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AWARD (Advanced Warning And Runaway Disposal) Project
(Growth Project GIRD-CT-2000-00499)

Deliverable: Advancement report on the improvement and testing of state space reconstruction
numerical schemes (WP2.Extension and theoretical development of the EWDS. Task 2.2,

Second Part: Batch and Semibatch reactors working on isothermal operating conditions)

Objective: The objective of Task 2.2 is to implement and test several reconstruction algorithms to
be used for the on-line reconstruction of the divergence of the system, using simulation results from

Task 2.1 and experimental results from WP 4 (Task 4.1) and existing experimental data sets.

Summary

In this work, we have extended the application on-line of the divergence criterion for the early
warning detection of runaway in isothermal reactors. In this case, it is necessary to take into account
the temperature dynamics inside the jacket that depends on the heating/cooling system installed in
the plant as well as on its control devices. For this reason, the jacket temperature has been included
in the state space reconstruction for the calculation of the divergence of the system.

Divergence reconstruction has been validated beforehand using simulation results. This has
allowed analysing the most suitable reconstruction strategy. Furthermore, the experimental
validation has been carried out using experimental data from a bench-scale 2 L reactor and from a
100 L pilot plant reactor. The results show that the system is able to distinguish between runaway
and non-runaway situations and it does not produce false alarms during heating/cooling due to
changes in the temperature set-point.

In order to develop a robust early warning detection system it is now necessary to show its
feasibility in “realistic” situations, i.e. in industrial plants under normal and abnormal operating
conditions. Our experimental research is continuing along these lines.






1. INTRODUCTION

The reliability of a chemical reactor installed in a plant depends on the capability of the
control/supervision system to estimate its state and to identify, in time, its operation malfunctions or
failure modes. Specifically for chemical reactors carrying out exothermic reactions, the major
problem is the loss of temperature control. In this situation, when the rate of heat generation by
chemical reaction exceeds the rate of heat removal of the cooling system, there is a positive
feedback mechanism, since the temperature of the reaction mass will raise increasing in turn the
heat generation rate. In this situations, if no countermeasures are taken, a runaway or thermal
excursion may occur.

There are several reasons for which the early detection of dangerous states is important for the
correct operation of chemical reactors. A part from health and environmental considerations, an
accident in a chemical reactor is extremely expensive (HSE, 1993). Furthermore, chemical
industries experiment a number of near-misses, which could be reduced by the use of an early
warning detection system (EWDS). This reduction would also contribute to the reduction of minor
and major accidents, since as it has been shown by Petersen et al. (1980) that these values are
correlated.

Methods for early warning detection can be divided into three main categories depending upon
the quantities being used: Conventional limit check systems, temperature derivatives, and model-
based estimation techniques (Kalman filtering). The first methods use only measurements from the
system, which in the case of chemical reactors turns out to be mainly temperature, but also pressure
(Tufano, 1988) and concentration measurements (Marco et al., 1997) have been proposed. The
second type of methods use the reactor temperature derivatives. Specifically, the method proposed
by Hub and Jones (1986) based on the increase of heat evolution as the hazard identification
criterion uses the second derivative of the reactor temperature, i.e. d?T/dt>>0, and the first derivative
of the temperature difference between the reactor and the jacket, i.e. d(T-T,,)/dt>0. Finally, the third
type of methods use a model of the system, the available measurements and, normally, a Kalman
filter (or equivalent) to estimate the non-measurable variables (Gilles and Schuler 1982; King and
Gilles 1990).

Despite all the different approaches, the early on-line detection of hazardous states in batch and
semibatch processes is still an open problem because of the wide range of processes that are carried
out on such equipment: their complexity; strong non-linearities; and time-varying parameters. In
this context, the bottlenecks for the development of an effective on-line detection system are the

definition of criteria, which distinguish between dangerous and non-dangerous situations; the



avoidance of false alarms, since countermeasures may consists on dumping the reactor contents or
injecting an inhibitor with the loss of the batch, which means that in practice a trade-off exists
between early detection (sensitivity) and number of false alarms (reliability); and the use of few
measurements since the number of process carried out batchwise makes not economically feasible
the development of a detailed kinetic model for each process, i.e. the EWDS has to be as
independent as possible of the actual process carried out in the plant.

In a series of recent works (Strozzi et al., 1999; Zaldivar et al., 2002) a new criterion to delimit
runaway boundaries was developed using techniques from chaos theory and the fact that the
sensitivity to initial and operating conditions is a well-known characteristic of chemical reactors
(Varma et al., 1999). The runaway detection criterion was defined as when the divergence of the
reactor becomes positive on a segment of the reaction path, i.e. div>0. We recall that the divergence
is a scalar quantity defined at each point as the sum of the partial derivatives of the mass and energy

balances with relation to the correspondent variables -temperature and conversions-, i.e.,

o(dT / dt)/ 9T + Za(dzi /dt)/dz, . It was then shown, from a theoretical analysis using simulated

data, that the divergence of the system could be reconstructed from only temperature measurements
(Strozzi et al., 1999). Furthermore, the criterion was calculated on-line an applied to isoperibolic
(constant jacket temperature) batch reactors (2L and 100L), using simulated as well as experimental
temperatures (Bosch et al., 2002). The results shown that the application on-line of the divergence
criterion for the early warning detection of runaway initiation is feasible. Furthermore, we had
shown the equivalence, considering an embedding dimension of one, between Hub and Jones
(1986) and div>0 criteria. The use of an embedding dimension of two as suggested by theoretical
and experimental results could be seen as a way to solve the problem of false alarms that the Hub
and Jones criterion produces, for example for the case of autocatalytic reactions and for the case of
semibatch processes (Nomen et al., 2002).

In this work, we have extended the divergence criterion to the on-line detection of runaway in
isothermal reactors. In this case, it is necessary to take into account not only the reactor temperature
but also the jacket (or cooling coils) temperature that changes as a function on the heating/cooling
system operating in the plant as well as its control system.

The work has been divided as follows, in Section 2 we introduce the isothermal batch reactor
model, whereas in Section 3 the theoretical background needed to carry out the state space
reconstruction of the divergence as well as non-linear noise reduction techniques are briefly

discussed. In Section 4 the procedure is applied to simulated data for heating/cooling ramps,



runaway and non-runaway cases. Section 5 is devoted to the experimental results obtained using
data from isothermal batch and semibatch experiments carried out in a bench-scale reactor (2 L) and
in a pilot plant reactor (100 L) as well as data on heating/cooling experiments where no reaction
occurs inside the reactor. In parallel, non-linear noise reduction techniques developed from chaos
theory discussed in Section 3 are applied to improve the performance of the early warning detection

algorithm. Finally, in Section 6, we made some conclusions and describe future work.

2. THE ISOTHERMAL BATCH REACTOR

An important aspect in the definition of runaway boundaries in chemical reactors, that has received
little attention, is the influence of the control system. Normally, all the studies have been carried out
assuming isoperibolic behaviour, i.e. constant jacket temperature.

In this work we are interested in studying the applicability of the divergence criterion to a batch
reactor controlled with a master/slave proportional controller which is typical for these types of
installations (Zaldivar et al., 1993).

In this case, the control configuration may be summarised as follows, when the process is carried
out in isothermal conditions, the reactor temperature is maintained at its desired value, set-point, by
adjusting the temperature set-point for the heat transfer fluid recirculating through the reactor jacket.
This is accomplished by the master controller. The temperature of the heat transfer fluid, which
circulates through the reactor jacket, is controlled using a slave controller. Hence, the controller of

the outer loop corrects deviations of the reactor temperature, &, from the set value, &7, following a

proportional criterion:

0y =0% + Kp, (0¥ - 0) (1)

providing the set value for the heat transfer fluid temperature, 8, which is adjusted by the inner
loop controller by means of another proportional controller. Expressing this in terms of heat
balance, it is possible to write:

Oy = Kp, (0,7 -6,) 2)

By substituting Eq. (1) into Eq. (2) we obtain the heat flux necessary to keep the temperature of the

reactor close to the pre-defined set-point.

Then the differential equations, that describe the dynamic behaviour of a controlled batch reactor
with an exothermic first-order reaction A—-— B, can be written, in dimensionless form, as:

e

=Da-R 3
dr ! ©)




ﬁ:BDaRl_St(9—8‘1,) (4)
ar

a0, =6-St-(0 -0,)+ 0 )
ar

where Da , B, St and & are the Damkohler number, the dimensionless heat of reaction parameter, the
Stanton number and the cooling dimensionless time of the heat transfer fluid system, respectively.

The dimensionless reaction rate is given by the following expression:

y-0
y+6

R = exp( J (1-2)" (6)

In order to consider control saturation during transients, the manipulated variable, Qg, is
constrained as follows: if the required Qg is higher than the maximum heating/cooling capacity of

the system, Qp", this parameter takes this maximum value and if QO is lower than the minimum

min

heating/cooling capacity then the parameter is equal to Oy

The divergence, div(z,6,0,,) = j,, + j,, + Js s calculated as:

-0 -
Ju :—Da'exp(;/_l_ej-n-(l—z)" ! 7
. B-Da-R,y’
]22:_—‘_1'2L—St (8)
(y+0)
Jyw =—0-St—Kp, 9)

When the controller works in saturation the term j33 is modified as follows:

Ji =—0 St (10)

The criterion states that when div>0 on a segment of the reaction path, the system is in the runaway
(sensitive) region.

2.1. Heating/cooling dynamics

Let first study the case in which there is no reaction in the reactor, i.e. Da=R;=0, and we change the
temperature set-point. This is a typical reactor manipulation that posses several problems to existing
runaway detection criteria. Figure 1 shows a heating/cooling temperature profile in the reactor as

well as in the jacket. As can be seen the divergence is in this case always negative indicating that we

are not in a runaway situation.
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Figure 1. a/ Dimensionless reactor and jacket temperature during a heating/cooling
simulation.6¥ =1—1.5—1 at 7= 0, 7= 5 and 7=15. b/ Calculated divergence (steps are due to

max __

the constraints in Q). Parameters during the simulation: St = 1; 6=0.33; Kp; =3; Kp, =5; Q" =
0.8; 0" =-0.2.

2.2. Non-runaway and runaway in isothermal reactors

In a previous work Zaldivar et al. (2002) have calculated off-line the critical set of parameters
that distinguishes between safe and runaway regions using the divergence criterion. This boundary
surface is defined as the first at which the divergence of the system becomes positive. In general
terms the introduction of a control system reduces the runaway region. It is clear that if the control
system had infinite power supply and no time delay, there will not be a runaway in the reactor, and
hence, the runaway boundaries depend on the maximum cooling capacity of the system and on its
time constant to respond to a change in the reactor temperature. Zaldivar et al. (2002) found that for
slow reaction rates (low values of Damkohler number) the determination of adequate control
parameters, in this case the proportional gains in the inner and outer loops, is essential to keep the
reaction temperature under control. For fast reaction rates the power capacity is the principal factor,

since in this case we are going to reach saturation in the control system. In this situation, the




appropriate solution would be to change the type of process from batch to semibatch since the
temperature control system is not enough to maintain safe operating conditions.

Figure 2 shows two typical examples of non-runaway and runaway conditions for the isothermal
batch reactor. As can be seen, in the later case the divergence becomes positive during the reactor
operation. Of course, as batch and semibatch processes are dissipative systems, the state space
volume will at the end contract and, hence, the divergence will be negative. These examples will be

used afterwards to show how the divergence can be calculated using only temperature

measurements.
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Figure 2. Conversion, dimensionless reactor and jacket temperature and divergence during a non-
runaway (Bo = 1.8) and a runaway (Bo = 4.0) simulations. Parameters: Da=0.05; St = 1; y = 0.1;

8=0.33; Kp; =3;Kp,=5; 07 =0.8; Q5" =-0.2.

3. NON-LINEAR TECHNIQUES

3.1. State space reconstruction and divergence calculation

In order to calculate on-line the divergence without the need of knowing the differential equations
of the system we have used the theory of embedding. The theory of embedding is a way to move

from a temporal time series of measurements to a state space “similar” -in a topological sense- to
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that of the underlying dynamical system we are interested in analysing. Techniques of state space
reconstruction were introduced by Packard et al. (1980) and Takens (1981), which showed -under
certain generic assumptions- it is possible to address this problem using measurements of a time
series of the dynamical system of interest.

In a general case, let s(z) be the measure of some variable of our system, which is related to the
state variables by an unknown function h,

s(t) = h(x(1)) (11)

Takens (1981) proved that, under certain conditions, the dynamics on the attractor of the
underlying original system has a one-to-one correspondence with measurements of a limited
number of variables. Even though, theoretically, all the methods of reconstruction should produce
the same result, there is no a priori method to decide which is the more adequate (Casdagli et al.,
1991) and there is a considerable difference in the quality of the resulting reconstructed state space
coordinates and hence in the calculated quantities from these coordinates. The lack of a unique
solution for all purposes is due in part to the presence of noise and the finite length of the data set
(Breeden and Packard, 1994). Furthermore, in our case the situation is complicated by the
nonstationarity of our system.

In a previous work (Bosch et al., 2002) we have tested several methods: time delay embedding
vectors {s(t), s(t-At), s(t-24t),..., s(t-(dg-1)At)}; derivative coordinates {s(z),ds( t)/dt,...,ddE
Ds(t)/df(de-1)}and integral coordinates {s(z), I,[s(t)],....La1[s(t)]}. As the results were similar we
decided to use derivative coordinates. The advantage of derivative coordinates is their clear physical
meaning; their drawback lies in their sensitivity to noise. In this case we need to establish only one
embedding parameter, i.e. the embedding dimension, dr. The embedding dimension is the
dimension of the state space required to unfold the system from the observation of scalar signals.
When using time delayed vectors the time delay, A, or the lag between data points to consider when
reconstructing should also be estimated.

Once the state space has been reconstructed, in our case from temperature measurements, it is
possible to calculate the divergence, div, of the system, that should be preserved (Strozzi, 1997).
There are several methods to calculate the divergence which are related to the volume of the system

in phase space by the Liouville’s theorem (Arnold, 1973) which states that:
V,.©=V,(0)- exp[J- div{F[x(7)] }dz} (12)
0

where

11



IR OF, [x(1)] - oF, [x(1)] (13)

Xl =—2" ox, ox,

After several manipulations it is possible to arrive to the following expression:

div =27 | (14)

Due to the volume contraction in state space, characteristic of dissipative systems, V, () will
rapidly tend to zero and produce artefacts when introduced dividing in Eq. (14). However, by
definition the volume is always positive and hence, div>0 is equivalent to check:

AV, (1)>0 (15)
where AV,(t) is an infinitesimal state space volume variation. This eliminates the need to calculate
the division of two small numbers that produces an increase in the numerical errors of the
calculation (Bosch et al., 2002). Even though the absolute values of AV,(?) are not preserved under
state space reconstruction, its sign, which is the identification criteria, will be preserved.

3.2. Non-linear noise reduction

In order to remove the observational noise, different possibilities are available which can be broadly
divided into two categories: linear filters which are based on the application of Fourier techniques,
and non-linear noise reduction methods that make use of the deterministic origin of the signal we
are interested in.

Linear digital filters have been developed to eliminate noise at high, low or specific frequencies
(notch filters, for example to take out the 50 Hz AC contamination in signals recorded with
electronic circuits), respectively, and there is a vast amount of literature and algorithms developed
for such a purpose (Oppenheim and Schafer, 1975; Goodwin and Sin, 1984; Press et al., 1986;
amongst others).

If the nonlinearity tests are positive and hence, one may assume that the data originated from a
deterministic non-linear system, then methods for non-linear noise reduction may be applied. The
basic idea of all these methods is to exploit the underlying determinism by correcting the states and
the time series values using a model that is previously fitted to the raw data - for a recent survey see
Kostelich and Schreiber (1993), and Davies (1994). The main objective as opposite to linear
filtering techniques resides in the fact that one tries to maintain the general characteristic that
dissipative motion tends to occupy smooth submanifolds of the total available state space. This
implies that the reconstructed state vectors are constrained to fall onto geometrical locally linear

objects.
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Both, linear and non-linear filtering techniques assume we are dealing with a stationary signal
and there is only observational noise. Normally this is not our case, since batch and semibatch
reactors are non-stationary by definition and we cannot exclude the existence of dynamical noise,
but the situation is the same in a larger number of real applications, and hence, caution should be
taken when applying these techniques that have been developed and tested for system with
fundamental different characteristics.

In this work we have applied the modified (Schreiber and Richter, 1999) non-linear local
projective noise reduction algorithm developed by Grassberger et al. (1993). This method assumes

that the deterministic part of the time series lies on a low-dimensional manifold, 4, in a high-
dimensional reconstructed state space, d, while the effect of the noise is to distribute the data

randomly in the surroundings of the manifold. Interested readers are referred to Kantz and Schreiber
(1998) and references therein for a detailed description of the method and relevant discussions. This
noise reduction scheme has been implemented in the TISEAN software package (Hegger et al.,
1999) by the routine noise, and it has been tested in different application with considerable

improvements over traditional filtering (Hegger ef al., 2002).

4. RUNAWAY DETECTION USING SIMULATED DATA
In order to avoid problems related to noise in the temperature measurements, we decided, as a first
step, to use the simulated temperature data obtained for isothermal batch reactor in which no
reaction (heating/cooling profiles) or a first order reaction take place. This will allow us to choose,
by comparing theoretical and calculated divergence, the.- most appropriate, i.e. best fit and/or less
false alarms, reconstruction scheme in absence of noise.

For the case of isoperibolic reactors (Bosch et al., 2002), we found that an embedding dimension
of two was enough and, hence, we used the reactor temperature and its first derivative, i.e.
{T(1),dT(t)/dt}. This low dimension is due to the fact that our dynamical system describes a simple
trajectory in the phase space before reaching the attractor -a fixed point at the end of the reaction-.
Furthermore, even though theoretically best results were obtained using three temperature
measurements (trajectories), experimentally there was no difference between using three
temperature sensors or one temperature measurement only.

In the case of isothermal reactors we have to consider the dynamics of the heating/cooling
system and, hence, we have to include the jacket temperature. The isothermal reactor shows a
similar behaviour as the isoperibolic reactor in terms of trajectory “complexity” and, hence, we

expect that a low embedding dimension will be sufficient to unfold the dynamics of the system from
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temperature measurements. As there is no method to know a priori which is the best embedding
(Breeden and Packard, 1994), several alternatives have been tested using two and three as
embedding dimension and a combination of the following state variables: &'7), 8,(1), & 1)- 6,(7),
di(t)/dz, dO,(1)/dT, df & 1)- 0.(7)]/dT. We report here only the most relevant results.

Figure 3 shows the analytical and reconstructed state space volume variations, AV,(7), for the
heating/cooling dynamics described in Fig. 1, using an embedding dimension of 2 and three
temperature trajectories generated changing slightly the initial conditions. As can be seen the four
reconstruction schemes give similar results and it is not possible to distinguish between analytical
and reconstructed AV, 7). The error is one order of magnitude inferior to the values of AV,(7).
AV,(7)<0 means according to our criterion, Eq. (15), that the divergence is always negative and,

hence, we are in a safe condition.
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Figure 3. Analytical (continuous line) and reconstructed (discontinuous line) AV,(7) for the
heating/cooling simulation (fig. 1) using different state space variables.

Figure 4 shows the analytical and calculated divergences for the simulations described in Fig. 2, i.e.
non-runaway (Fig. 4a and 4b) and runaway (Fig. 4c and 4d) simulations using an embedding

dimension of three and four temperature trajectories generated changing slightly the initial
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conditions. As can be seen, it is possible to distinguish between non-runaway, i.e. AV, (7)<0 and
runaway, i.e. AV,(7)>0. Furthermore, there is a good agreement between AV,(7) calculated
analytically and reconstructed using only temperature data. Other reconstruction schemes give

similar results.
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Figure 4. Analytical (continuous line) and reconstructed (discontinuous line) AV, 7) for the non-
runaway (a and b) and for the runaway (c and d) simulations (fig. 2) using different state space
variables.

In practice, we are interested in using only one temperature trajectory, i.e. one temperature
measurement. This can be achieved instead of using several trajectories by using close state space
points along the same trajectory assuming that the Jacobian between close points has not changed
(Bosch et al., 2002). Of course, this is an approximation and one should expect results AV, (7) will
show more differences between analytical and reconstructed. Figure 5 shows the results obtained
calculating the increase in state space volume for the runaway and non-runaway simulations using
only one temperature trajectory (i.e. reactor and jacket temperatures), with embedding dimensions

of two and three respectively. Several state space variables has been also checked. As can be seen,
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the results in these cases are less accurate than before, but still the method works properly by

defining suitable limits in the check of AV, (7).
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Figure 5. Analytical (continuous line) and reconstructed (discontinuous line) AV,,(7) for the non-
runaway (a/dz=2 and b/d;=3) and for the runaway (c/dz=2 and d/dg=3) simulations (fig. 2) using

only one temperature trajectory.

From this theoretical analysis it is not possible to conclude which are the best reconstruction state
variables nor the embedding dimension (2 or 3) using only one temperature sensor, since all of them
-§1), O(1), A1)- O(7), dX1)/d7, d6,(7)/dT d[ &K 7)-0,(7)]/dT - produce similar results. Of course,
taking into account an appropriate number of temperature trajectories, i.e. 3 for heating/cooling
simulations, 4 for the case of reaction inside the reactor, differences between analytical and
reconstructed AV,,(7) are reduced. However, the possibility of using only one temperature
measurement in the reactor and one in the jacket to perform the same calculation, is important from
the point of view of the practical application of the algorithm. In this case there is the possibility of

false alarms and a limit should be defined when checking the positiveness of AV,(7), i.e.

AV, (1) >AV™ >0.
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5. RUNAWAY DETECTION USING EXPERIMENTAL DATA

In order to test the influence of noise and fluctuations, present in real temperature measurements, on
the sensitivity and reliability of the different algorithms for early detection of runaway initiation
based on the divergence criterion, several experimental data sets have been analysed. Observational

noise have been reduced applying non-linear filters to reactor as well as jacket temperature-recorded

measurements.
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Figure 6. Reactor and Jacket temperature measurements recorded by the bench scale reactor (2 L)
data acquisition system during a heating/cooling experiment. Set-points: 25 — 40 — 55 — 70 — 55
— 40 — 25 °C.

5.1. Heating/cooling experiments

The first experiment, HCI, was carried out in the bench scale reactor (2 L) filled with water, 400
rpm of stirrer speed, and changing the reactor temperature set-point as follows: 25-40-55-70-55-40-
25 °C. Sufficient time was allowed for temperature stabilisation. In this case the system should not
give any alarm since these can be considered as operator manipulations in the plant and there is no
reaction taking place inside the reactor.

The second heating/cooling experiment, HC2, analysed was carried out in a 100 L pilot plant
reactor (Zaldivar et al., 1993). Also in this case the reactor was charged with water (80 L) and

constant stirred speed (300 rpm) was maintained during all the experiment. The dynamics of the
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heating/cooling behaviour was tested changing directly the output of the controller. In this case, no

time was allowed for temperature stabilisation.
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Figure 7. Experimental reactor and jacket temperature profiles for the pilot scale (100 L) batch
reactor heating/cooling experiments.

5.2. Non-runaway and runaway experiments

The data sets are part of several experimental campaigns carried out in different reactors, i.e. a 2 L
bench-scale reactor (Zaldivar et al., 1996) and 100 L pilot plant reactor (Zaldivar et al., 1993). The
reaction studied in the 2 L reactor was the esterification reaction between 2-butanol and propionic
anhydride catalyzed by sulphuric acid carried out batchwise. This reactions that has been
extensively analysed elsewhere (Snee ef al., 1992; Galvén et al., 1996). In the 100 L pilot plant we
report the results on the semibatch toluene nitration by mixed acid in which a stirrer failure accident
was experimentally simulated. Toluene nitration has also been analysed in Zaldivar et al. (1995).

- Bench-scale experiments (2L)

Expl and Exp2 are two typical runaway experiments under slightly changed sulphuric acid
concentrations (0.85 and 0.8 wt %). The temperature set-point , 7°7, for both experiments was 40 °C
and the stirrer speed 400 rpm. As can be seen, Fig. 8, the heating/cooling system tries to maintain a
constant temperature by changing the jacket temperature. However, the reaction rate is so fast that
the rate of heat generation exceeds the rate of heat removal of the cooling system. This makes the

temperature of the reacting mass to rise and a thermal runaway occurs. The first peak in jacket
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temperature is due to the endothermic heat of dilution, whereas the second is due to an internal
safety interlock that tries to avoid more than 50 °C difference between reactor and jacket
temperatures to protect the glass reactor against breakage. In Expl there was a venting of the
reaction mass and, hence, part of the liquid went out of the reactor. One should notice that the
duration of the overall experiment, from the introduction of the reagent to the temperature peak is
7.9 minutes. In Exp2, the maximum reactor temperature parameter was set at 100 °C. When the
reactor temperature reached this value an emergency cooling programme was triggered off and a
safety valve was opened to increase the cooling power. However the effects of this action are
practically negligible. Exp3 and Exp4 where performed under similar sulphuric acid concentration
than Exp2 but the temperature set-point was decreased to 31 and 23 °C respectively. As can be seen
the initial jacket temperature increase is also associated to the endothermic mixing of the reagents.
Furthermore, there is some autocatalytic effect in the esterification reaction as can be seen from the
jacket temperature behaviour that shows an increase in heat released as the reaction proceeds

(Galvan et al., 1996).
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Figure 8. Experimental reactor and jacket temperature profiles for the bench scale (2L.) batch reactor
experiments. The reaction was the equimolar esterification between propionic anhydride and 2-
butanol. A runaway occurred in the first two experiments (Expl and Exp2), whereas the
heating/cooling system was able to control the last two (Exp3 and Exp4).
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- Pilot Plant experiments (100L)
These experiments, Fig. 9, were carried out to experimentally simulate the stirring problems for
homogenizing the reacting mass below a certain volume (Zaldivar et al., 1993). In the first

experiment, Exp5, 40 L of toluene were introduced in the reactor and, after temperature stabilization

at 35 °C, mixed acid (80% sulphuric acid strength) was added at 2.44 g-s-1 during two hours. In the
second experiment all the operating conditions were equivalent, but only 32 L of toluene where
initially present in the reactor. Under these conditions the mixing was not effective and mixed acid
started to accumulate in the bottom of the reactor until the reactor volume reached the critical
volume. At this point all the mixed acid started to react producing a thermal runaway. At 50 °C
maximum cooling was triggered off and at 60 °C the fast injection system was brought into

operation injecting 18 L of water that stopped the reaction.
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Figure 9. Reactor and jacket temperature profiles for the pilot plant (100 L) semibatch nitration
experiment. Two different initial volumes (40 and 32 L) of toluene where introduced in the reactor
and mixed acid was dosed during two hours (Exp5). T = 35 °C. A runaway due to poor mixing
occurred in Exp6, whereas the heating/cooling system was able to control Exp5.

5.3. Runaway detection

In order to improve the sensitivity and the reliability of the EWDS which in practice means to
increase the time in advance and to reduce the number of false alarms, several linear (moving
average, exponential, Savitzky-Golay, etc.) and non-linear filters have been tested. Due to the non-
stationary nature of our system and the transients that the reactor and jacket temperatures
experiment during the processes, it was shown (Bosch et al., 2002) that linear filters were not
suitable since they tend to smooth excessively those transients. Furthermore, in some cases the
linear filtering process introduced false alarms (Bosch et al., 2002). For these reasons we decided
to apply non-linear filters. One advantage of these filters is that when there are no neighbours in

state space, the filter does not perform any action, and, hence, fast transients are not filtered. On the

20




contrary, if the filter has an adequate neighbourhood of points in the state space then the points are
projected into a lower dimension and the trajectory is smoothed. This means that the sensitivity of
filtered compared with non-filtered data practically does not change, since when approaching
runaway as the temperature differences increase the number of neighbour points in state space
decreases and the algorithm stops filtering, whereas the reliability increases due to the fact that the

filter smooth fluctuations when the temperature of reactor and the jacket is not changing

appreciably.
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Figure 10. Experimental and filtered reactor (a) and jacket (b) temperature data for Exp5 in the 100

L pilot plant reactor. Filter parameters: d;=8, dq=3, Ar=1, €=0.5, 1, =100.

In order to apply the on-line projective noise reduction algorithm to reactor temperature data it is

necessary to define a number of parameters, between them the embedding dimension, dj, and the
time delay, Az, which are the reconstruction parameters, the dimension of the manifold to project
onto, dq, the minimal diameter, &, the desired maximal number of neighbourhoods, and the maximal
time in the past considered as neighbours, ¢, (Hegger et al., 1999). The filter parameters are the

same than the used for isoperibolic reactors (Bosch et al., 2002). Figure 10 shows a window of
experimental and filtered reactor and jacket temperatures for the 100 L semibatch nitration

experiment, Exp5. As can be seen, non-linear filtering is able to reduce the small fluctuations
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present in the temperature measurements. By comparing non-filtered with filtered measurements,
we have observed a reduction approximately of 10 % in the limits one has to impose to AV,(), this
reduction increases the margin between non-runaway and runaway limits decreasing in practice the
number of false alarms due to temperature fluctuations.

Once the experimental data has been filtered then the divergence of the system is reconstructed.
As the results from theoretical reconstruction were equivalent for several schemes, we have tested

these in order to assess which is the most suitable from the experimental point of view.
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Figure 11. Reconstructed AV,(t) for the non-runaway experiment HCI and for the runaway
experiment Expl using: a/HCI with three temperature measurements inside the reactor and dg=2;
b/HC! with one temperature measurement inside the reactor and dp=3; ¢/ Expl with three
temperature measurements inside the reactor and dp=2; and d/Expl with one temperature
measurement inside the reactor. AV, (discontinuous line). State variables:{7-T,,d1/dt} with dp=2

and {T, dT/dt, d(T-T,,)/dt} with dg=3.

First we have compared the results obtained considering only one temperature sensor and several
temperature measurements inside the reactor for the experiments HCI and Expl, for which several
data was available. As can be seen in Fig. 11, even though theoretically more temperature

trajectories produce better results, experimentally the presence of noise and fluctuations in
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temperature measurements decrease the improvement in sensitivity and reliability, and, in practice,
there is no appreciable difference between the use of one or several temperature measurements.
Concerning the runaway experiment, with three temperature sensors the runaway initiation is
detected earlier at 740 s whereas with only one temperature sensor the detection occurs at 764 s or
768 s depending on which embedding dimension we are using (maximum temperature time 974 s).
However, even though the runaway detection occurs earlier, the difference between the maximum

reconstructed AV),(z) is higher in the second case and, hence, there is more margin between non-

runaway and runaway, which will probably reduce the false alarms.
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Figure 12. Reconstructed 4V,(7) for the non-runaway experiments HC2, Exp3, Exp4 and Exp5
using one temperature measurement inside the reactor and djy=2. State variables:{7-T,,, d1/dt}.

AV ™ =4.5.10-2 (discontinuous line).

As with simulated data, different combinations of state variables -71(t), T,(t), T(t)-T,(t), dT(1)/dt,
dT,(t)/dt, d[T(1)-T,(t)]/dt - and two and three of embedding dimensions have been tested. For
example the following combinations did not produce adequate results: {T,T,,},{T,T-T}, {T-T,,d(T-
T,)dt}, {T,T,,dT/dt}). However, similar results were obtained with other variables using two and

three embedding dimensions. The fact that a low embedding dimension is able to work properly is
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related to the nature of our dynamical system. In principle, the dimension in which we can unfold
the dynamics of our system will be dictated by the number of state variables of the system. Due to
the dissipative nature of batch and semibatch chemical reactors and the fact that the final attractor is
a fixed point (dimension zero), the real dimension of our system is rapidly decreasing with time as
we approach to infinity. This dimension reduction implies that, in practice, we need few dimensions

to unfold the dynamics, even though initially our system had a higher dimension.
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Figure 13. Reconstructed AV,,(7) for the non-runaway experiments HC2, Exp3, Exp4 and Exp5
using one temperature measurement inside the reactor, one temperature measurement in the jacket
and dg=3. State variables:{T, dT/dt, d(T-T,,)/dt}. AV, =1.2-10-3 (discontinuous line).

Figures 12 and 13 show the reconstructed state space volume variation reconstructed in two and
three embedding dimensions. The experiments in these figures are non-runaway experiments and,

hence, no alarms should be triggered off. In this case, instead to AV,>0, we have established an

upper limit, i.e. AV,,>AV ™, which depends on the embedding dimension and the number of state

variables we are using. We have taken as limit 1.5 times the upper limit of AV, found for all the

heating/cooling experiments. As can be seen there are no false alarms during these experiments.
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Concerning runaway experiments, Figures 14 and 15 show the results obtained with two and
three embedding dimensions. Using an embedding dimension of two the runaway detection
occurred for Exp2 at 520 s (maximum temperature time 544 s) and for Exp6 at 3440 (maximum
temperature time 3510 s), similar results were found for the case of embedding dimension of three
(Fig. 15). The low time in advance for Exp2 when compared with a similar experiment, 1.e. Expl, is
mainly due to the high sampling time that in the former case in 10 s when compared with 2 s for the
latter experiment. This sampling time for a 2 L bench scale reactor were the runaway occurs in 9.5
minutes is not adequate. The same sampling time gives adequate results for the 100 L experiments

since in this case the time constant of the reactor is higher.
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Figure 14. Reconstructed AV,(7) for the runaway experiments ExpZ2 and Exp6 using one
temperature measurement inside the reactor and dg=2. State variables:{1-T,,, d1/dt}.
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Figure 15. Reconstructed AV,(7) for the runaway experiments Exp2 and Exp6 using one
temperature measurement inside the reactor and dg=3. State variables:{T, d1/dt, d(T-T, )/dt}.
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6. CONCLUSIONS

This study shows that it is possible to carry out on-line state space reconstruction, to evaluate the
divergence of the reactor and to use this value to decide if we are approaching a dangerous situation.
From the theoretical point of view, it is important to notice that we are using a criterion that has
shown its validity off-line for a considerable number of chemical kinetics schemes, types of reactors
and types of operating conditions (Zaldivar et al., 2002). From the practical point of view, the fact
that its calculation is based on only two temperature measurements (reactor and jacket) increases its
possibilities of real industrial application.

When comparing isothermal versus isoperibolic reactors (Bosch et al., 2002), not only the
temperature inside of the reactor is necessary but also the jacket temperature. Otherwise, we are not
able to capture the dynamics in the system, our state space reconstruction will be not correct and,
hence, the criterion will produce wrong results.

Even though using simulated data the reconstruction is more accurate when increasing the
number of temperature trajectories we are using, experimentally, due to noise and fluctuations in the
temperature measurements, it seems that similar results in terms of sensitivity and reliability are
obtained.

In order to develop a robust early warning detection system it is now necessary to show its
feasibility in “realistic” situations, i.e. in industrial plants under normal and abnormal operating

conditions. Our experimental research is continuing along these lines.
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NOTATION

B Dimensionless heat of reaction parameter, B = M
p-Cp-T

Cp  Mean specific heat of reaction mixture kJ/(K-kg)
C Concentration of reactant, kmol/m3

Da  Damkohler number, Da =k(T')(C)" V1,

E activation energy, kJ/mol
k reaction rate constant, (kmol/m3)(-n)/s
Kp  proportional controller constant
n reaction order
reaction rate, kmol/(m3-s)
R universal gas constant
R, dimensionless reaction rate
U-S-t,
St Stanton number, St = ——
p-V-Cp
S heat exchange surface area, m-
t time, S
t;  Reference time = residence time, ¢,,, =—
d
T temperature, K
T, Jacket temperature, K
u,  dimensionless concentration of A, C,/Ci
U heat transfer coefficient, kJ/(m2-K-s)
|4 volume
z conversion, z = I-u
Greek symbols

o cooling dimensionless time.§ = (V - p-Cp),, /(V - p-Cp)
AH  heat of the reaction, kJ/kmol

14 dimensionless activation energy, RT*

0 dimensionless temperature in the reactor, 6 = (% - lj;/

T dimensionless time, #1,,,
Superscripts

i initial condition

sp set-point

Subscripts

d dosing

ps state-space

w jacket
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