensitivities present

thg peak at.different times, Whgreas in runaway_gonditions dTe  Trer Th Te Tein Te
(higher dosing of acetic anhydrid€a, = 3 kmol m™>) the & - 7 [ tc < ) 3 ( )]
maxima appear distinctly at the same time, regardless of the ,
particular state variable or the particular parameter chosen =1 27)
for the definition of the sensitivity. An interval of 0.1sis ¢ 1 3

chosen to measure the closeness of the peaks in time, clearlyy, = = [—Z + Do e!/Y- I/ To/ T (1 — z)] =F; (28)
indicating the intrinsic nature of the sensitivity criterion pro-

posed by Morbidelli and Varmi@] and allows one to define

Trei Tref

Trei Tref

The initial condition is

a unique region of the parameter space where the model bez = 0, Th = Th, Te=T,, ati=0, 29)
200
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Fig. 2. Time profiles ofTp, T¢, Z, s7yp;, Sz, (Thy = 50°C, Cp, = 1kg m~3) developing in the batch reactor.
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Fig. 3. Time profiles ofTy, T¢, Z, 574, 52,, (Th, = 50°C, Cay =3 kg m~3) developing in the batch reactor.
where whereg; = {Da, Sy,.B'. ¥, S, P3}.The initial condi-
RT, Vi tion
= _ref; 7/ —b; Da = koe WM
E F syg = 0 atr =0 (32)
UAT UAT ) o N
Sty = PSR Ste = PR Given the system parameters and the initial conditions
Pb%pb¥b pe pe e of the CSTR as shown ifables 1 and 2the behav-
B — (—AH)Cat _ Fer (30) ior of the parameter sensitivities, for each of the six
PoCpbTrefy Ve independent parameters of the model similar to those
The dynamic equation for parameter sensitivity is It?rilvci?ted in Figs. 2 and 3is not provided here for
dTy ¥
dei
dT¢
d| — - 9F! / /- m9F
doi F; 9F; 9F; a7y, OF;
dz oy, 0T, 0z doi lof
ds,,, doi dF, OF, OF} dr, dF}
A= dgi 1 _ | 3 3F 35 e S el (31)
dr dt 3Ty T 0z dei i
oFy 9F, 0Fj || dz IF
L o1y, 9T. 9z 1 L ddi L agi
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3.3. Parametric sensitivity analysis for the Figs. 5 and 6In Figs. 4-6 Ty andC, are scaled values
closed-loop reaction systems of Ty, and Cp,, respectively. These two FNNs were well
trained; interpolations of these two FNNs were also satis-

Extension of the parametric sensitivity analysis from the fied but not included in the content. Based on these two

open-loop reaction system to the closed-loop reaction systemFNNs, one can determine whether and when the reacting

using a Pl controller is straightforward. It is proper to assume medium is going to be a thermal runaway given the initial

that the process is operated in a thermal safe condition if operating conditions. Another set of FNNs for the CSTR

the manipulated variable (the adjusting coolant) is not stuck was also built for application.

at the lower or upper bound?,, or Fg,,,). Therefore, if

the reactor is operated in the thermal safe condition, each of ] ] ) )

the first-order sensitivity coefficients is set to be zero while > Nonlinear state observer with variable gain

integrating the sensitivity analysis equationsFif= Fg_;,

or Fe = Fe,,,, then the analysis is the same as that done in

the open-loop operation.

In order to control the decay speed of the estimation
error, the nonlinear observer with constant observer gain de-
veloped by Sorous[8] was extended to a design with vari-
able gain. Consider the following multi-input/single-output

N . (MISO) nonlinear system below:
4. Determination of sensitivity parameter space

via FNNs x=flxu) (33)
Yy =Xn
If the batch reactor is operated & = Fey, Or Fc = wherex = [x1,x2,...,x,]" is a state vector and is

Fenay the required dimensionless parameters shown in e eyternal inputs. The functiofig. (26)is subject to a
Eqg. (18)for the parametric sensitivity analysis will be only norm-bounded modeling err@r;. Eq. (33)can be written
a function ofTh, andCa,. Therefore, the possible operating in the form of Eq. (34)as:

region of the procesh, (°C) € [50 85], Ca, (kmol m—3)
€ [0.5 5], andATy, = 2.5°C; ACa, = 0.5kmoln3, n=Fy,y u (34)
a set of 300 different combinations of initial conditions Y= Fy(n, y, u)

were designed to do the parametric sensitivity analysis. The
collected datél},, and Ca, were adopted as the inputs of
the networks while the thermal runaway index=£ 0 for Ey(m,y,u) = fite,u) i=1n-1 (35)
thermal safe operation; = 1 for thermal runaway) and the ~ ¥y(1. ¥, #) = fu(x, u)

time for thermal runaway* were adopted as the outputs The closed-loop, reduced-order observer becomes

of the networks. These two FNNs as showrFig. 4 were )

chosen to represent the mapping between the inputs and the) = Fy (1), y, u) + L[y — F, (1), y, w)] (36)
outputs. The recall data for the trained FNNs are shown in X = j

where

Neural Network (I)
a=0
—>
T Neural Network (IT)
by
a | |
C,
a=1
.

Fig. 4. The neural network structure for mapping the inputs and outputs of the parametric sensitivity analysis for the batch reactor system.
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Fig. 5. Performance of the recall of the built FNN farfor the batch reactor system.
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Fig. 6. Performance of the recall of the built FNN firfor the batch reactor system.
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The corresponding observer error dynamics are governed by ?1 e1
) €2 R e2
¢ = Fy(e+n,y,u) — Fy(, y, u) e=| . |=H@m| . (40)
_L{Fy(e + n,y, u) - Fy(ﬂy yau)} (37) énfl €n—1

The above equation is composed of the following equations
e1 = Afl + Sfl - Ll(Afn + 8fn)

wheree, € R" 1 and

L | S
e2 = Af2+8f2— La(Afu + 8fn) an1 on Mn—1 Mn—1
(38) o, of2 o
R — L,
. H@G) = o on1 Mn—1 Mp—1
en—1=Af_1+08fu—1— Lu_1(Afy +8fn) . .
By linearizing locally with respect to the estimated stdjes fn_1 of fn_1 of,
Eqg. (13)can be treated as a state observer with the following L “om - Ln*la_m T —377n—1 —Ltn-1 My
form:
O VN2 D gﬁ aafl
1 ar’la 13771 8; ni NMn—1 Ly
1 = : . : — :
+ — L1 L }en—l+(8fl_L15fn) ) : : :
Inn—1 Inn—1 Ofn—1 afn—1 Lp-1
9 ) L o Mn—1
ez={£_L2ﬁ}el+... !
an1 o1 ofn fn
Vo _p, }en_l F G- L) (g “Lom T ne
onp—1 Mn—1 ( )

A
:Vnrfr —LVy fa

2 A —Lg € RA-DX0-D) (41)
bp_1= {% — Lnl%} e1+ - To keep the eigenvalues of the observer invariant, we choose
a1 a1 a characteristic equation for the estimator, denoteddgy),
f_1 of that locates the eigenvalues in the left half of the complex
+ { on l—Ln—l P } en—1+ (8fn-1—Ln-18fa)  plane and reflects the desired speed of the response:
n— n—
_n n—1 _
We ignore the structural modeling error terms and let de(s) = 5" +op-15"" + - +ors+ag =0 (42)
3
—_— QA
— — ¢, (without observer)
— ¢, (=0.1)
....... ¢ O =-20)
a2
£
IS
S
=3
J
c
@]
O 14
0 T T
0 2 4 6 8 10

Time (s)

Fig. 7. Actual and estimated values of the state variable based on the open-loop and closed-loop observer for the batch reactor system.
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Fig. 9. Performance of the detecting scherfig( 1) with observer for the time profiles oy, Ca, C4 (Cap =2, E‘Ao =1lkgms3, Tpy = Tbo =50°C)
for the batch reactor system.
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Then the observer gaib is calculated to satisfy

[sT — Ar + Lcr| = ae(s)

Note the similarity of this design problem with that of pole
placement{9]. Then Ackermann’s formula for pole place-

plied to estimate the immeasurable concentration of the re-
actants in the batch reactor. Given an initial incorrect con-
centration@A0 = 2.3 kmolm—2 instead of the real initial
concentrationCa, = 2kmoln3, the performance of the
reduced order observer with different assigned eigenvalues

ment can be applied to the design of the state estimator, with) (5 = —1 and—20) as compared to that of an open-loop

the resulting formula
Cr -1 0
CrAr 0
L = ae(Ar) . .
CrA?_l 1

5.1. Application of the reduced order observer with

variable gain to the processes

observer is shown iifrig. 7. One can find that the reduced
order observer with proper assigned eigenvalues can track
Ca(t) quickly. Similar performance of the reduced order ob-
server can be found in the CSTR.

6. Integration of the state observer and the neural
network for early detection of hazardous states

The integrated system for the on-line detection of haz-

Adopting the temperature of the reacting medium as the ardous states was carried out as follows: (1) &t 0, the
available measurement, the reduced order observer was apbuilt FNN used the initial state of the observera( and

200
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Temp. (°C)

Conv.

2.56+0
2.0e+0
1.5e+0
1.0e+0
5.0e-1

0.0
16000

12000
8000
4000

F. X 10* (m¥s)

s
To@

200
160
120

qu

80
40 +

100 150 200

Time (s)

Fig. 10. Time profiles ofTy, Te, Z, 57,4, Sz, (Thy = 70°C, Ca, =3kg m~3) developing in the CSTR.
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Th,) to predict the results of the parametric sensitivity anal- observer(CA0 = 2.2 kmol m3; Ca, = 2.0kmol m~3), the
ysis and the observer started to estimate the states of theduilt FNNs cannot predict the correct time for a thermal run-
process@A(t + AY), (2) atr =t 4+ At, with Ty, = Th(9) away. If the reduced-order closed-loop observer is provided,
andCa, = Ca(t + A1), the results of the parametric sen- the built FNNs can predict the correct time (about 4.5 s after
sitivity analysis were predicted by the built FNNs, and (3) the start up of the batch reactor) for a thermal runaway as
went to (2). Because the concentration of the reactant esti-shown inFig. 9. In this case, there exists a larger mismatch
mated by the reduced order observer requires several inte0f the initial concentration(Ca, = 1.0kmolm™3; Ca, =
gration steps to arrive at the correct states of the process, thé.0 kmol m~3) but the performance of the detecting scheme
built FNNs cannot provide correct results of the paramet- works properly. In this case, the detecting scheme developed
ric sensitivity analysis till the observer provides the correct can tackle the process with a short response time; it is ex-
state Ca(t)). To ascertain when the results of the paramet- pected to be workable in the batch process with a longer re-
ric sensitivity analysis are reliable, the next equation can sponse time. As explained 8ection 1the detecting scheme
be applied: developed in this work can save the on-line computation
* o % time for the integration of dynamic equations governing the
=+ Aoy 2 8 iy + Al |1, (45) parameter sensitivity analysis; therefore, the prediction can
That is, when the output of the observer tracks the true state,be obtained much faster.
t* (=t + Atl],=; calculated by the FNNs should converge The detecting scheme can also be applied to the CSTR
to the same value at different time instants. In the above operation properly as shown Figs. 10 and 11In Fig. 1Q
equations* |,—; is the time required from the time instarb the CSTR was operated under closed-loop control and the
the time when the reaction is going to be a thermal runaway, parametric sensitivity analysis was executed only during the
and At |, (=t — 1p) is the time span from the initial time  time F; = F¢,,,, and F; = Fg,,,. In this figure, the peaks
of the reaction. of 7,4 are not significant compared with thosesgf, and

The performance of the detecting schermrég( 1) was Sz therefore, there are not depicted in the figure. At the
first examined in the batch reactor operatiéig. 8 shows first timeF¢ reachedre,,,, the detecting scheme can predict
the performance of the detecting scheme giverign 1 with the correct time (about 30s later) for a thermal runaway
an open-loop observer. One can find that based on an incor-as shown inFigs. 10 and 11 Successful demonstrations
rect concentration of the reactant provided by the open-loop via simulation both in the batch reactor and CSTR systems
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Fig. 11. Performance of the detecting schefrig.(1) with observer for the time profiles Gf,, Ca, Ca (Cap =3, CAO =3.2kgn3, Th, = Tbo =70°C)
for the CSTR system.
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suggest the application of the detecting scheme to the realduced. These two neural networks can be applied to conduct
process. the parametric sensitivity analysis quickly and correctly.
Finally, the integration of the developed state observer
and the neural networks was applied to execute the paramet-
7. Conclusions ric sensitivity analysis for an early detection of hazardous
states both in the batch reactor and CSTR systems. By a
In this study, the extension of off-line parametric sen- fast-converged estimation of the initial conditions and re-
sitivity analysis to the on-line closed-loop operation of peated application of the neural networks, the parametric
chemical reactor systems was evaluated. If the reactor issensitivity analysis can be evaluated quickly and correctly
operated in the safe condition space, the sensitivities presenin the face of any on-line variation of system parameters.
the peak at different times, whereas in runaway conditions, Therefore, early detection of the parametric sensitive oper-
the maxima appear distinctly at the same time, regardlessating conditions could be provided and remedial measures
of the particular state variable or the particular parameter could be taken by the operator to prevent the reacting system
chosen for the definition of the sensitivity. To execute a from a possible runaway in time.
parametric sensitivity analysis, a reliable system model with
correct model parameters and initial states is indispensable.
In this study, correct model structure and model parame- Acknowledgements
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