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Abstract

Rising demands for optimal production, better product quality and shorter batch times
require ever improving process operation in the chemical industry. Batch and semi-
batch processes form a large part of the production and often exhibit optimisation
potential. For optimal operation, measuring or estimating product quality variables is
a requirement, otherwise online optimisation is not possible. Polymerisation processes
are amongst the most difficult as temperature measurements are available frequently
during a batch, many product quality indicators, however, cannot be measured online
or only with time delay. Emulsion copolymerisation is a multiphase process, where the
concentration of the monomers in the reaction loci cannot be measured at all. Addi-
tionally, emulsion polymers are out of the tank products, with little or no downstream
processing. Therefore, the actual reactor operation is the single most important step in
maintaining product quality.

It is the aim of this thesis to present possible cornerstones of an optimal control con-
cept of emulsion polymerisation processes and to tie them together in an example of
optimal control.

The solid basis of the application of optimal operation is a mathematical simulation
model of the process and relevant reduced models. Using literature models to develop
a kinetic model, which is validated by experimental data and reduced by sensitivity
analysis of submodels, this basis is formed.

Process states which are difficult to measure can often be reconstructed using eas-
ily measured states and mathematical models within state estimation schemes. If ad-
ditional measurements are available at different sampling rates or longer time delay
classic estimation schemes need to be extended to cover all available measurements.

Multirate state estimation schemes are discussed and new approaches are developed.
Based on known techniques such as the Moving Horizon Estimator (MHE), a promising
new multirate state estimation scheme, the Multirate Moving Horizon Estimator (MMHE)
is considered.

The developed MMHE is applied to estimate the concentration of the monomers in the
reaction loci of emulsion copolymerisation. Its fixed structure allows for computation
time optimisation by turning it into a Constrained Extended Kalman Filter, which can
still use the available delayed measurements.

Calorimetry is investigated to better understand the equipment, typically a jacketed
tank. It is used to estimate the heat transfer coefficient between the jacket and the tank
in a jacketed reactor during the batch.

In emulsion copolymerisation a large number of factors influence the process and the
final product, only some of which can be influenced and even fewer used as manipu-
lated variables. State estimation provides information about the ongoing process and
optimisation based control uses this information to run the process to obtain optimal
results in minimal time.

A novel control scheme is applied to emulsion polymerisation using the estimated
states achieving time optimal operation by running the process along limiting con-
straints. While producing a polymer with desired molecular weight properties, the es-
timation of the heat transfer coefficient allows the scheme to remain time optimal for
all process conditions as maximum heat removal is guaranteed.






Zusammenfassung

Die Situation der chemischen Industrie verlangt nach optimaler Produktion und
besserer Produktqualitdt. Daher muss die Prozessfithrung weiterhin verbessert wer-
den. Chargenprozesse sind ein wichtiger Bestandteil der Produktion und zeigen hau-
fig Optimierungspotenzial. Um diese Optimierung auch online durchzufiihren, miissen
QualitatsgroRen bekannt sein. Bei Polymerisationsprozessen ergeben sich beson-
dere Schwierigkeiten, da wahrend einer Charge Temperaturmessungen normalerweise
regelmalig vorhanden sind, viele QualitatsgroRen jedoch nicht online verfiighar sind.
Bei der Emulsionspolymerisation kann die Monomerkonzentration in den Reaktions-
orten aufgrund der Mehrphasigkeit des Prozesses iiberhaupt nicht gemessen werden.
Zusatzlich sind Emulsionspolymere haufig Produkte, die keinen weiteren Verfahrens-
schritten unterliegen, daher ist die Prozessfiithrung des Polymerreaktors der wichtigste
Schritt zur Erreichung der gewiinschten Produktqualitat.

Es ist das Ziel dieser Arbeit, die Eckpfeiler fiir ein optimales Regelungskonzept der
Emulsionspolymerisation vorzustellen und ein daraus entwickeltes Konzept in einem
Beispiel zu erlautern.

Die Basis fiir eine optimale Prozessfiihrung stellt ein mathematisches Simulationsmod-
ell des Prozesses dar. Aulerdem bendtigt man vereinfachte Modelle fiir Optimierung
und Regelung. Auf Basis von Literaturmodellen wird ein kinetisches Modell entwickelt,
welches mit experimentellen Daten validiert und mit Hilfe der Sensitivitdtsanalyse von
Untermodellen vereinfacht wird.

Prozesszustande, welche schwer zu messen sind, konnen oft mit Hilfe von leicht zu
messenden Zustanden und einem mathematischen Modell durch Zustandsschatzer
rekonstruiert werden. Falls weitere Messungen mit verschiedenen Abtastraten oder mit
Messverzogerung zur Verfligung stehen, miissen die klassischen Zustandsschatzver-
fahren erweitert werden, um all diese Messungen nutzen zu kénnen.

Zustandsschatzverfahren fiir Messungen mit verschiedenen Abtastraten werden disku-
tiert und ein neuer Ansatz wird entwickelt. Basierend auf dem bekannten Verfahren
des Zustandsschétzers auf bewegtem Horizont (Moving Horizon Estimator - MHE) wird
eine neuer Zustandsschétzer entwickelt, der Zustandsschatzer auf bewegtem Horizont
fiir Messungen mit verschiedenen Abtastraten (Multirate MHE - MMHE).

Der entwickelte MMHE wird eingesetzt, um die Monomerkonzentrationen in den
Reaktionsorten der Emulsionscopolymerisation zu schiatzen. Durch den Einsatz einer
festen Struktur entsteht ein effizientes beschranktes erweitertes Kalman Filter, welches
weiterhin alle Messungen nutzt. Kalorimetrie wird zuséatzlich angewandt, um den
Wiarmetibergang in den genutzen Riithrkesseln zu schatzen.

In der Emulsionspolymerisation werden das Produkt und der Prozess durch eine grofRe
Anzahl Faktoren beeinflusst, von denen nur wenige von aullen eingestellt werden kon-
nen. Durch Zustandsschdtzung erhdlt man Informationen tiber vorher nicht bekannte
Zustande, die in einem optimalen Regelungskonzept eingesetzt werden kénnen, um
die Chargenlange zu minimieren. Ein neues Regelungskonzept wird entworfen, welches
die zeitoptimale Fahrweise unter Einhaltung der Produktqualitdt garantiert, indem an
aktiven Beschrankungen gefahren wird. Mit dem Konzept kann eine beliebige Moleku-
largewichtsverteilung zeitoptimal hergestellt werden.
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NOMENCLATURE xvii

Nomenclature

The following general nomenclature is used throughout this work:

e Roman-boldface (Example x or A) denotes a vector or a matrix.
Capital letters denote matrices, lowercase letters denote vectors.

e |- | denotes the nearest smaller integer value.
e [-] denotes the nearest larger integer value.

e || - || denotes a norm. For vectors the Euclidian norm is assumed, for matrices the
norm is the largest singular value.

e [-] denotes concentration.

Abbreviations

BA Butyl Acrylate

BuM Butyl Maleate

CEKF Constrained Extended Kalman Filter
CMC Critical Micelle Concentration
CSTR Continuous Stirred Tank Reactor
CTA Chain Transfer Agent

DUO Distance to Unobservability

EKF Extended Kalman Filter

KF Kalman Filter

GPC Gel Permeation Chromatograph
MHE Moving Horizon Estimator

MMA Methyl Methacrylate

MMHE Multirate Moving Horizon Estimator
MWD Molecular Weight Distribution

PDI Polydispersity Index



PFR
PLP
PSD
QSSA
SECP
VA

Plug Flow Reactor

Pulsed Laser Polymerisation

Particle Size Distribution

Quasi Steady State Approximation
Semicontinuous Emulsion Co-Polymerisation

Vinyl Acetate

Roman Letters

Symbol

Explanation

A

A

Ap

Amax

CMC

system matrix in state space system description
heat transfer area

multirate estimation improvement factor
surface area of one particle (Smith and Ewart)
bottom area of the vessel

maximum jacket area

base area of the tank

control matrix in state space system description
channel width

matrix of collocation coefficients at T = 0
matrix of collocation coefficients at T;
measurement matrix in state space system description
average termination rate coefficient

molecular termination rate constant

heat flow capacity of the reactor content

heat flow capacity of the jacket content
concentration of species A

critical micelle concentration

fluid heat capacity of the jacket mass flow

fluid heat capacity of the reactor content

total heat capacity of the reactor and its contents

NOMENCLATURE

Unit

1s

W/
W/K
kmol/p3
kmol/p?2
J / kgK

J/kgK



NOMENCLATURE xix

AHpg enthalpy of chemical reaction KJ/kmol
D punch-through matrix in state space system description

Df‘ diffusion coefficient of radicals in the hairy layer mol/m2g
DY diffusion coefficient of radicals in water mol/m?2g
D? diffusion coefficient of radicals of type i particle phase

dgr diameter of the reactor m
At sampling period s, min
e (estimation) error vector

E expected value

Ex activation energy J/mol
Es activation energy of A J/mol
F function vector sampled nonlinear state space model

f function vector (returns a vector)

f function vector continous nonlinear state space model

f function

f initiator decomposition rate efficiency factor

fc scaling factor of the reactor

fy Jacobian matrix of function f w.r.t. p

F, absorption efficiency (adjustable) mol/m2s
Y4 volume fraction of polymer in particle phase

fy Jacobian matrix of function f w.r.t. x

fy Jacobian matrix of function f w.r.t. z

h channel height m
hg liquid height of the reactor m
NR max reactor height m
I identity matrix

1 initiator

[ initiator concentration in the feed solution mol/y

(i} concentration of species i in phase j mol/}



kyij

krx

3

3 = =

[~MI-]

NOMENCLATURE

initiator concentration in the water phase

objective function

complex operator

state estimator gain matrix

heat transfer coefficient

particle desorption (Smith and Ewart)

reaction rate constant

constant of the diffusional exit rate of a radical of type i
reaction rate coefficient of first order reaction of A

particle absorption rate coefficient

radical desorption rate coefficient

initiator decomposition rate coefficient

particle desorption rate coefficient

chain transfer rate coefficient

chain transfer rate coefficient

chain transfer rate coefficient

Partition coefficient species i between droplet and water phase
Partition coefficient species i between particle and water phase
reaction rate coefficient of radical j reacting with monomer i
termination rate coefficient

termination rate coefficient

termination rate in the water phase

length of the lower part of the jacket

total jacket length

‘real’ mass flow through the jacket

polymeric radicals

molecular weight

mass in the jacket

concentration of polymer radicals

mol/|

W/m2K
m-part/g

m3/S

1/mols

1/kmols

rnol/lS

1/ mols

kg/S

g/mol
kg

mol/|



NOMENCLATURE

My

z =z s

S

NRw

molecular weight of the monomer

instantaneous normalised number average chain length

2/mol

chain length distribution function, number of chains of length n

instantaneous number average chain length
mass of the reactor content

mass flow of the feed

set mass flow through the jacket

molecular weight average normalised molecular weight
molecular weight average molecular weight
normal distribution

average number of radicals per particle

horizon length of the moving horizon estimator
total number of particles (Smith and Ewart)
length of a polymer chain

number of free radical in a particle (Smith and Ewart)
number of moles

Avogadro’s number

number of particles with i radicals

number of moles of initiator

molar feed rates of monomer

number of moles of monomer is the system
particle concentration in the system

moles of radicals in the water phase

absolute number of particles in the system
number of particles

total amount of monomer to be fed

total amount of CTA to be fed

molar feed rates of CTA

number of moles of CTA in the system

kg
kg / s

kg/S

mol

6.022 - 1023 part/mol

mol
mol/g
mol
part/]

mol

mol
mol

mol/S

mol



o~

S T

Q

Qin

Q;

Qout
QR,in
QR,out
QR,ZUSS
QR,saurce

Q

Q
Qs
R

<

SS
S,

covariance matrix of the estimation error
parameter vector

probability

number of internal collocation points
energy flow or power

heat flow into the jacket

conductive heat flow through reactor wall
heat flow out of the jacket

heat flow of the feed

heat flow out of the reactor

heat loss of the reactor

heat of reaction

covariance matrix of the state noise
energy

observability matrix

covariance matrix of the measurement noise

reaction rate
universal gas constant

radius of one particle

reaction rate of monomer in the particle phase

reaction rate of CTA in the particle phase

total termination rate

concentration of radicals in the water phase

scaling matrix, with index sensitivity matrix

sensitivity matrix

vector of slopes needed for finite element placement

steady state
sensitivity matrix to algebraic variables z

Temperature

NOMENCLATURE

kw

= = = = = = =

—

mol/jg

8.314 J/molk
m

mol/jg

mol/j

mol/jg

mol/]



NOMENCLATURE

T

t

T;

Tr

To
Tjn
Ty out
Tk,in

Ty,

VR.in

VR ,out

VR
yd
Ve
Vi
4

Vi

i

Vi

time

time

temperature in the jacket

temperature in the reactor

initial temperature

jacket inlet temperature

jacket outlet temperature

temperature of the feed stream

initial temperature at every location coordinate of the jacket
time delay or dead time

glass transition temperature

sampling period

vector of inputs or manipulated variables
liquid flow through the jacket

feed flow into the reactor

flow out of the reactor

volumetric flow or feed rate

liquid hold up in the jacket

volume of reactor contents

volume of one particle (Smith and Ewart)
liquid hold up in the reactor

total droplet phase volume

emulsifier solution addition rate

free volume

feed of initiator solution

initiator solution addition rate

molar volume of species i

total volume of species i in the system

droplet phase volume of species i

S, min

S, min

=~ = "R R = = =

S, min

S, min



xxiv
Vs
Vv
vr
Up

14
VPol

P>

<

Yi

z

NOMENCLATURE

particulate phase volume of species i

water phase volume of species i

volume of the particulate phase

volume of one particle

volume of polymer in the polymer phase

water addition rate

volume of the water phase

is the volume of water in the system

overall feed rate of water

noisy weighting matrix

weighting matrix

instantaneous normalised molecular weight distribution
instantaneous molecular weight distribution

total (accumulated) normalised molecular weight distribution
set, here a set of state vectors

conversion

Current conversion of the given recipe

estimated state vector

vector of outputs or measured variables

Fraction of monomer i in the polymer

spatial distribution variable

Greek Letters

Symbol

Explanation

Xij
A

Bi

starting position of finite element j in superelement i

length of finite element j in superelement i

probability that a monomer or CTA radical reacts in the water phase
Dirac impulse

Kronecker delta

thickness of the hairy layer

Unit



NOMENCLATURE

PR

Prol

Agi

&i

H
Indices
Index

0

bb

[

d

end

equip

mathematical epsilon, small value larger than zero
approximate solution of the first moment of the distribution N;
eigenvalue

ith moment

ith moment of monomer j

measurement noise vector

Solution of a cost function

fluid density of the jacket content

fluid density of the reactor content

radical absoroption (Smith and Ewart)

density of the polymer

singular value

standard deviation

integrand time

normalised time

residence time

length of superelement i

starting position of superelement i

state noise vector

Explanation

initial condition
backbiting
continuous system
radical desorption
end of an interval
equipment

free

chain transfer

kg/m3

kg/m3

g/l



xxvi NOMENCLATURE

fixed fixed structure

i ith element in a vector

i monomer i

ij matrix element row i and column j
in input

Inh inhibited

inst instantaneous

k counter

Mt monomer i

NE number of finite elements
NSE number of superelements
p polymer

p polynomial interpolation
s steady state

T termination

var variable structure

X CTA

Superscripts

Superscript Explanation

-1 Inverse of a matrix

d droplet phase

p droplet phase

F fast mesurements

ES fast and slow mesurements
1 initiator

p particle or polymer phase
R radicals

R reactor

S slow mesurements



NOMENCLATURE

St surfactant
T transposed
p water phase

w water phase



