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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 control
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

Batch reactors are one of the reactors that are extensively
used in industry. Because of its flexibility and convenience
in operation, batch reactors are always used in manufac-
turing products in small volume but of high added value.
However, batch reactors are operated in a closed tank; im-
properly control may have other sub-reaction or cracking
reaction not found in correct production. If out of control,
reactors may reach high temperature and pressure beyond
the endurance of the reactor, thus resulting in a runaway.
Similar runaway phenomenon can be found in continuously
stirred tank reactors (CSTRs). Therefore, problems concern-
ing the design and operation of chemical reactors have been
extensively discussed, resulting in numerous control and
analysis methods. The technique of early detection of haz-
ardous states in chemical reactors has been developed[1],

Abbreviations: CSTR, continuously stirred tank reactor; PI,
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like the On-Line Warning (OLIWA) system, which applies
one-order and two-order differentiation of reaction tempera-
ture (dT/dt and d2T/dt2) to set up a safe operation detection
system. Hugo et al.[2] concluded that as far as the safe
operation problem in reaction is concerned, we do not want
reactors to reach high temperature, which may end up with
sub-reactions or cracking reactions and a possible runaway.
Chemburkar et al.[3] proposed the generalized parametric
sensitivity criterion to figure out a safe operation region for
the steady state and multiple steady states in continuously
stirred tank reactors. Morbidelli and Varma[4] applied the
same method to find out the safe operation region for batch
reactor operation. The generalized thermal parametric sen-
sitivity criterion was applied to the thermal behavior of the
esterification of 2-butanol with propionic anhydride in a
batch reactor under isoperibolic conditions[5]. The last two
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
example, the flow rate and inlet temperature of the cooling
medium of the reactor system as well as the feed rate of the
reactant are not kept at the desired values. As a reactor is
usually operated under a temperature control loop, it is re-
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Nomenclature

A heat transfer area (m2)
Ar reduced order Jacobin matrix (Eq. (41))
B heat of reaction dimensionless

parameter (Eq. (30))
B0 Bε (Eq. (18))
B′ heat of reaction dimensionless

parameter (Eq. (18))
cr reduced order gradient vector (Eq. (41))
C concentration of reactant

(kmol m−3)
C′ scaled concentration

(C − Cmin)/(Cmax − Cmin)

Ĉ estimated concentration of reactant
(kmol m−3)

Cp mean specific heat (kJ kg−1 K−1)
Da Damkohler number (Eq. (30))
e estimation error
ė dynamic of estimation error
E activation energy (kJ kmol−1 K−1)
δf modeling error
F flow rate (m3 s−1); federate (Eq. (1));

transformed function (Eq. (35))
Fi=1,2,3 function (Eqs. (19)–(21))
F ′
i=1,2,3 function (Eqs. (26)–(28))
�H heat of reaction (kJ kmol−1)
I identity matrix
J Jacobian matrix of the system
k reaction rate constant (kmol m−3 s−1)
Kc controller gain (◦C−1)
L observer gain
n reaction order
P3 dimensionless group (Eq. (30))
Pi=1,2 dimensionless groups (Eq. (18))
R ideal gas constant (kJ kmol−1 K−1);

reaction rate
Stb dimensionless heat transfer

parameters (Eq. (30))
Stc dimensionless heat transfer

parameters (Eq. (30))
sϕi sensitivity matrix of states with respect

to parameters
t time (s)
t∗ time required for thermal runaway (s)
t̄ dimensionless time (Eq. (18))
T temperature (◦C or K)
T′ scaled temperature

(T − Tmin)/(Tmax − Tmin)

T̄ dimensionless temperature (Eq. (18))
u controller output
U overall heat transfer coefficient (kJ K−1 s−1)
V volume (m3)
x vector of state variables
ẋ rate change of state vector

x̂ estimated vector of state variables
ẏ rate change of measurement
z dimensionless group (Eq. (18))

Greek letters
αe characteristic equation (Eq. (42))
γ the inverse of dimensionless activation

energy parameter (Eq. (30))
ε dimensionless activation energy

parameter (Eq. (18))
∇ηr gradient operator
η state vector to be estimated
η̇ rate change of state vector to be estimated
η̂ estimated state vector
˙̂η rate change of estimated state vector
λ eigenvalue of characteristic equation
ρ density (kg m−3)
τ dimensionless heat transfer parameter

(Eq. (18))
τ′ dimensionless space time (Eq. (30))
τI intergral time of the PI controller (s)
φ vector of parameters
ψ Semenov number (Eq. (18))
ψ0 dimensionless parameter (Eq. (18))

Subscripts
A component A
b batch side
c cooling water
i 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, Alós et al.
[6] discussed the application of a model-based estimation
technique, namely a Kalman filter, to the on-line detection
of hazardous states in the transients of a continuous process.
The detection system developed by Alós et al.[6] 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 Alós et al.[6] 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.

In this work, both the kinetic data and the related system
parameters were assumed properly available. Based on the
available process model and parameters, we built a database
which was composed of the inputs, the loading of the reac-
tants, and the initial temperature of reaction, as well as the
outputs, the thermal runaway index, and the time for thermal
runaway, by the off-line parameter sensitivity analysis. For
on-line application, interpolation of the built database was
required to save the on-line computation time for the inte-
gration of dynamic equations governing the parameter sen-
sitivity analysis. Therefore, a feed-forward neural network
(FNN) was built to give the mapping between the inputs
and outputs of the database. To obtain a correct result from
the parameter sensitivity analysis, an effective observer was
developed to provide the parameter sensitivity analysis with
the correct states. Thus, the correct thermal runaway index
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 of
the operation conditions could be proposed to avoid any pos-
sible dangerous accident in due time. The integrated scheme
proposed is depicted inFig. 1.

2. The process

In this work, the sulfuric acid-catalyzed hydrolysis of
acetic anhydride reaction was adopted as the model reaction.

(CH3CO)2O + H2O
H2SO4−−−→ 2CH3COOH

The reaction was carried out either in a jacketed batch reactor
or in a jacketed CSTR. The conventional proportional-integral
(PI) controller adjusted the flow rate of the coolant through
the jacket side. The mass and energy balance equations are

dCA

dt
= F

Vb
(CAf − CA)− RA (1)

dTb

dt
= F
Vb
(Tf − Tb)+ −�H

Cpbρb
RA + UA

VbCpbρb
(Tc − Tb) (2)

dTc

dt
= UA

VcρcCpc
(Tb − Tc)+ Fc

Vc
(Tcin − Tc) (3)

RA = k0 e−E/R(Tb+273.15)CACs (4)

with initial conditions

CA = CA0
, Tb = Tb0

, Tc = Tc0
(5)

The PI controller adjusts the flow rate of the coolant by

Fc = (Fcmin − Fcmax)u+ Fcmax (6)

u(t) = Kce(t)+ Kc

τI

∫ t

0
e(τ)dτ + bias (7)

e(t) = T ∗
b (t)− Tb(t) (8)

The controller output is constrained

umin ≤ u(t) ≤ umax

umin = 0, umax = 1

Fcmin = 0, Fcmax = 2.5 × 10−4 m3 s−1 (9)

The relation ofU andFc is

U = a0 + a1Fc (10)

wherea0 = 0.12; a1 = 1.14× 103.
If the external feed rateF = 0, the reactor is operated in

a batch mode; otherwise, the reactor is operated in a CSTR
mode.

3. Parametric sensitivity analysis

To remove the drawback of the criterion[7] specific to
the process studied, Morbidelli and Varma[4] presented an
intrinsic criterion based on a generalized behavior of the
sensitivities of the states with respect to the operating con-
ditions. It is expected to recognize if a process is becoming
dangerous.

A differential equation of describing the dynamic behavior
in a chemical reactor
dy

dx
= F (x, y,φ) (11)

y is the vector of a dependent variable (temperature or con-
centration),x is an independent variable (time),φ represents
the input parameters of the system. The elements of the
first-order sensitivity coefficient matrix are defined as:

sj,φi = dyj
dφi

(12)
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By directly differentiatingEq. (11), one can obtain the fol-
lowing:
dsφi

dx
= Jsφi + ∂F (x, y,φ)

∂φi
(13)

where J is the Jcobian matrix of the system. The initial
conditions forEq. (13)are

sφi = 0 atx = 0

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

By transforming the governing equations of the batch re-
actor system into the dimensionless design equations for the
process considered, one can obtain:

dT̄b

dt̄
= ε(1 − z)nf(T̄b)+ ε

ψ0
(T̄c − T̄b) (14)

dT̄c

dt̄
= εP1

ψ0
(T̄b − T̄c)+ 2P2(T̄cin − T̄c) (15)

dz

dt̄
= ε

B0
(1 − z)nf(T̄b) (16)

The initial condition is

z = 0, T̄b = T̄b0, T̄c = T̄c0 at t̄ = 0 (17)

where

f(T̄b) = eε(1−(1/T̄b+(273.15/Tref)));
ψ = (−�H)k(Tref)CA0

nCsVb

TrefεUA
;

k(Tref) = k0 e−(E/RTref); B = (−�H)CA0
Cs

CpbρbTrefε

ε = E

RTref
; P1 = VbρbCpb

VcρcCpc

;

P2 = TrefερbCpbFc

(−�H)k(Tref)CA0
nCsVc

(18)

B0 = Bε; ψ0 = ψε; T̄b = Tb

Tref
;

T̄c = Tc

Tref
; z = CA0 − CA

CA0

; t̄ = ψτ;

τ = UA

CpbρbVb
t

In order to observe the real states, the following equations
can be derived fromEqs. (14)–(16).

dTb

dt
= ATref

[
ε(1 − z)nf

(
Tb

Tref

)
+ ε

ψ0

(
Tc

Tref
− Tb

Tref

)]

= F1 (19)

dTc

dt
= ATref

[
εP1

ψ0

(
Tb

Tref
− Tc

Tref

)
+ 2P2

(
Tcin

Tref
− Tc

Tref

)]

= F2 (20)

dz

dt
= A

[
ε

β0
(1 − z)nf

(
Tb

Tref

)]
= F3 (21)

where

f

(
Tb

Tref

)
= eε(1/(Tb/Tref)+(273.15/Tref)) (22)

A = (−�H)k0 e−εCA0
nCs

TrefερbCpc

(23)

The dynamic equation for parameter sensitivity is

dsyφi

dt
=

d




dTb

dφi

dTc

dφi

dz

dφi




dt
=




∂F1

∂Tb

∂F1

∂Tc

∂F1

∂z

∂F2

∂Tb

∂F2

∂Tc

∂F2

∂z

∂F3

∂Tb

∂F3

∂Tc

∂F3

∂z







dTb

dφi

dTc

dφi

dz

dφi




+




∂F1

∂φi

∂F2

∂φi

∂F3

∂φi




(24)

whereφi = {ψ0, B0, n, ε, P1, P2}.
The initial condition

syφi
= 0 at t = 0 (25)

Given the system parameters shown inTable 1and the initial
conditions shown inTable 2, the behavior of the parameter
sensitivitiessyφi , for each of the six independent parameters
of the model, is shown inFigs. 2 and 3. In these two figures,

Table 1
System parameters of sulfuric acid-catalyzed hydrolysis of acetic anhy-
dride reaction in the batch reactor and CSTR

Vb (m3) 0.0082
ρb (kg m−3) 1000
Cpb (kJ kg−1 K−1) 3.862
Vc (m3) 0.0011
ρc (kg m−3) 1000
Cpc (kJ kg−1 K−1) 4.184
Cs (kmol m−3) 0.225
F (m3 s−1)a 5 × 10−4

Tcin (◦C) 20
k0 (m3 kmol−1 s−1) 1.85 × 1014

E/R (K) 11244
�H (kJ kmol−1) −1.741× 105

Tref (K) 298
Fc (m3 s−1) 1.25 × 10−4

Tc0 (◦C) 20

a For CSTR operation (the other parameters are used for both batch
reactor and CSTR operation).
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Table 2
The operating conditions of the reactor systems

Tb0 (◦C) CA0 (kmol m−3) Figure

50 1 Fig. 2
50 3 Fig. 3
20 3 Figs. 10 and 11

the peaks ofsTcφi are not significant compared with those
of sTbφi and szφi

; therefore, there are not depicted in the
figures. Similar results to those available from the work of
Morbidelli and Varma[4] were obtained. Note that for the
safe condition (CA0 = 1 kmol m−3) the sensitivities present
the peak at different times, whereas in runaway conditions
(higher dosing of acetic anhydride,CA0 = 3 kmol m−3) the
maxima appear distinctly at the same time, regardless of the
particular state variable or the particular parameter chosen
for the definition of the sensitivity. An interval of 0.1 s is
chosen to measure the closeness of the peaks in time, clearly
indicating the intrinsic nature of the sensitivity criterion pro-
posed by Morbidelli and Varma[4] and allows one to define
a unique region of the parameter space where the model be-
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Fig. 2. Time profiles ofTb, Tc, z, sTbϕi , szϕi
(Tb0 = 50◦C, CA0 = 1 kg m−3) developing in the batch reactor.

comes sensitive to small variations of any of its independent
input parameters.

3.2. Parametric sensitivity analysis for the open-loop
CSTR system

For the CSTR system, the following equations similar to
those ofEqs. (19)–(21)can be derived:

dTb

dt
= Tref

τ′

[(
Tf

Tref
− Tb

Tref

)
+ Stb

(
Tc

Tref
− Tb

Tref

)

+B′γDa e1/γ(1−(Tref/T))(1 − z)
]

= F ′
1 (26)

dTc

dt
= Tref

τ′

[
Stc

(
Tb

Tref
− Tc

Tref

)
+ P3

(
Tcin

Tref
− Tc

Tref

)]

= F ′
2 (27)

dz

dt
= 1

τ′
[
−z+Da e1/γ(1−(1/Tb/Tref))(1 − z)

]
= F ′

3 (28)

The initial condition is

z = 0, Tb = Tb0, Tc = Tc0 at t = 0, (29)
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(Tb0 = 50◦C, CA0 = 3 kg m−3) developing in the batch reactor.

where

γ = RTref

E
; τ′ = Vb

F
; Da = k0 e−(1/γ)τ′

Stb = UAτ′

ρbCpbVb
; Stc = UAτ′

ρcCpcVc
;

B′ = (−�H)CAf

ρbCpbTrefγ
; P3 = Fcτ

′

Vc
(30)

The dynamic equation for parameter sensitivity is

dsyϕi

dt
=

d




dTb

dφi

dTc

dφi

dz

dφi




dt
=




∂F ′
1

∂Tb

∂F ′
1

∂Tc

∂F ′
1

∂z

∂F ′
2

∂Tb

∂F ′
2

∂Tc

∂F ′
2

∂z

∂F ′
3

∂Tb

∂F ′
3

∂Tc

∂F ′
3

∂z







dTb

dφi

dTc

dφi

dz

dφi




+




∂F ′
1

∂φi

∂F ′
2

∂φi

∂F ′
3

∂φi




(31)

whereφi = {Da, Stb, B
′, γ, Stc, P3}.The initial condi-

tion

syφi = 0 at t = 0 (32)

Given the system parameters and the initial conditions
of the CSTR as shown inTables 1 and 2, the behav-
ior of the parameter sensitivitiessyφi for each of the six
independent parameters of the model similar to those
indicated in Figs. 2 and 3 is not provided here for
brevity.
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3.3. Parametric sensitivity analysis for the
closed-loop reaction systems

Extension of the parametric sensitivity analysis from the
open-loop reaction system to the closed-loop reaction system
using a PI controller is straightforward. It is proper to assume
that the process is operated in a thermal safe condition if
the manipulated variable (the adjusting coolant) is not stuck
at the lower or upper bound (Fcmin or Fcmax). Therefore, if
the reactor is operated in the thermal safe condition, each of
the first-order sensitivity coefficients is set to be zero while
integrating the sensitivity analysis equations. IfFc = Fcmin

or Fc = Fcmax, then the analysis is the same as that done in
the open-loop operation.

4. Determination of sensitivity parameter space
via FNNs

If the batch reactor is operated atFc = Fcmin or Fc =
Fcmax, the required dimensionless parameters shown in
Eq. (18)for the parametric sensitivity analysis will be only
a function ofTb0 andCA0. Therefore, the possible operating
region of the processTb0 (◦C) ∈ [50 85],CA0 (kmol m−3)
∈ [0.5 5.], and�Tb0 = 2.5◦C; �CA0 = 0.5 kmol m−3,
a set of 300 different combinations of initial conditions
were designed to do the parametric sensitivity analysis. The
collected dataTb0 andCA0 were adopted as the inputs of
the networks while the thermal runaway index (a = 0 for
thermal safe operation;a = 1 for thermal runaway) and the
time for thermal runawayt∗ were adopted as the outputs
of the networks. These two FNNs as shown inFig. 4 were
chosen to represent the mapping between the inputs and the
outputs. The recall data for the trained FNNs are shown in

1=a

0bT

0AC
a

0bT

0AC

0=a

*t

Neural Network (II) 

 

 

 

 

Neural Network (I) 

Fig. 4. The neural network structure for mapping the inputs and outputs of the parametric sensitivity analysis for the batch reactor system.

Figs. 5 and 6. In Figs. 4–6, T ′
b0

andC′
A0

are scaled values
of Tb0 andCA0, respectively. These two FNNs were well
trained; interpolations of these two FNNs were also satis-
fied but not included in the content. Based on these two
FNNs, one can determine whether and when the reacting
medium is going to be a thermal runaway given the initial
operating conditions. Another set of FNNs for the CSTR
was also built for application.

5. Nonlinear state observer with variable gain

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

ẋ = f (x,u)

y = xn
(33)

where x = [x1, x2, . . . , xn]T is a state vector andu is
the external inputs. The functionEq. (26) is subject to a
norm-bounded modeling errorδfi . Eq. (33)can be written
in the form ofEq. (34)as:

η̇ = Fη(η, y,u)

ẏ = Fy(η, y,u)
(34)

where

Fηi (η, y,u) = fi(x,u) i = 1–n− 1
Fy(η, y,u) = fn(x,u)

(35)

The closed-loop, reduced-order observer becomes

˙̂η = Fη(η̂, y,u)+ L[ẏ − Fy(η̂, y,u)]
x̂ = η̂

(36)
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Fig. 5. Performance of the recall of the built FNN fora for the batch reactor system.

Fig. 6. Performance of the recall of the built FNN fort∗ for the batch reactor system.
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The corresponding observer error dynamics are governed by

ė = Fη(e+ η, y,u)− Fη(η, y,u)

−L{Fy(e+ η, y,u)− Fy(η, y,u)} (37)

The above equation is composed of the following equations

ė1 = �f1 + δf1 − L1(�fn + δfn)
ė2 = �f2 + δf2 − L2(�fn + δfn)
...

ėn−1 = �fn−1 + δfn−1 − Ln−1(�fn + δfn)

(38)

By linearizing locally with respect to the estimated statesη̂,
Eq. (13)can be treated as a state observer with the following
form:

ė1 =
{
∂f1

∂η1
− L1

∂fn

∂η1

}
e1 + · · ·

+
{
∂f1

∂ηn−1
− L1

∂fn

∂ηn−1

}
en−1 + (δf1 − L1δfn)

ė2 =
{
∂f2

∂η1
− L2

∂fn

∂η1

}
e1 + · · ·

+
{
∂f2

∂ηn−1
− L2

∂fn

∂ηn−1

}
en−1 + (δf2 − L2δfn)

...

ėn−1 =
{
∂fn−1

∂η1
− Ln−1

∂fn

∂η1

}
e1 + · · ·

+
{
∂fn−1

∂ηn−1
−Ln−1

∂fn

∂ηn−1

}
en−1 + (δfn−1 − Ln−1δfn)

(39)

We ignore the structural modeling error terms and let
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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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whereer ∈ Rn−1 and
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×
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∂η1
· · · ∂fn

∂ηn−1

]

�= ∇ηrf r − L ∇ηrfn

�= Ar − Lcr ∈ R(n−1)×(n−1) (41)

To keep the eigenvalues of the observer invariant, we choose
a characteristic equation for the estimator, denoted byαe(s),
that locates the eigenvalues in the left half of the complex
plane and reflects the desired speed of the response:

αe(s) = sn + αn−1s
n−1 + · · · + α1s+ α0 = 0 (42)
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Fig. 8. Performance of the detecting scheme (Fig. 1) without observer for time profiles ofTb, T̂b, CA, ĈA (CA0 = 2, ĈA0 = 2.2 kg m−3, Tb0 = T̂b0 = 50◦C)
for the batch reactor system.
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Then the observer gainL is calculated to satisfy

|sI − Ar + Lcr| = αe(s) (43)

Note the similarity of this design problem with that of pole
placement[9]. Then Ackermann’s formula for pole place-
ment can be applied to the design of the state estimator, with
the resulting formula

L = αe(Ar)




cr
crAr
...

crA
n−1
r




−1 


0
0
...

1


 (44)

5.1. Application of the reduced order observer with
variable gain to the processes

Adopting the temperature of the reacting medium as the
available measurement, the reduced order observer was ap-
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plied to estimate the immeasurable concentration of the re-
actants in the batch reactor. Given an initial incorrect con-
centrationĈA0 = 2.3 kmol m−3 instead of the real initial
concentrationCA0 = 2 kmol m−3, the performance of the
reduced order observer with different assigned eigenvalues
λ (λ = −1 and−20) as compared to that of an open-loop
observer is shown inFig. 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-
ardous states was carried out as follows: (1) att = 0, the
built FNN used the initial state of the observer (ĈA0 and
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Tb0) to predict the results of the parametric sensitivity anal-
ysis and the observer started to estimate the states of the
processĈA(t + �t), (2) at t = t + �t, with Tb0 = Tb(t)

andCA0 = ĈA(t + �t), the results of the parametric sen-
sitivity analysis were predicted by the built FNNs, and (3)
went to (2). Because the concentration of the reactant esti-
mated by the reduced order observer requires several inte-
gration steps to arrive at the correct states of the process, the
built FNNs cannot provide correct results of the paramet-
ric sensitivity analysis till the observer provides the correct
state (CA(t)). To ascertain when the results of the paramet-
ric sensitivity analysis are reliable, the next equation can
be applied:

t∗
∣∣
t=t1 +�t ∣∣t=t1 ≈ t∗

∣∣
t=t2 +�t ∣∣t=t2 (45)

That is, when the output of the observer tracks the true state,
t∗ |t=t + �t |t=t calculated by the FNNs should converge
to the same value at different time instants. In the above
equation,t∗ |t=t is the time required from the time instantt to
the time when the reaction is going to be a thermal runaway,
and�t |t=t (= t − t0) is the time span from the initial time
of the reaction.

The performance of the detecting scheme (Fig. 1) was
first examined in the batch reactor operation.Fig. 8 shows
the performance of the detecting scheme given inFig. 1with
an open-loop observer. One can find that based on an incor-
rect concentration of the reactant provided by the open-loop
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for the CSTR system.

observer(ĈA0 = 2.2 kmol m−3;CA0 = 2.0 kmol m−3), the
built FNNs cannot predict the correct time for a thermal run-
away. If the reduced-order closed-loop observer is provided,
the built FNNs can predict the correct time (about 4.5 s after
the start up of the batch reactor) for a thermal runaway as
shown inFig. 9. In this case, there exists a larger mismatch
of the initial concentration(ĈA0 = 1.0 kmol m−3;CA0 =
2.0 kmol m−3) but the performance of the detecting scheme
works properly. In this case, the detecting scheme developed
can tackle the process with a short response time; it is ex-
pected to be workable in the batch process with a longer re-
sponse time. As explained inSection 1, the detecting scheme
developed in this work can save the on-line computation
time for the integration of dynamic equations governing the
parameter sensitivity analysis; therefore, the prediction can
be obtained much faster.

The detecting scheme can also be applied to the CSTR
operation properly as shown inFigs. 10 and 11. In Fig. 10,
the CSTR was operated under closed-loop control and the
parametric sensitivity analysis was executed only during the
time Fc = Fcmin andFc = Fcmax. In this figure, the peaks
of sTcϕi are not significant compared with those ofsTbϕi and
szϕi

; therefore, there are not depicted in the figure. At the
first timeFc reachedFcmax, the detecting scheme can predict
the correct time (about 30 s later) for a thermal runaway
as shown inFigs. 10 and 11. Successful demonstrations
via simulation both in the batch reactor and CSTR systems
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suggest the application of the detecting scheme to the real
process.

7. Conclusions

In this study, the extension of off-line parametric sen-
sitivity analysis to the on-line closed-loop operation of
chemical reactor systems was evaluated. If the reactor is
operated in the safe condition space, the sensitivities present
the peak at different times, whereas in runaway conditions,
the maxima appear distinctly at the same time, regardless
of the particular state variable or the particular parameter
chosen for the definition of the sensitivity. To execute a
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-
ters were assumed, but the initial states may be different
from those of the actual reacting system due to incorrect
dosing. A reduced order state observer with variable gain
was applied to estimate the correct states for paramet-
ric sensitivity analysis. The closed-loop reduced observer
can estimate the correct reactant concentration in a short
time.

When the input parameters vary, the parametric sensitiv-
ity analysis can be executed on-line by repeated integration
of the system equations. However, to reduce the computa-
tion burden, two FNNs built on the basis of the off-line para-
metric sensitivity analysis were applied to analyze the para-
metric sensitivity on-line. Using the first neural network, the
inputs are the initial temperature and initial concentration
of the reacting system; the output is zero or one (parameter
insensitive or sensitive, respectively). If the reactor is oper-
ated in a parameter sensitive space as predicted from the first
neural network, a second neural network is then applied. Us-
ing the temperature and concentration as inputs, the second
neural network outputs the time that the maximal paramet-
ric sensitivities to the independent parameters are to be in-

duced. These two neural networks can be applied to conduct
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-
ric sensitivity analysis for an early detection of hazardous
states both in the batch reactor and CSTR systems. By a
fast-converged estimation of the initial conditions and re-
peated application of the neural networks, the parametric
sensitivity analysis can be evaluated quickly and correctly
in the face of any on-line variation of system parameters.
Therefore, early detection of the parametric sensitive oper-
ating conditions could be provided and remedial measures
could be taken by the operator to prevent the reacting system
from a possible runaway in time.
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