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Summary: The present work is concerned with the joint estimation of the rate of heat
produced by the emulsion terpolymerization of styrene, butyl acrylate and methyl
methacrylate (Q;), and the overall heat transfer coefficient (UA) from temperature
measurements and reactor heat balance. By making specific assumptions on the dynamics
of the parameters UA and Q,, we designed a Kalman-like observer to carry out the
estimation of these two time-varying parameters, without the need for neither additional
measurements nor on-line samples. Temperature oscillations are induced in the cooling
jacket in order to ensure the observability of the system. One further aspect of our
approach is that it only requires the reactor energy balance to perform the estimation.
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Introduction

The quality of a polymer is in a large extent determined during its synthesis. For this reason,
polymerization processes must rely on efficient on-line monitoring and control systems in order to
ensure that the final product has the desired quality specifications. It is well known, however, that
reliable on-line sensors that directly measure important physical properties are not always available
for a number of applications in polymerization reactors. These quantities cannot be accurately
determined from open-loop mathematical models either because polymerization processes are
difficult to model in detail. A lot of attention has been given to the development of new algorithms
that provide improved estimations from simplified open-loop models and available on-line
measurements.

Another important aspect of polymerization processes is that they are generally exothermic. The
amount of heat generated, once quantified, can be used to infer valuable information about the
advancement of the reaction (global conversion, particle size variation,...). The main objective of
on-line calorimetry is to continuously estimate the rate of heat generated by the reaction from

temperature measurements and energy balance equations.
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Even though on-line calorimetry has been successfully employed for monitoring and controlling
polymerization reactors, it still has one major drawback: the value of the parameter UA (overall
heat exchange coefficient) has to be updated throughout the reaction. This parameter can vary
significantly due to conversion-dependent increase of the viscosity of the reaction medium, fouling,
etc. For laboratory scale reactors, updating UA can be done by introducing infrequent global
conversion measurements obtained from gravimetry [!! However, for large scale industrial reactors,
this approach is not appropriate since samples must be withdrawn from time to time. It has been
shown that state observers can deal with the joined estimation of Q; and UA in a simple manner .
State observers can be thought of as multivariable compensators, which operate sequentially on the
data as they become available. Their design is based on a dynamic model of the process and on the
available on-line measurements of the state variables and the inputs. The main issue concerning on-
line state estimation is to properly weight the contributions from the process model and the
measurement residues. Tuning an observer is always a compromise between the sensitivity to
measurement noise and the estimations dynamics. The latest efforts in the development of new
observer designs are aimed at the use of non-linear systems concepts to specify a coordinate change
that allows simple observing techniques to be employed.

The main purpose of the present work is the application of a Kalman-like observer on the joined
estimation of the rate of heat generation, Q,, and the overall heat exchange coefficient, UA, from
reactor temperature measurements. In order to ensure the observability of the system, periodic
oscillations are induced in the temperature of the jacket. This approach requires no information

from the electrical heater and it is exclusively based on the reactor energy balance.

Review

A lot of research effort has been focused on the development of on-line calorimetry strategies as a
means of monitoring the evolution of polymerization. The outlines of some of the works concerning
the design of calorimeters and their applications are presented in this section.

A high priority application of calorimetry is temperature control to ensure safe reactor operation,
especially for reactions that can suddenly change mechanism causing a runaway reaction. The cost
of an accident can be significant for an industrial reactor and therefore monitoring and control
systems of reactor temperature is essential from an economic, humanistic, and environmental points
of view. A contribution to the safe operation of exothermic polymerization is found in Schmidt and
Reichert™],

Carloff et al.”¥! showed that the multiplication of the reactor heat balance by periodic functions and
integration yields the overall heat transfer rate, provided that neither Q, nor UA varies strongly

within one oscillation cycle. In order to mathematically decouple the rate of heat generated from the
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time-varying heat transfer coefficient, sinusoidal temperature oscillations were induced by an
electrical heater placed either in the reactor or in the jacket.

Another way to independently estimate the heat transfer coefficient and the rate of heat generated
by the reaction is accomplished by combining temperature measurements with some off-line
measurements. In addition to the usual calorimetric data, Févotte et al.”) used infrequently available
gravimetric measurements to track the variations of key parameters, such as the overall heat transfer
coefficient. The authors showed that accurate estimations of conversion could be obtained from an
adaptive state-observer, even in the presence of both unpredictable conversion-dependent and
batch-to-batch variations. This approach is not suitable for large-scale reactors, as sampling is
required.

Mosebach and Reichert ! dealt with the determination of kinetic and thermodynamic data of free-
radical polymerization by adiabatic reaction calorimetry. The overall rate constants were
determined from the measured temperature-time courses of the polymerizations. Although adiabatic
reaction calorimetry is a very simple method for acquisition of kinetic and caloric data, adiabatic
conditions cannot usually be extended to large-scale reactors since there is no control of the reactor
temperature.

A new strategy for the determination of the overall and individual conversions along with a key
parameter related to the number of radicals in the particles (1) during free radical emulsion
copolymerization of methyl methacrylate/vinyl acetate is presented by Févotte et al.l. The scheme
was based on measurements of conversion obtained by on-line calorimetry. It was shown that with
only a rough model of the process, it was possible to obtain reliable estimates of evolution of the
polymerization reaction.

Guinot et all”! showed that the absence of inexpensive, reliable on-line sensors that directly
measure important physical properties is one of the main difficulties in developing on-line
monitoring and control systems for polymerization reactors. The authors have demonstrated that
even off-line measurements of molecular weight and particle size distributions are hard to be
obtained.

Santos et all® proposed the joined use of cascade calorimetry and conductivity, along with
empirical models, to predict the changes in the surface area of the latex particles. This information

was then used to predict nucleation dynamics and latex stability.

Calorimetry

The heat released by the polymerization reaction is quantified by the following equation:

Q: = X Rpi(-AH;) (1)
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where Rp; is the rate of polymerization of the i monomer in the mixture and (-AH,) is its heat of
reaction. The rate of polymerization is evaluated by a mass balance equation on the reactor and its

cooling jacket. The energy balance around a batch reactor is given as follows:

dT,
(me)r _‘dTr:Qr +QJ _Qloss (2)

dT,

where (mC
(mCp), m

is the heat accumulation term of the reactor energy balance equation, Q; is the

heat exchanged through the cooling jacket and Qs is the overall heat loss to the surroundings (it
includes the heat removed in the condenser). From equation 2 it is evident that we cannot evaluate
Q; directly from the accumulation term because there exist other energy contributions in the energy
balance. In order to estimate the value of Q; from equation 2 it is necessary to measure, estimate or
model Q; and Qioss.

The heat exchanged through the cooling jacket, Qy, is defined by the following equation:

Q =UA(T - Ty (3)

where Ty is the average temperature inside the jacket and T, is the temperature of the mixture inside
the reactor.

Quoss 18 @ general term, which includes all types of heat exchanged with the surroundings and the
condenser. The higher the temperature difference between the reactor and the surroundings the
more significant is the term Qog, as one should expect. The whole reactor is normally jacketed,
with the exception of the condenser. For this reason the condenser is the main source of heat loss,
even though the total heat loss may be usually held constant at least during the batch growth stages.
Attention should be given to this term when the heat balance is applied to large-scale reactors (the
heat capacity of the reactor components increases with volume). One should also note that during
batch operation, the reactor temperature may vary significantly, which can cause large variations in
Qtoss-

The inclusion of the jacket energy balance would provide further information to evaluate Q.
However, to use the jacket heat balance one would need information on the flow rate of the cooling
fluid and the inlet and outlet jacket temperatures. Although these measurements are simple to be
made, they are not always available . In addition, the higher the cooling fluid flow rate, the lower
will be the difference between the inlet and the outlet jacket temperatures, therefore measurements
with high accuracy would be required for using the jacket heat balance. For these reasons, our

approach was based on the reactor energy balance.
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Kalman-like Observer

In this section we describe the factors related to the design of Kalman-like observers.
Basic Concepts — The Kalman-like observer first appeared in technological literature by the end of

the eighties®'”. Consider the reactor energy balance stated as follows:

dT
fo_ VA o 1yy Qu
dt (mCp), (mCp),

dQ tot =
dt ! )
dUA
— =g 5
dt
y=T,

where, Qiot = Qr - Quoss and €; and €; are infinitesimal numbers. The system given by equation 4
describes approximately the dynamic behavior of the reactor temperature T, and the parameters Q,
and UA. The unknown dynamics of Q, and UA are modeled as a random-walk process. A random-
walk process derives its name from the example of a man who takes fixed-length steps in arbitrary
directions.
Under the assumption that both €, and €, are much smaller than the other amounts involved in
equation 4, we may rewrite it as follows.

T} Jo (T,-T,)AmCp), 1/(mCp), T,

UA |=|0 0 0 UA )

Qu| L0 0 0 | Qu

This system has the form:

{X(t) = Alu,y)x(t) 6)
y(t) = Cx(t)

f

—ry

R T -T.
£ (T ) 1

here, x=[T; UA Qi]T, C=[100], A= = and f, = ———
where, x=[ Qrot] [ ] (mCp)s 2 (mCp).

o o o

0
0

[=R )

This means that the system given by the equation 5 is represented in canonical form and a Kalman-
like observer can then be directly used (without any coordinate change) to estimate the system
states. The Kalman-like observer takes the following form:

{;;(t) = Alu, y)&(1) - S;'CT(CR(D) - y)

. ) ) @)
S, =—-0S, —ATS, —S,A+C"C
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where 6 is the observer tuning parameter.
The second differential equation is the Ricatti equation that must be solved simultaneously with the

estimated state differential equations. In order to avoid the inversion of Sg in the corrective term, we
denote R= S¢’!, therefore, R is also a symmetric matrix. The relation between Se and R is given
by:

Sy =-R'RR™ ®)

Substitution of equation 8 in equation 7 gives:

x(t) = Ay, y)k(t) = RCT (Ck(t) - y) ©
R=RO+RA" + AR-RC'CR
Since R is symmetric, there are six equations to integrate along with the states equation. Given,
a d e
R=(d b f (10)
e f ¢

the second equation in the system described by equation 9 results in the following six differential
equation:

4 =0a+2df, +2ef, —a’

b=0b-d’

¢=0c—¢’

d = 0d +bf, +ff, ~ad

¢=0e+ff| +cf, —ae

f=6f-e

1n

The matrix R is generally initialized as an identity matrix. The final observer of UA and Qtot is then

given as follows:

X T, -T 1\~ ~ ~

T, =| 21— UA——1 Qu —&(T, - T,)
mCp mCp

UAa=-d, -T,) (12)

Qtot = _e(Tr - Tr)

where the hat symbol (%) stands for the estimated variable. The system observability is investigated

in the next section.
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Observability

A dynamic system is said to be observable if there exists a time t; such that any initial state x(t) can
be distinguished from any other state x, using the input u(t) and the output y(t) over the time
interval to<t<t;. As a matter of fact, two initial states, x;(ty) and x»(to) € V (an open space in the R"),
such that, x;(tg)#xs(to), are said to be indistinguishable if we verify the equality y(t,x;,u)=y(t,x,,u)
and if both outputs y(t,x;,u) and y(t,x,,u) follows the same trajectory in the state space.

From the system given by equation 4 we select a pair of initial states x,(to)=[Ts; Qn UA;]" and
X2(to)=[Tr2 Q2 UAZ]T such that, Ty1 = T2 =T; and Qp — UAKT; — T)) = Q. —UAX(T; — T)). In view of
the choice of initial states just mentioned, we can conclude that the system 4 is observable if the
difference (T,—Tj) varies as a function of time. Otherwise y(t,x;,u) will be equal to y(t,x,,u) and both
initial states will follow the same trajectory leading the system to be indistinguishable with respect

to the variables Q; and UA.
The Estimations carried out by the Kalman-like observer

The evaluation of the observer performance has been carried out through the simulation of reactor
dynamics with MATLAB. The case study presented refers to an emulsion terpolymerization of
methyl methacrylate (MMA), styrene (Sty) and butyl acrylate (BuA). The variables Q; and UA were
estimated by equation 12 along with the values of reactor temperature T,. In order to determine the

values of T, we followed the steps below:

¢ From the reactor mass balance we obtained the overall rates of polymerization, Rp;:

dM; _

—Rp. 13
" p; (13)

[131)
1

where, Mi is the amount of monomer and Rp; is the overall rate of polymerization. In our

approach, the overall rates of polymerization are given by:

'? Na

nN
Rp; = (kaijpi ][M ] . (14)

[t}
1

where, [M;]; is the concentration of monomer “i” in the particles at time t, 1 is the average number

of radicals per particle (held constant and equal to 0.5 in our simulations), Nj, is the total number of
particles per liter of emulsion, kpj; is the propagation rate constant of growing chain of type “i” with

1131}

monomer of type “j” and P; is the probability that an active chain in the particle will be of type “i”.

(33421
J
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Févotte et al. I'! propose a more comprehensive discussion on the evaluation of Rp; given by

equation 14 for a terpolymerization.

o The rates of polymerization were then used in equation 1 to determine Q.

Let the jacket energy balance be given by the following equation:

T, 1

? - (mcp)J [UA(T\' - TJ )+ l:ncpcooling (TJin]e‘ - TJ) + Qw] (15)

where, Qy is the rate of heat provided by the electrical heating, m is the flow rate of the cooling
fluid, Cpcooling is the heat capacity of the cooling fluid and Ty is the inlet temperature of the

cooling fluid. The rate of heat provided by the electrical heating is given as follows:

Quw=Qo(1+sin(w.t)) (16)

where Q, is the amplitude of the signal, w=27/t and 7 is the frequency of the signal. The periodic
oscillation induced in the jacket temperature is an effort to ensure the observability of the system,
dT, -Ty)

that is, to ensure the inequality B #0.

e Equation 2 and 15 were integrated along with the value of Q, to give the “simulated on-line

measurements” of reactor temperature T,.

o The values of Tr were then fed into the observer every 10 seconds.

Table 1 presents the recipe used in the simulations. The total number of particles Np was supposed
to be constant and equal to 4.5x10%° throughout the polymerization. The tuning parameter 8 was set
at 45x102. Table 2 contains the values of the most important parameters involved in the

simulations.

Table 1 — Initial Amounts in the Reactor (t=0)

Reaction Content Mass (g)
MMA 280.00

Sty 575.00

BuA 715.00
Initiator 30.00
Water 1050.00
Total 2650.00
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Table 2 — Most Important Parameters Involved in the Simulations /'

Parameter Value Units
KpBuABuA 33700 Lmol s
kpeuamma 84250 L.mol s’
kpBua,sty 112333 L.mol's?!
kpmma Bua 392 L.mol's™
kpmma mma 843 L.mol's™
Kpmma sty 1686  L.mol's™
Kpsty,Bua 424  L.molls!
kpsiy,mma 675 L.mol s
kpsiy sty 297 L.mol's™
CpBua 1923 Jkg'KT
Cpmma 1720 Jkg'K!
Cpsty 1714 Jkg'K!
Chuater 4180 Jkg'K!
(~AHgga) 78000  J.mol”
(~AHpma) 55500  J.mol”
(-AHg) 71060  J.mol’

From the reactor mass balance, we determine the overall conversion shown in figure 1:

14

08

Conversion
2
Y
I

T T T T
kol 40 60 80
Time (min)

Figure 1 — Monomer Overall Conversion

In order to simulate the dynamic behavior of the polymerization reactor a profile of UA was

imposed. This profile is showed in figure 2:
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Figure 2 — Dynamic Behavior of the Parameter UA
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Figure 2 shows that the initial value of UA decreases non-linearly during the reaction. It reaches

50% of its original value in the end of the reaction. The dynamic behavior of the reactor and jacket

temperature are showed in figure 3:
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Figure 3 — Dynamic Behavior of the Reactor and Jacket Temperature: Oscillation Amplitude = 10 K

and Period = 3 minutes

. . C . AT, -T . .
As can be seen in figure 3, the differential inequality %7& 0 is verified throughout the

polymerization. The estimated values of UA and Q; are showed in figures 4 and 5, respectively.
Figure 4 shows a 500% deviation in the initial value of the observer. From the results obtained it is
clear that the observer operates independently of the specification of the initial values. The

estimated values of UA converge to the actual ones after about 5 minutes.
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Figure 4 — Estimated Values of UA: Ty Oscillation Amplitude = 10 K and Period = 3 minutes
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The estimations of Q; take less than 5 minutes to converge. It can be seen in figure 5 that the
estimated and simulated values of Q; are in a good agreement after convergence is attained. We
note as well that the strong variation of Q; in the last minutes of reaction leads to damped
oscillations in the estimated values of UA. This is partially due to the system output (Ty) being less

sensitive to UA than it is to Q..

3000

2500
2000 -

1500 4 I

Qr (W)

1000 4

500-) |

Time (min}
Figure 5 — Estimated Values of Q;: T; Oscillation Amplitude = 10K and Period = 3 minutes
The oscillations of about 10 K in the jacket temperature are not easy to be implemented in large

scale-reactors. In figure 6 we proposed periodic oscillations of 1.5K in T; and we cut by half the

period of one cycle. The results of the estimations are presented in figures 7 and 8.
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Figure 6 — Dynamic Behavior of the Reactor and Jacket Temperature: Oscillation Amplitude = 1.5K
and Period = 1.5 minutes
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Figure 7 — Estimated Values of UA: T Oscillation Amplitude = 1.5K and Period = 1.5 minutes.
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Figure 8 — Estimated Values of Q;: Ty Oscillation Amplitude = 1.5K and Period = 1.5 minutes

The estimations of UA and Q; are still in good agreement with its respective simulated values.
However, it is clear from figure 7 that the deviations of the estimated value of UA around the
expected value are stronger when compared to those of the previous results presented in this
section. The same holds for the estimated values of Q.. In fact, the estimation of Q, and UA is
highly coupled, which means that bad estimations of Q; lead to bad estimations of UA and vice-
versa.

A very important issue concerning the electrical heating is the amount of energy required to ensure
the observability condition of the system. In order to reduce the cost of energy supply we proposed

the interrupted period cycles shown in figure 9: The results of the estimations are presented in

figures 10 and 11.
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Figure 9 — Dynamic Behavior of the Reactor and the Jacket Temperature: Interrupted Oscillations

Figure 10 — Estimated Values of UA: Interrupted Oscillations
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Figure 11 — Estimated Values of Q;: Interrupted Oscillations
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Figures 10 and 11 show that the estimated values of the variables converge to the expected ones

after 10 minutes whereas in the previous simulations convergence was attained after 5 minutes. This

difference could be reduced by the choice of a new set of tuning parameters.
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One aspect that is evident in figures 10 and 11 is the loss of accuracy in the estimations everytime
the observability condition is weaken by the dynamic behavior of T, and T;. It is remarkable from
figure 9 that in the vicinity of 40 and 50 minutes the condition %}2 # 0 is not completely
satisfied. Furthermore, the difference between T; and Ty approaches zero during short intervals of
time. This prevents the observer from carrying out the estimation of the variable UA within these

intervals.

Conclusions

On-line calorimetry is a simple means of inferring useful information about the advancement of
polymerizations. The method is based on energy balance equations and temperature measurements.
One major drawback of on-line calorimetry is the tracking of changes in the overall heat-transfer
coefficient UA. The joint estimation of Q; and UA was described in the present work and illustrated
for the case study of an emulsion terpolymerization process. A Kalman-like observer was used to
carry out the estimations. Temperature oscillations were induced in the jacket in order to ensure the
observability of the system. The results obtained show that the approach used gives accurate
estimations of Q, and UA. One important aspect of the use of state observers concerns their
independence from the initial values of the estimated variables. It means that no previous procedure
is required to determine the value of UA in the beginning of the reaction. Another aspect of the
present approach is that no information about the electrical heating is required. The dynamic
behavior of the observer is determined by the choice of tuning parameters and estimations are

d(T, - Ty)

possible everytime the observability condition e # 0 is verified.
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