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Abstract

Control strategies for retention and formation processes are developed in order to
stabilize the wet end operation and to reduce variations in the machine direction
properties of paper without deteriorating formation of paper. The papermaking
process using a microparticulate retention aid system is focused.

The main factors affecting retention and formation were investigated with a
CPAM (cationic polyacrylamide)/bentonite retention aid system and on a Four-
drinier pilot paper machine. The deposition efficiency model and the bridging
strength model were developed to express the effects of the dosages of micropartic-
ulate retention aids on retention and paper formation, respectively. Effects of the
pulp mass flow and the filler addition on first-pass retention and formation are also
discussed.

Dynamic models of a retention process of a paper machine were developed from
first-principles (mass balances). To describe the wet end chemistry effect, first-
pass retention was included into the model as a parameter dependent on operating

conditions. In addition, it was attempted to simulate dynamics of formation by

developing an empirical model of formation and coupled with the dynamic models
for the retention process. Transfer functions were derived from the models. It was
found that the two major factors affecting the dynamics of the retention process

are the first-pass retention of solids and the parameters related to the white water
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circulation such as the volume of the wire pit and the residence time at the wire
pit.

Several control strategies were studied through simulation. The study showed
that controlling the pulp mass and the filler mass in paper instead of basis weight
and paper ash content can reduce the interactions without using decouplers. To
reduce the variations in formation, the headbox pulp consistency control and the
ratio control of a microparticle flow to a polymer flow are suggested. The problem
concerning the set-points of white water consistency during grade changes was
solved. Multivariable control of basis weight, ash content, white water consistency

and headbox pulp consistency is also discussed.



Résumeé

Des stratégies de controle pour les procédés de rétention et de formation sont
développées pour stabiliser ’opération de la partie humide et réduire les variations
dans le sens machine des propriétés du papier sans détérioation de la formation.
L’accent est mis sur un procédé de fabrication du papier basé sur un systeme d’agent
de rétention microparticulaire.

Les principaux facteurs affectant la rétention et la formation ont été étudiés
avec un systeme d’agent de rétention basé sur le CPAM (polyacrylamide cation-
ique) /bentonite et avec une machine & papier pilote de type Fourdrinier. Des
modeles d’efficacité de déposition et de force de pontage ont été développés pour
exprimer ’effet des dosages d’agents de rétention microparticulaires sur la rétention
et la formation du papier respectivement. Les effets des débits massiques de pate
et de charge sur la rétention premiere-passe sont aussi discutés.

Des modeles dynamiques du procédé de rétention d’une machine & papier ont été
développés a partir de principes fondamentaux de bilans de matiére. Afin de décrire
I’effet de la chimie de la partie humide, la rétention premiére-passe a été inclue dans
le mod¢le comme un parametre variant en fonction des conditions d’opération. De
plus, la simulation de la dynamique de formation a été essayée en développant un
modele empirique de la formation couplé avec les modeles dynamiques du procédé

de rétention. Des fonctions de transfert ont été déterminées & partir des modeles.



Résumé vi

Il a été observé que les deux facteurs majeurs affectant la dynamique du procédé
de rétention sont la rétention premiere-passe des solides et des parametres reliés a
la recirculation de ’eau blanche comme le volume de la fosse sous toile et du temps
de séjour a la fosse sous toile.

Une sélection de stratégies de controle ont été étudiées par simulation. Ces
études ont montré que le controle de la masse de pate et de charge dans le papier
au lieu du grammage et du contenu en cendres du papier peuvent réduire les inter-
actions sans utiliser de découpleurs. Afin de réduire les variations de la formation,
il est suggéré de controler la consistance de la pate dans la caisse d’arrivée et le
rapport du débit de microparticules sur le débit de polymere. Les problemes reliés
au choix des points de consigne de la consistance de I’eau blanche durant les change-
ments de grade sont résolus. Le contréle multivariable du grammage, de contenu
en cendres, de la consistance de I’eau blanche et de la consistance de la pate dans

la caisse d’arrivée est aussi discuté.



Foreword

The present author chooses the manuscript-based thesis option according to the
Guidelines for Thesis Preparation given by the Faculty of Graduate Studies and

Research. The article reads as follows:

As an alternative to the traditional thesis format, the dissertation can consist
of a collection of papers of which the student is an author or co-author. These
papers must have a cohesive, unitary character making them a report of a single
program of research. The structure for the manuscript-based thesis must conform
to the following:

1. Candidates have the option of including, as part of the thesis, the text of one
or more papers submitted, or to be submitted, for publication, or the clearly-
duplicated text (not the reprints) of one or more published papers. These
texts must conform to the ”Guidelines for Thesis Preparation” with respect
to font size, line spacing and margin sizes and must be bound together as an
integral part of the thesis. (Reprints of published papers can be included in
the appendices at the end of the thesis.)

2. The thesis must be more than a collection of manuscripts. All components
must be integrated into a cohesive unit with a logical progression from one
chapter to the next. In order to ensure that the thesis has continuity, connect-
ing texts that provide logical bridges preceding and following each manuscript
are mandatory.

3. The thesis must conform to all other requirements of the “Guidelines for The-
sts Preparation” in addition to the manuscripts.
The thesis must include the following:

(a) a table of content;
(b) a brief abstract in both English and French;

(c) an introduction which clearly states the rational and objectives of the
research;
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(d) a comprehensive review of the literature (in addition to that covered in
the introduction to each paper);

(e) a final conclusion and summary;
(f) a thorough bibliography ;

(9) Appendiz containing an ethics certificate in the case of research involving
human or animal subjects, microorganisms, living cells, other biohazards
and/or radioactive material.

4. As manuscripts for publication are frequently very concise documents, where
appropriate, additional material must be provided (e.g., in appendices) in suf-
ficient detail to allow a clear and precise judgement to be made of the impor-
tance and originality of the research reported in the thesis.

5. In general, when co-authored papers are included in a thesis the candidate
must have made a substantial contribution to all papers included in the thesis.
In addition, the candidate is required to make an explicit statement in the
thesis as to who contributed to such work and to what extent. This statement
should appear in a single section entitled “Contributions of Authors” as a
preface to the thesis. The supervisor must attest to the accuracy of this state-
ment at the doctoral oral defence. Since the task of the examiners is made
more difficult in these cases, it is in the candidate’s interest to clearly specify
the responsibilities of all the authors of the co-authored papers.

6. When previously published copyright material is presented in a thesis, the
candidate must include signed waivers from the publishers and submit these
to the Graduate and Postdoctoral Studies Office with the final deposition, if
not submitted previously. The candidate must also include signed waivers
from any co-authors of unpublished manuscripts.

7. Irrespective of the internal and external examiners reports, if the oral defence
committee feels that the thesis has major omissions with regard to the above
guidelines, the candidate may be required to resubmit an amended version of
the thesis. See the “Guidelines for Doctoral Oral Examinations,” which can
be obtained from the web (hitp://www.megill.ca/fgsr), Graduate Secretaries
of departments or from the Graduate and Postdoctoral Studies Office, James
Administration Building, Room 400, 398-3990, ext. 00711 or 094220.

8. In no case can a co-author of any component of such a thesis serve as an
external examiner for that thesis.
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This thesis consists of seven chapters. Chapter 1 describes the motivation and
methodology of this research project. Chapter 2 presents the field of research
pertaining to the present work and introduces previous results on research relating
to the subject of this thesis. Chapters 3, 4, 5, and 6 present the principal results
and research conducted. Chapter 7 gives an overview of the work and presents the
claimed contributions.

The followings are the manuscripts written by the author, which are used in the

preparation of this thesis.
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and Paper Research Journal, 16(3), pp. 188-194, 2001.

Chapter 4 is based on

Byoung-Uk Cho, Gil Garnier, Theo G.M. van de Ven and Michel Perrier, “Pa-
rameters affecting Formation of a Papermaking System using CPAM /Bentonite re-
tention aids System”, 5th International Paper and Coating Chemistry Symposium
2003, Montreal, Canada, June 16-19, pp. 193-200, 2003.

Chapter 5 is based on

Byoung-Uk Cho, Gil Garnier, Jean Paradis and Michel Perrier, “The process dy-
namics of filler retention in paper using a CPAM /bentonite retention aid system”,
Canadian Journal of Chemical Engineering, 79(6), pp. 923-930, 2001.

Byoung-Uk Cho, Gil Garnier, and Michel Perrier, “Dynamic modeling of retention
and formation processes” Control Systems 2002, Stockholm, Sweden, June 3-5,

pp. 200-204, 2002.
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Chapter 1

Introduction

1.1 Motivation

Current trends in the papermaking industry involve many process transformations.
These consist of increased machine speed, stronger drainage profiles (twin wire ma-
chine), higher contaminant concentration (white water system closure), shocks in
pH (conversion from acid to alkaline papermaking), higher filler content and in-
creased content of recycled pulp and mechanical pulp [1,2]. The use of a twin
wire machine and increased machine speed make it more difficult to achieve high
first-pass retention. The use of secondary furnishes and mechanical pulp greatly in-
creases the contaminants, especially anionic ones, which render most of the cationic
additives ineffective. Also, increased level of white water system closure causes the
buildup of contaminants in the system. These trends affect most of the physico-
chemical phenomena involved in the wet end and make it more difficult to stabilize
the papermaking process. At the same time, the market requests higher paper
quality at lower cost.

Optimization and control of a papermaking process provide a key solution to
improve paper quality and production efficiency at the same time. Especially, the

control of the wet end of a paper machine has received much attention due to
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the profound effect on product quality and process efficiency. Variations in the
wet end variables such as the first-pass retention of solids (mainly, fibres, fines
and fillers), consistency, and fibre flocculation directly result in variations in the
final product properties such as basis weight, ash content, formation and caliper
of paper. Controlling the wet end of a paper machine can improve paper quality
and process efficiency and also eliminate the long delay in control action between
the wet end and the dry end by removing the disturbances created in the wet end
before it reaches the dry end.

Controlling the wet end of a papermaking process has always been problematic.
This can be explained by two reasons. First, the wet end process is so complicated
that physical and chemical phenomena are not fully understood and modelled.
Second, there had been no appropriate sensors for measuring the variables that we
want to control. Thus, there are difficulties in deciding what to measure and what
and how to control. As a result, there is no comprehensive control strategy for the
wet end process.

In recent years, several on-line sensors for the wet end have been developed,
making it possible to measure some of the variables that should be controlled:
for example, total consistency and filler consistency in the headbox and in the
wire pit, drainage, cationic demand, zeta potential, conductivity and pH (3, 4].
Several control strategies for the wet end have been suggested and tested. The
strategy controlling the white water total consistency by retention aids has been
commercialized [5,6] and in some cases it was integrated with the existing basis
weight and ash content control loops [7-9]. Control of headbox fibre and filler
consistencies was also suggested [10,11]. Use of model predictive control (MPC)
for the wet end and the dry end has been suggested [9,12-15]. In addition, pH and

cationic demand control have been suggested and applied [16].
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However, no satisfying control strategy concerning formation has been suggested
yet. Formation and first-pass retention are competitive processes in papermaking.
When only first-pass retention is considered, formation might be out of control.
In addition, most of the wet end control strategies utilize a single polymer reten-
tion system due to its simplicity. In reality, the use of multicomponent retention
system has been increasing. Concerning microparticulate retention aids, some fun-
damental questions have not been clearly answered yet. In case of the white water
consistency control system employing a single polymer retention system, the flow
rate of polymer solution is manipulated based on the white water total consistency
measurements. However, it is not clear how to manipulate polymer and micropar-
ticle flows, when a microparticulate retention aid system is used. Any satisfying
model to relate the dosages of polymer and microparticles to retention and forma-
tion does not exist yet. Moreover, most of the existing wet end control strategies
utilize a black box approach to model and to control the wet end of papermaking.
Although several control strategies suggested to integrate wet end and dry end,
no robust strategy is available for simultaneously controlling retention and forma-
tion processes. In addition, dry basis weight and ash content control configuration
have been used for decades without questioning the efficiency of the control struc-
ture. The challenge is to control the machine direction properties of paper without

deteriorating formation of paper.

1.2 Thesis objective

The objective of this research project is to develop control strategies for the wet
end of a papermaking process utilizing a microparticulate retention aid system,

focusing on retention and formation processes. Focus is on the following issues:
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1. To elucidate the effects of the process parameters on first-pass retention and

formation;

2. To obtain an understanding of the dynamic behaviour of solid concentrations
in the wet end and in paper and to develop mathematical models from first-

principles;

3. To investigate the control strategies to stabilize and optimize both the reten-

tion and the formation processes at the same time.

1.3 Methodology

As a first step in developing a comprehensive control strategy for the wet end of
a papermaking process, this research project focused on controlling the machine
direction variation of the mass of solid materials in paper and the spatial distribu-
tion of the solids in paper. The first-pass retention of solids (mainly fibre, fines and
filler) is a key factor affecting the former and fibre flocculation mainly influences

the later. This research project followed three major steps:

1. The process parameters affecting retention and formation were investigated
using a pilot paper machine (Fourdrinier) and a microparticulate retention aid
system. Among the numerous variables affecting retention and formation, we
first focused on the main three process variables: thick stock flow, filler flow,
and the dosages of retention aids. To elucidate the relationship between the
dosages of retention aids and filler retention and paper formation, mathemat-
ical models (the deposition efficiency model and the bridging strength model)

were developed.

2. To study the dynamic behaviour of headbox and white water consistencies,
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basis weight, paper ash content and formation, mathematical models were
developed. A challenge is to include the effect of wet end chemistry into
the dynamic models. A simple approach is used. Empirical models for filler
retention and paper formation were formulated from experimental data and
combined with dynamic models developed from first principles (mass balances
of fibre, fines and fillers). The nonlinear models were solved and the dynamics
of concentrations of solids and paper formation were simulated using MAT-

LAB/SIMULINK.

3. Several control configurations were developed and tested using the nonlinear
models. The primary control objective of the wet end is to control basis
weight and ash content, without deteriorating formation. The performance
of several control schemes was evaluated through simulation with regard to

set-point tracking and disturbance rejection.

1.4 Scope of the thesis

In Chapter 2, the background and the review of the research results pertaining to
the present work are described.

Chapter 3 discusses the parameters affecting first-pass retention. The deposi-
tion efficiency model is developed based on interactions between two different sized
particles and the effects of the dosages of polymer and microparticles on filler re-
tention are explained using the model. The effects of thick stock flow and filler flow
on filler retention are also discussed.

Chapter 4 discusses the parameters affecting paper formation. To relate the

dosages of retention aids (polymer and microparticles) to formation, the bridging



Chapter 1. Introduction 6

strength model is developed based on interactions between a single fibre and neigh-
bouring fibres in a fibre floc, taking into account the surface coverage of retention
aids on the fibre surface. The effects of the headbox pulp consistency and the
headbox filler concentration are also discussed.

Chapter 5 presents the models describing the dynamics of the concentration of
solids (fibres, fines and fillers) in the wet end and in paper and the paper formation.
The main factors affecting the dynamics of the retention and formation processes
are also discussed.

Chapter 6 presents the design and evaluation of the control system for the re-
tention and the formation processes. Conclusions of this research and contributions

to knowledge are given in Chapter 7.



Chapter 2

Review of the wet end process

2.1 Introduction

This chapter provides information on a general papermaking process, the on-line
sensors for the wet end control and the current control practices. In the next Sec-
tion, a general description of a papermaking process is presented with the pilot
paper machine at the CEGEP, Trois-Rivieres, used for this study. Then param-
eters in the wet end are discussed in Section 2.2.2. Definitions of retention and
formation processes and the variables affecting them are presented in Sections 2.2.3
and 2.2.4. A general overview of a microparticulate retention aid system is given
in Section 2.2.5. During the last decades, a number of sensors for on-line measure-
ments of wet end variables have been developed. These are described in Section 2.3.
Modelling of the dynamics of the wet end process are discussed in Section 2.4. Fi-
nally, the current practice of wet end control is discussed in Section 2.5 focusing on

the control of retention.
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2.2 Description of the wet end process

2.2.1 Papermaking process

The experiments for this research project were performed on the pilot paper ma-
chine at the Centre Spécialisé en Pates et Papiers (CSPP), CEGEP de Trois-
Rivieres. The pilot paper machine is illustrated in Figure 2.1. It is a Fourdrinier
paper machine, 76 cm wide, operating typically at a velocity of 40 m/min (with
maximum speed of 90 m/min). Pulp from a high consistency pulper is refined using
a conical refiner, stored in stock chests and sent to a machine chest. Thick stock
(with a consistency of about 2.6 %) from the machine chest is diluted to less than
1 % consistency by recirculated white water from the wire pit. Mineral fillers, such
as precipitated calcium carbonate (PCC) are normally added at this point (at the
fan pump). The stock is further delivered to centrifugal cleaners and a pressure
screen to remove contaminants and then to a headbox. The headbox of the pilot
machine is of the open type. The function of a headbox is to take the stock delivered
by the fan pump, to transform the pipeline flow into an even, rectangular discharge
equal in width to a paper machine and to deliver a uniform amount of stock onto
an endless, finely woven belt (wire) at uniform velocity in the machine direction.
The drainage is achieved by 18 table rolls, 4 vacuum boxes and a couch roll. The
drained water from the wire section is collected at the wire pit to be reused to
dilute the thick stock. This is termed the short circulation of white water. By the
end of the wire, the wet web reaches a solids content of about 15 to 20 %. The web
solids content is further increased to a solids content of 40 to 45 % by a mechan-
ical compression of the web between two press rolls. The wet web from the press
section passes through a series of rotating steam-heated cylinders (10 cylinders in

the pilot paper machine) where water is evaporated and a calender section before
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being placed on reels. Water which is not used for short circulation dilution of thick
stock is sent to dilution points further back in the process for consistency control

at various points: this is called the long circulation of white water.

2.2.2 Parameters in the wet end

Optimizing the wet end starts with identifying the variables that are important
for the performance on a paper machine and developing an understanding of the
interactions between the variables. Figure 2.2 shows a classification of the wet
end parameters. The five categories are: practical variables, disturbances, molecu-
lar and colloidal interactions, process consequences, and product consequences, as
understood in industry [2,17].

Practical variables are those parameters that papermakers can directly control.
These include the type of pulp, filler, and chemical additives, the addition points
of chemical additives, the refining degree, the consistency and the flow rate of pulp
stock and filler slurry, pH, temperature, concentration and flow rate of chemical
additives, machine speed, and machine design. Factors such as machine design and
machine speed tend to be fixed. Disturbances are the noise factors upon which
the papermaker has less or no control. These include upsets initiated by breaks,
grade changes, variations in fresh materials and broke, machine wear, and sea-
sonal water and temperature changes. Molecular and colloidal interactions include
complicated physical and chemical processes, such as adsorption, desorption, co-
agulation, decoagulation, flocculation and deflocculation of fibres, fines, fillers and
chemical additives. The interactions between these variables are fundamental to
the papermaking process. Process and product factors are the most direct conse-
quences of the molecular and colloidal interactions. Process consequences include

first-pass retention, drainage, system cleanliness, effluent, and runnability. Product
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consequences include basis weight, ash content, formation, porosity, caliper, sizing
degree, strength properties and optical properties. These process and product fac-
tors are the consequences of everything that goes on in the wet end and provide
further means of measuring the stability of the wet end process.

The papermaker’s primary interest is to improve production efficiency and prod-
uct quality. Among the process and product consequences, first-pass retention and
formation are particulary important for these demands. In addition, the practical
variables and disturbances represent the sources of the wet end variability. Con-
trolling these factors makes it possible to control the variability in the wet end

chemistry process and hence the process and the product consequences.

2.2.3 First-pass retention

First-pass retention (R) simply results from a mass balance on the wire section.
It is defined as the ratio of the mass of solid materials entering the wire section
to that of solid materials retained in the web, leaving the wire section. It can be

mathematically defined as:

F, webcweb

k(%) = FypCha

x 100 (2.1)

where F represents the flow rate of each stream (L/min), C' is consistency (g/L),
the subscript “hbd” means headbox stock and “web” is the wet web leaving the wire
section. The consistency is used with g/L in this thesis contrary to the TAPPI [18]
and PAPTAC [19] definition, in which it is defined as a mass fraction: the oven-dry
weight of suspended matter per 100 g of stock. This is justified on the basis of
the control literatures [5,6,10,11,13,16,20-22]. In practice, the first-pass retention

is calculated from the headbox stock consistency and the white water consistency
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measurements:

thChb - Fw’waw

R (%) = FryCha

C’LU’LU
x 100 = (1 - K“’“”"”c_) x 100 (2.2)
hb

where Kywne = Fuw/Fry and the subscript “ww” represents white water. If the
flow rate of the white water from the wire (F,,,) is known, the value of K,,.n can
be calculated. Otherwise, it is normally assumed to be Fy., = Fy (i.€., Kywny = 1)
since Fiy > Flep.

The first-pass retention R is a direct measure of the efficiency of a wire section
to capture fibres, fines, and fillers to form a wet web. It therefore affects the
system cleanliness. Fines and fillers which are not retained enter the white water
system and circulate in the wet end system. First-pass retention also has a strong
relationship with drainage. Drainage and retention are conventionally considered
to be opposed [23]: the more fines and fillers are retained, the more capillaries are
filled, and the drainage through the web is reduced. If drainage is speeded up by
increasing turbulence and shear forces on the wire section, retention is hampered.
Most of all, any variation in the first-pass retention of solids (fibre, fines and filler)
directly influences the white water consistency, the headbox consistency and the
ash content and the basis weight of paper.

Two possible mechanisms of fines and filler retention are traditionally considered
to be filtration-based and deposition-based retention [24]. Theoretical study by van
de Ven [25] showed that, for particles smaller than 10 gm in diameter, filtration
by the forming web during drainage on a Fourdrinier is rather low, usually less
than 5 %. For particles with a diameter in the range of 10~50 um, the deposition
increases from a few to 100 %. Hence, primary filler particles (0.1~10 pm) and
the small fines (< 10 pm) are usually considered to be too small for mechanical

entrapment [25,26]. Solberg and Wagberg showed that fillers with a mean particle
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size of 0.6 and 0.8 um are predominantly retained in the web by depositing on fibre
surface during papermaking [27].

Even though it is likely that filtration-based retention plays a minor role, there
are some experimental evidences of filtration-based retention [24]. If fines are large
enough (> 10 um) and if filler particles are aggregated more than a certain size,

filtration-based retention can occur.

2.2.4 Formation

Formation is the degree of uniformity of spatial distribution of fibres, fines, and
fillers in paper. Several ways exist to measure and to mathematically define forma-
tion [28]. One of the easiest definition to present the meaning of formation is the
formation number. It is mathematically defined in a dimensionless form, based on

local variations in actual basis weight:

Fp=—— (2.3)

where the subscript “A” is the size of the measuring area, o(W,) the standard
deviation of local basis weight W,, and W the average basis weight of the sheet.
A uniform sheet, therefore, has a low formation number. Since the basis weight
of a sample affects the standard deviation of the basis weight, it is normalized to
compare formation of samples having different basis weight. Normalized standard
deviation is based on the assumption that material in paper is distributed according

to a Poisson distribution:

o(Wa)
VW

where F;, is the normalized standard deviation of basis weight (,/g/m).

F, =

(2.4)

Formation is a critical property for the quality of the product. Poor forma-

tion will lead poor paper properties. High variations in the spatial distribution of
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solid components (i.e., poor formation) will cause weak paper strength, poor optical
properties and high variations in surface roughness and microstructure, which will
consequently result in poor printability. In general, formation shows a trend op-
posite to first-pass retention: paper formation is adversely affected when first-pass
retention is improved [29]. Thus, the challenge is to improve first-pass retention
without deteriorating formation.

The main factor affecting formation is fibre flocculation [30]. Basis weight [28,
31,32] and ash content of paper [33] also influence formation. Mason [34] recognized
that fibre flocculation occurred primarily from mechanical interaction between fibres
and defined a “critical concentration” at which fibres are likely to collide in rotation.
This concept was extended to the “crowding number”, the number of fibres in the
volume swept out by the length of a single fibre [35]. Increasing fibre concentration
and fibre length increases the number of contacts between fibres and hence the
tendency of fibres to flocculate. When chemical flocculants are used to improve the
first-pass retention, they also influence fibre flocculation [30].

Formation can be improved by increasing the shear in the headbox and in the
wire section: for instance, by adjusting dewatering elements or the jet-to-wire speed
difference. High shear disrupts fibre flocs. Nordstrém and Norman [36] showed
that a high headbox nozzle contraction ratio reduces fibre flocculation in the jet.
According to Swerin and Odberg [30], formation can be improved at a constant
retention level by increasing the wire tension during blade forming at low and

moderate dosages of retention aids.

2.2.56 Microparticulate retention aid system

Since fines and filler are one to two orders of magnitude smaller than fibre, the

retention by filtration in the wet web is very limited [27]. Increased retention can
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be obtained by depositing fine materials on fibre surface, that can be promoted by
using retention aids (mostly water soluble high molecular weight polymers).

The major trends in papermaking industry such as system closure and increased
shear in the wire section force the papermaking industry to adopt novel retention
strategies. One of such strategies is the use of microparticulate retention aids, in
which microparticles (colloidal silica, bentonite or aluminum hydroxide) are used
with a cationic polyelectrolyte (cationic polyacrylamide or cationic starch) [30,
37-39]. The claimed advantages of these systems compared to single polymeric
retention aids are numerous [30,37,40,41]: 1) higher fines and filler retention; 2)
improved formation; 3) improved drainage; and 4) better performance under high
circuit closure condition. In this research project, a Hydrocol system consisting of
cationic polyacrylamide (CPAM) and bentonite is chosen. In this system, polymer is
typically added first to pulp suspension and microparticles are added subsequently.
The polymer adsorbs onto fibre, fines and fillers and then aggregates are formed.
The flocculated suspension passes through several operations involving high shear
(e.g., pressure screen) for the flocs to be broken up. The microparticles are normally
added after the point of highest shear to induce a reflocculation of the suspension.
The polymer adsorbed on both the fibre and the filler or the fines provides anchoring
spots for microparticles [42]. Then the microparticle acts as a bridge agent between
adsorbed polymer layers for heteroflocculation of fibre and fines or filler and for
homoflocculation of fibres or of fines and fillers. It is also believed that bentonite

provides a stronger link than a simple polymer bridge [42-44].
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2.3 On-line sensors for the wet end control

Until the beginning of 1980s, pH, thick stock consistency and additive flow rates
were the only three variables which are measured on-line routinely [45]. Since then,
various on-line sensors have been developed and some of them are being used for

controlling wet end chemistry [4,46].

2.3.1 Consistency measurements

A breakthrough in the wet end control was the development of the on-line first-pass
retention measurement system. It measures total solids and filler consistencies at
the headbox and in the wire pit [20,47]. Then total solids retention and filler re-
tention are calculated using the equation 2.2. The consistencies are measured by
optical methods. The measurement principle is based on the fact that wood fibres
and fillers used in papermaking have different polarisability values: pulp fibres, with
their partly crystalline structure, depolarize light. By measuring differential reac-
tions of light in various forms, sensor signals are obtained pertinent to the filler /fibre
sample. The obtained measurement signals are applied in various calculation mod-
els, to yield the total solids and filler consistencies of the sample. More detailed
information on the retention monitoring systems can be found elsewhere [4,20,47].

For a consistency above 1 %, the most commonly employed sensors utilize prin-
ciple that the shear force exerted by the flowing stock suspension is directly related
to its consistency [45]. Applications of an optical consistency sensor for pulp slurries
as high as 7 % consistency have been reported [45]. Also, thick stock ash content
can be measured using a low consistency ash measurement system with a dilution
unit [10]. Recently a microwave-based total consistency transmitter has been in-

troduced [48]. It is based on the determination of microwave transit time and can
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measure consistency from 0 % to 70 %. Applications to the thick stock consistency

control has been reported [48,49].
2.3.2 Chemical environment measurements

pH is fundamental to most papermaking chemistry phenomena [45,50]. It has
been measured on-line in many paper mills. It is measured by immersing an active
or measuring electrode and a reference electrode into a solution. The measuring
electrode produces an electrical potential based on the activity of the hydrogen ion
and the reference electrode serves as a source of constant voltage against which
the output of the measuring electrode is compared. pH sensors require regular
maintenance to keep the stock from clogging and coating the pH electrode.

Conductivity measurement is the determination of the solution’s ability to con-
duct electric current [50]. It indicates the amount of electrolytic contaminants
around water. It is therefore a measure of system cleanness and can also indicate
the presence of non-organic carryover from pulp mill operations.

An on-line zeta potential instrument has been developed based on streaming po-
tential method, which involve forming a pulp pad, pumping white water through the
pad and measuring the electrical charge of streaming potential across the pad [51].

On-line cationic demand measurements provide the amount of anions in a sys-
tem. The principle underlying commercial cationic demand measurement systems
is either a photometric back titration [52] or a potentiometric titration [53, 54].
The photometric back titration method involves adding an abundant quantity of
cationization reagent to a sample, titrating back to anionic side with an anionic
titration solution and measuring iso-electric point based on a color change of the

sample solution. The charge of the original sample is calculated from the amount
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of anionic solution needed to change the color of the solution. In the potentio-
metric cationic demand measurement, a cationic polyelectrolyte (cationic standard
reagent) is added to the sample until charge equalization is attained. The equal-
ization point measurement is based on potential difference between two different
electrodes. From the amount of cationic standard reagent consumed, the cationic
demand is calculated.

An on-line measuring system to determine soluble anions such as chloride, sul-
fate and acetate and cations such as potassium, calcium, sodium, magnesium and
aluminium has been developed based on capillary electrophoresis and tested in pa-
per and board mills [55]. Also an on-line analyzer utilizing conductivity and UV
absorbance sensors to measure total dissolved solids, organic dissolved solids and
inorganic dissolved solids was developed [56] and had been tested [57].

Recently, commercial systems offer on-line measurements of several wet end
chemistry variables in one analyzer system (paper machine wet end analyzers).
The Kajaani RMi and Kajaani CATi measure total and ash consistencies, cationic
demand, pH, conductivity, turbidity and temperature [16]. The WIC (wet end
information centre) system from ABB provides information on pH, conductivity,
turbidity, temperature, cationic demand, aluminium, silicate, calcium, dissolved

organic carbon (DOC) and alkalinity [52].

2.3.3 Basis weight, ash content and formation measure-
ments

The predominant measurement principle used to determine the basis weight of

paper is beta ray transmission [50,58]. Beta rays are radiated from a radioactive

source and absorbed by the paper. Unabsorbed beta rays enter an ionization cham-

ber and create a small current output. This current is converted to a voltage or
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digital signals for use. The relative amount of beta rays transmitted through the
sheet is an inverse function of its mass (basis weight).

The measurement of ash content is used as an indication of the filler content of
paper. On-line ash content sensors are based on the principle of selective absorption
of radiation passing through the paper sheet [50,58]. They are quite similar to
basis weight sensors, having a source and an ionization chamber detector mounted
on opposite side of the sheet. Radioactive sources that have been used are X-ray
and the gamma emitter Fe-55.

Nearly all commercial on-line formation sensors employ optical method. They
utilize transmitted light and in some cases reflected light as well as beta ray and
X-ray. Some examples of the sources used for commercial on-line sensors are He-
Ne laser, a tungsten halogen lamp, a white light source and a laser diode [59].
The formation is then mainly quantified in two ways: variance or formation spec-
trum [28,58]. The first provides a systematic equivalent of the subjective look-
through test, traditionally used by many papermakers. Light transmission is mea-
sured over a small area (1 mm diameter) representing local basis weight and com-
pared with the transmission through a concentric larger (30 mm diameter) sur-
rounding area. Formation number or formation index is calculated from the differ-
ence between the two optical densities. The second sensor design measures light
transmission through the sheet to determine floc size and intensity. Floc size spec-
trum is provided in the range of 2 ~ 32 mm. Recently, a method measuring
formation in the forming zone has been developed [60]. The method used light that
is transmitted through the pulp suspension and wire(s). The light passed though
pulp suspension and wire(s) is captured by a digital color camera. Then the image

is processed to provide the formation spectrum.



Chapter 2. Review of the wet end process 21

2.4 Modelling of the dynamics of the wet end

After developing an understanding of a papermaking process and the process vari-
ables needed to be optimized, a dynamic model has to be developed to describe
the state of output variables, such as white water fines and filler consistencies, ba-
sis weight and paper ash content, in terms of the input variables, such as thick
stock flow rate and the dosage of retention aids. For the retention process, a sound
dynamic model predicting the concentration of fibres, fines, and fillers in a paper
machine is required.

Two types of modelling techniques can be used: 1) experimental modelling
or black box method, and 2) theoretical modelling [61]. The black box method
simply consists of creating perturbations with input variables and recording output
variables. A process model for the system is then obtained by directly correlating
the input and the output data. Several researchers have used black box approaches
to model and to control the dynamics of the retention process. Piirto and Koivo [62]
used an ARX (AutoRegressive with eXternal input) model for retention modelling
(input: retention aid flow rate; output: retention). Rantala et al. [63,64] employed
a multivariable ARX model for retention modelling. The input variables were alum,
retention aid (polymer), filler, refining degree, furnish (birch/pine) and the output

variable was retention. An ARX model has the form of:

Z ay(t —i) = Z Z biru;(t — k) + e(t) (2.5)

7=1 k=1

where y is retention, u; is the inputs, e is the modelling error and a; and b, are
constants. It was reported that total retention is described by a first order dynamic
system and filler retention by a second order. Isaksson et al. [65] utilized a 2x2
transfer function matrix, each element of which consists of a first order plus time

delay model, to study the paper machine machine direction (MD) control (input
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u(s): dry basis weight and ash content; output y(s): thick stock valve and filler

valve):

K
78+ 1

y(s) = e~ Tay(s) (2.6)

where K is a process gain, 7 a time constant and Ty a time delay. Makkonen et
al. [66] used the same input and output variables as Isaksson et al. [65] but they
utilized second order transfer function models instead of first order plus time delay
models, each element of which consists of a sum of two first order transfer functions
with different time constants. Piipponen and Ritala [67] used a short-circulation
model shown in Figure 2.3. The model can be expressed with two first order blocks
and gains dependent on retention. This model structure was also employed by
Kosonen et al. [8].

An alternative consists of deriving a model from first-principles. Using the math-
ematical modelling approach, the basics of the steady state and the dynamic sim-
ulation of the wet end of paper machines has already been established for decades.
Beecher [68] created a dynamic model, focusing on the short circulation loop of a
Fourdrinier, that consists of mass balances of pulp and water. St. Jacques [69]
expanded this dynamic model by including the thick stock dilution recycle, the
long circulation loop, and several control strategies. Miyanishi et al. [70] devel-
oped steady-state and dynamic simulation models based on mass balances of pulp
and filler and studied the distribution of pulp and filler in a paper machine during
grade changes. Bussiére et al. [71] modelled the operation of a Quebec newsprint
mill looking specifically at its broke and white water system using PAPMOD, a
steady state simulator with critical dynamic equations to study the dynamic as-
pects. Orccotoma et al. [72,73] developed a model representing a white water

network and studied the effect of web breaks on the wet end dynamic behavior and
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Figure 2.3. Short circulation model. R represents retention, 7; and 7, are time
constants and 7y is the time delay.
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the dynamics of fines concentration in the wet end.

A challenge in modelling the wet end of a paper machine using a mass balance
technique has been in including the effects of wet end chemistry on the dynamics
of the wet end and of paper properties. Shirt [74,75] included polymer adsorption,
flocculation and drainage into the model. The polymer adsorption was calculated

with Langmuir kinetics [76]

db
(—jz = katt(no - 0)(1 - 9) - k)dete (27)
where,

e 0 is the fractional polymer coverage of particle surface (fibre, fines and filler),

e ng = Co/Tmaz, Co being the concentration of polymers and I',,,, the maximum

amount that can adsorb,

o k. and kg are the attachment and the detachment rate constants, respec-

tively.

The flocculation between components (long fibre, fibre fines, filler and flocs) in-
duced by a dual polymeric retention aid system was calculated by the following

equation [74,75]:

C _ icrprggr (VY
i KICiC0; 6] (w+1/j) (2.8)
where,

e k% = flocculation rate constant for collisions between components i and 7,

= kiriri, r* and r7 being empirical rate constants for each components,

e (;; = consistency of flocs formed from components 4 and 7,
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e C;, C; = consistencies of components ¢ and j,
o V;, V; = volumes of individual component particles ¢ and j,
e 0, = fractional coverage of component i by anionic polymer,

° 9;.’ = fractional coverage of component j by cationic polymer.

Then it was assumed that the particles are retained in the web due to mechanical
entrapment. The fixed retentions for various particles were assumed: 100 % for
flocs (composed of lone fibre, fines and filler), 90 % for long fibres and 2 % for
fibre fines and for fillers. The 66 term was used to express the effect of the
dosages of retention aids on flocculation. The major drawback of the expression is
on the assumption that the high molecular anionic polymer adsorbed onto particle
¢ with coverage 0, interacts with the cationic polymer covered sites on particle j
with coverage 9;". The generally accepted mechanism of a dual polymer system is
that low molecular weight, high charge density cationic polymer adsorbs on parti-
cles, providing anchor spots for anionic polymer, and then high molecular weight,
low charge density anionic polymer bridges between the cationic polymer covered
sites [2]. Hauge and Lie [77] pointed out that Shirt’s approach requires to solve
many differential equations. For a simpler solution, Hauge and Lie [77] developed
a model for the concentration of flocculated component 7 that can be either filler

particles or fines in pipelines:

aCfloc,i - —y ac’floc,'i

1
ot - Sx + ; Cfibre(ki,ret retCnon-—floc,i + ki,f’ibre)- (29)

where

® Cfioci ¢ the concentration of flocculated component

e v : the velocity of the mass inside the pipeline
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e 1 : the variable corresponding to the direction along the pipeline
® Clron—floc,i : the concentration of non-flocculated component

® k;ret and k; ripre @ flocculation constants

e Cpet and Clippe @ concentrations of retention aids and fibres

Then, they assumed that only flocculated components are retained on the wire by
mechanical entrapment. The major drawback of this approach is on the major
assumption: the main retention mechanism is the mechanical entrapment of fines

and filler. Retention of fines and filler by depositing on fibre surface was ignored.

2.5 Current control practices

2.5.1 White water consistency control

The on-line control of white water consistency was suggested and tested in a pilot
paper machine by Rantala et al. in the beginning of 1990s [11,63,64]. The idea
of the strategy is to bring under control the white water consistency by manipu-
lating the flow rate of retention aids through which retention and the whole wet
end are stabilized. Several studies confirmed that white water consistency control
stabilizes the wet end [5,6,11,21,41,78-80]. It improves paper machine stability
and runnability, reduces variations in white water and headbox consistencies, basis
weight, moisture and thickness and reduces the cost for retention aids.

In the control system, the white water total and filler consistencies are mostly
measured at the channel from the white water tray to the wire pit [6,11,41,78]. In
some cases, they are sampled at the overflow stream from the wire pit [5,21]. Then
the white water total consistency is controlled by manipulating the flow rates of

retention aids: i.e., the dosages of retention aids.
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When a single polymer retention system is used, the application is simple: the
flow rate of a polymer solution is manipulated based on the white water total
consistency measurement [5-7,10,62,78,79,81]. For simplicity, most of researches
utilized a single polymer retention aid system. However, the use of a micropartic-
ulate retention aid system has been increasing. When a microparticulate retention
aid system or a dual polymer system is used, several possibilities exist to choose
the manipulated variables.

Only a few studies dealt with microparticulate retention aids. Bernier and Be-
gin [41] used microparticulate retention aids consisting of a cationic polymer and
bentonite. They regulated the flow rate of polymer solution based on white wa-
ter consistency measurement, keeping the microparticle flow constant. Rantala et
al. [11] utilized a Compozil retention system consisting of cationic starch and col-
loidal silica and they used both chemical components in identical ratio to control
white water total consistency. Renaud and Olsson [5] used anionic nanoparticles
to control white water total consistency and polyacrylamide (PAM) to control the
amount of fines in the white water. In addition, a few papers using a dual polymer
system were published. Tomney et al. [82] utilized a strategy in which white water
consistency is controlled by both polymers: flocculant (a high molecular weight an-
ionic polymer) and coagulant (a low molecular weight high charge cationic polymer).
The ratio of coagulant to flocculant was also controlled. Proulx and Renaud [21]
proposed to use the flow of flocculant as a manipulated variable for the white water
consistency, and the flow of coagulant for the dewatering capability of the headbox
furnish. However, it is not clearly understood which strategy would be the opti-
mal control structure when microparticulate retention aids are used and when both
retention and formation are of concern.

The determination of the set-point of white water consistency has caused some
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problems. Generally, the white water consistency measured by putting the con-
troller in manual mode is chosen as a set-point. This would work well when a
paper machine produces a single grade of paper. However, different white water
consistency values might be needed for different grades when several grades of pa-
per are produced in a paper machine. Hence, Laurikkala et al. [10] tried to install
an automatic set-point determination algorithm for grade changes. It collects pairs
of basis weight and white water consistency values and then the set-points of the
white water consistency are calculated as a function of the basis weight of paper.
On the other hand, Proulx and Renaud [21] tried to keep a constant white water
consistency during grade changes by regulating retention aids to eliminate any dis-
turbances caused by variations in white water consistency. They implemented a
percent-applied polymer dosage calculation to automatically adjust the ratio be-
tween the retention aid dosage and the production rate (calculated from headbox
consistency and flow rate). But, Kessler et al. [78] disagreed. They initially used
the control algorithm similar to Proulx and Renaud [21]. In this control system, if
there is a change in stock flow, the polymer flow changes, even before a change was
measured by the white water consistency sensor. They argued that this system is
ineffective as a grade changes to lower basis weight. Since the production rate is re-
duced, the flow rate of polymer is initially reduced. The combined effects of reduced
retention due to lower basis weight and reduced polymer dosage increases the white
water consistency and correspondingly the polymer flow. Thus they returned back

to a simple control in which a deviation from the white water consistency set-point

causes a change in the retention aid flow.
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2.5.2 Integrated approaches

The white water consistency control has a limitation in terms of the magnitude of
disturbances it can handle [6]. For instance, really large disturbances in filler or
thick stock consistency cannot be dampened enough by the white water consistency
control loop. These disturbances can be handled by a basis weight or an ash content
control loop, which creates long delay. They should instead be dealt with on the
thick stock side before the furnish reaches the basis weight valve. Rantala et al. [11]
suggested the idea of controlling the headbox stock consistency by regulating the
feeds of fresh filler and fresh pulp, together with the white water consistency control.
In this control scheme, measurements at the dry end only provide set-points for the
headbox consistencies. Laurikkala et al. [10] suggested a more sophisticated control
strategy in which several control loops exist. The control strategy is illustrated in
Figure 2.4. Together with the white water total consistency control, the headbox
total consistency is controlled to reduce the time delay in controlling consistency
disturbances in the headbox. The headbox ash consistency controller is connected
in cascade between the paper ash content controller and the filler flow controller.
Thick stock total consistency is feedforward controlled to keep the thick stock flow
proportional to the set-point of thick stock volume flow and thus to enable the basis
weight controller to control fibre flow. Thick stock ash content is also measured and
controlled by feedforward and feedback controllers. A more complete strategy has
been proposed by Rantala et al. [81], although they did not implement it, as a whole,
on a paper machine. The proposed control system includes feedforward control of
thick stock consistency, control of white water total consistency, breaktime headbox
ash consistency control, feedforward control of thick stock ash content, wire pit pH

control and cationic demand control. The main pH control is done in the stock
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preparation. Adding a pH meter in the short circulation loop stabilizes the pH
value to its set-point. The cationic demand of white water in the short circulation
loop is measured to adjust the flow rate of the coagulant.

Lang et al. [7] pointed out that, when a number of separate control loops are
used, optimal tuning of each separate loop will probably not result in optimal per-
formance of the process as a whole: there will be interactions between separate
loops. This problem can be resolved by integrating the separate loops into a single
multivariable control approach. Due to the advantage of naturally handling mul-
tivariable problems, model predictive control (MPC) has been used to control the
wet end of papermaking [7-9, 14,15]. Lang et al. [7] implemented multivariable
MPC into three paper machines. The first paper machine used a 2x2 multivariable
controller, using paper ash and white water consistency to manipulate fresh filler
flow and retention aid. During breaks and immediately afterward, the control is
switched to the headbox ash consistency signal rather than the signal from the
scanner at the dry end. The second paper machine included the basis weight and
the moisture content of paper as the controlled variables as well as paper ash con-
tent and retention. In a third paper machine, paper ash, broke ash and retention
were integrated into the multivariable controller. Kosonen et al. [8,14] and Hauge
et al. [9] also used multivariable MPC approach. Kosonen et al. chose oven dry
weight (kg/s), paper ash (kg/s), headbox ash consistency (g/L) and white water
consistency (g/L) as controlled variables and thick stock, filler and retention aids

flow rate as manipulated variables while Hauge et al. chose basis weight, paper ash

content and the white water total consistency in a wire tray as controlled variables.
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2.5.3 Optimization of paper formation

Even though formation of paper is a critical property, very few groups have investi-
gated the on-line control of formation. Blanco et al. [83] suggested that formation
can be optimized by controlling fibre flocculation on the wire section by mechanical
action. They developed a prototype flocculation control system. The degree of floc-
culation is measured by on-line sensors before the headbox, in the headbox, or in
the slice, and in the wire. Based on the difference between the derived flocculation
set-point and the actual flocculation state as measured by the sensors, the actuator
is adjusted on the wire section (feedforward and feedback control). Different me-
chanical actuators have been tried: perforated rolls, sonic rolls, and sonic shakers.
The actuators placed under the forming wire generate shear forces to break-up flocs
and to avoid the reflocculation process. However, no results about the performance
of mechanical actuators have been reported to date. Moreover, in general, dewater-
ing elements in the wire section are previously adjusted, and considered to be fixed
factors. Recently, Yue et al. [84] tried to control formation by polymer flow rate,

but variations in retention caused by varying polymer flow were not considered.
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Parameters affecting Retention

3.1 Introduction

Retention of solid components (mainly fines and fillers) is a key factor affecting
the machine direction variations in paper properties. It directly affects white water
and headbox consistencies and consequently the basis weight and the ash content
of paper. The main papermaking process variables affecting the retention of fines
and filler are the flow rates and the consistencies of retention aids, thick stock and
filler slurry. Variations in chemical environmental such as pH, conductivity and
cationic demand can also influence the fines and filler retention. In this study, we
first focused on the three main variables: the dosages of retention aids, the thick
stock flow and the filler flow.

In a retention control system, the white water total consistency is controlled
by manipulating the flow rates of retention aids. Indeed, the independent variable
controlled is the surface coverage of retention aids on the furnish (fibre, fines and
filler). Flocculation and deposition, governing the first-pass retention and hence
the white water consistency, are influenced by the surface coverage of retention
aids onto the furnish. A robust model describing retention in terms of the surface

coverage of retention aids is thus needed.

33
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Models based on the collision efficiency factor can relate the surface coverage
of retention aids on a particle to their colloidal behavior (coagulation, adsorption).
The collision efficiency is defined as the fraction of particle collisions that lead to
adhesion of particles, i.e. to bridging [85-88]. Swerin et al. [89] extended the model
for a microparticulate retention aid system. A shortcoming of the approach is that
the model considered flocculation of mono-dispersed particles. In papermaking,
the furnish consists of fibres, fines, and fillers. Fines and fillers are one to two
orders of magnitude smaller than fibre and are retained in the sheet mainly by the
deposition on the fibre surface [27]. Hence, the collision or flocculation between
a larger particle (fibre) and a smaller particle (fibre fines and filler) has to be
considered. Another important phenomenon neglected in the model is the polymer
transfer during heteroflocculation. Fines and fillers which are not retained enter
the white water system and circulate in the wet end system. There is enough time
for fines and fillers to collide and flocculate each other in the short circulation loop.
The co-flocculated fines or fillers can be retained in the sheet by either depositing
on fibre surface or being mechanically entrapped if the size of aggregates is large
enough. The Swerin et al.’s model [89] can be used to express the co-flocculation
efficiency for fines and fillers.

The objectives of this chapter are two-fold: 1) to elucidate the effect of the
papermaking parameters on the first-pass retention of filler; and 2) to modify the
collision efficiency model for two different sized particles (fibre and filler) and for
polymer transfer.

The deposition efficiency model relating the dosages of polymer and micropar-
ticle to first-pass retention and the characteristic times for the collision of particles

are presented in Section 3.2. The experimental section follows in Section 3.3. The
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results of changes in filler retention are presented as a function of dosages of re-
tention aids, filler concentration and pulp mass flow rate in Section 3.4. The main
parameters affecting filler retention and the implication for wet end control are

discussed in Section 3.5.

3.2 Theory

3.2.1 Deposition efficiency

The bridging theory of flocculation is based on the assumption that the flocculation
rate (F') is proportional to the product of the particle collision frequency and the
fraction of collisions (F) that gives bridging [90,91]. Under turbulent conditions,
the collision frequency (F') is proportional to the square of the number of particles

(No). Therefore,

F = KEN? (3.1)
where K is a constant. The collision efficiency factor (E) is given by:

E =260(1-0) (3.2)

where 6 represents the surface coverage of polymer on particles.

Several attempts have been made to extend the original bridging model in terms
of collision efficiency factors [85-88]. Swerin et al. [89] extended the model for a
microparticulate retention aid system. The extended model describes the floccu-
lation efficiency in terms of the surface coverage of mono-dispersed particles by
low molecular weight polymer, by high molecular weight polymer and by a third

component (microparticles) which interacts with adsorbed high molecular weight
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cationic polymer. The overall flocculation efficiency is:
E =20%u(1 — ) +20(1 — p)(1 — ) + a1 — ¥/0-9)] (3.3)

where y is the surface coverage of microparticles onto the sites on the particle
surfaces which carry adsorbed polymer, ¢ represents the surface coverage of low
molecular weight non-bridging polymer and a and b are constants [89]. The first
term describes the interactions by microparticles, the second term is for interac-
tions by polymer and the third term provides the effect of the conformation of the
adsorbed polymer layer.

A major shortcoming of this model is that the model is based on collisions
between equal sized particles. Fines and filler particles are one to two orders of
magnitude smaller than fibres. When retention aids are used, fines and filler parti-
cles are mostly retained in the forming web by depositing on fibre surface [27]. In
addition, the co-flocculated fines or fillers (flocculated in the short circulation loop)
can be retained in the sheet by depositing on fibre surface if the size of aggregates
is not big enough to be filtrated by the forming web. Hence, the model has to be
modified for the interactions between two different sized particles.

Another important phenomenon is the polymer transfer during heterofloccula-
tion. Polymer transfer between two surfaces can occur during the detachment of
particles from fibres [92,93]. During the break-up of the bond, cleavage of polymer
chains can also happen [92]. This creates a transferred and a depleted polymer
layer, on the originally bare and polymer-covered surfaces, respectively [94]. The
bridging ability of these layers is different from the fresh polymer layer. The degree
of deposition of fines covered by a transferred layer onto fibres is very low, but high
onto bentonite-covered fibres. Bare fines can deposit on polymer sites (depleted

layer) on fibres with or without addition of bentonite [93]. For this study, the
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surface coverage of a low molecular weight cationic polymer was neglected since
only a high molecular weight polymer was used. The effect of conformation of the
adsorbed polymer layer was also neglected. Instead, polymer transfer from fibre to
filler was included.

When a microparticulate retention aid system is used, the surfaces of a fibre
and a filler or fines can be originally divided into: 1) bare or naked surfaces (n);
2) polymer covered surfaces (p); and 3) bentonite covered sites on the polymer
covered surfaces (m). Also polymer transfer from fibre to filler creates a depleted
polymer layer (p; p) on the fibre surface and a transferred polymer layer (p;r) on
the filler or the fines surface (the subscript 7 is for the bigger particle (fibre) and
j for the smaller particle (fines or filler)). Hence, the polymer covered sites on
fibre, fines and filler consist of two parts: fresh polymer covered surface (p; r and
p;r) and depleted or transferred polymer surface. Microparticles can deposit on
the fresh polymer covered surface, the depleted polymer layer and the transferred
polymer layer, creating m; g, m; g, m; p and m; r. Since each particle can have five
different sites, twenty five interactions can be considered between fibre and filler or
fines. Each interaction may have a different bond strength. Then the deposition

efficiency is defined as a sum of each interaction:

Eip = ar(n;:ng)+as(n; : pir)+ as(n; : pir) + as(n; : myp) + as(n; : mjr)
as(pi,r : 1) + ar(Dir 2 Dip) + asg(Dir : PiT) + ao(PiF : My F)

aro(pir : MyT) + a11(Pip : nj) + ar2(pip : PiF) + a13(Pip : PiT)
a1a(pip : My F) + a15(pip 1 M) + ae(Mip : 1) + arr(Mip : PiF)

a1g(mir : pi7) + a19(myr 1 My ) + ago(mi 2 mir) + a(msp : 1)

+ + + o+ o+

age(mip : pjF) + aos(mip : pir) + a2a(mip : mj r) + ass(m; p : M)

(3.4)
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where ay (k= 1...25) are the weighting factors of each possible interaction, which
are related to the bond strength. Let us define that the surface coverage of fresh
polymer and depleted polymer on fibre as 6, r and 6; p, that of fresh polymer
and transferred polymer on fines or filler as 6; p and 6,7, the surface coverage of
microparticles on the fresh polymer and the depleted polymer covered fibres as p; F
and u; p, and that on the fresh polymer and the depleted polymer covered fines or

filler particles as u; r and p; 7, respectively. Then, the following relations hold:

e the fraction of the bare surface on fibre surfaces (n;) =1 -6, — 6, p
e the fraction of the bare surface on filler surfaces (n;) = 1—0;r — 0,7

e the fraction of fresh polymer covered surface without microparticles on fibre
(pir) = 05, (1 — pir)

e the fraction of fresh polymer covered surface without microparticles on filler
() = 0;,r(1 — pjF)

e the fraction of depleted polymer covered surface without microparticles on
fibre (pi,D) = 9i,D(1 - /Li,D)

e the fraction of transferred polymer covered surface without microparticles on
filler (p;jr) = 0;r(1 — pj1)

e the fraction of microparticle covered sites deposited on fresh polymer on fibre
(mi,F) = Mi,F‘gi,F

e the fraction of microparticle covered sites deposited on fresh polymer on filler
(mj,r) = wjrbjr

e the fraction of microparticles on the depleted polymer covered sites on fibre

(mip) = ti,pbip
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e the fraction of microparticles on the transferred polymer covered sites on filler
(myr) = pirtsr

Assuming that the probability of having interactions between each site is propor-

tional to the fraction of each site, the equation 3.4 becomes:

Bipy = a1(1 =05 —0;p)(1 —0;p — 0;7) + a2(1 = 0 — 0; p)0; r(1 — p1,p)
as(1 =6, — 6;p)0;7(1 — pjr) + aa(1 — i, — 6, p) 11,705 F
as(1—0; 7 — 6; p)uir0;1r + a6 r(1 — i r)(1 — 05,7 — 0;7)

ar0;,p(1 — pi,p)05,p (1 — ) + asi p(1 — pi )0 (1 — pr)

a9l p(1 — pi F) 1, r 05,5 + a100;, 7 (1 — pi ) jr0j,r

a110; p(1 — i p)(1 — 0 7 — 0;7) + a120; p(1 — 115, 0)0;,7(1 — 1157)
a130;,p(1 — pi,p)0;r(1 — pj ) + 1405 p(1 — s, )5, 70 F

a150; p(1 — pi,p) v + a6, plir(1 — 055 — 0;1)

ar7pi, p0: 05 p(1 — i r) + a1spts, p0; p0;,r(1 — i)

a19ti, 70; Fiti FO; F + agopti 7 Oi p s, T84 T

214,095, 0(1 — 05 F — 0;7) + asaps pbi 00 (1 — i F)

+ 4+ o+ o+ o+ o+ o+ o+ 4+ +

agathi pbi. 08 (1 — pjr) + agape; o8 pps rbi F + asspts pOi pii 0T

(3.5)

Let us set the weighting factor for the strongest interaction to one and that of
the weakest one to zero (0 < a; < 1). To simplify this model, the followings are

assumed:

e The interactions between the polymer covered surfaces (p; r : pj.r, Pi,F : Pi,T)
pip - DjF and p; p : p;r ), between the microparticle covered surfaces (m; g :

mj.p, M F : My, M p * Mjpand m; p : m;r), and between the microparticle
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covered surface and the bare surface (n; : m;p, n; : mjr, myr : n; and
m; p : n;) are so weak due to electrostatic repulsion that the interactions can
be neghglble (0,4 =0a5 = A7 =08 = Q12 = Q13 = A1 = A19 = A9y = A9] = A9gg —

ags = 0) [30,94,95].

e Microparticles deposit uniformly on the fresh polymer covered sites and on

the depleted polymer layer on fibre surfaces, p; = p;r = pip

e Microparticles deposit uniformly on the fresh polymer covered sites and on

the transferred polymer layer on filler surfaces, pu; = p;r = pir.

e Deposition of microparticles on filler and fines surfaces is so slow that the
interactions by microparticle deposited on fines and filler can be neglected

(ag = a19 = a14 = a15 = 0) (see Table 3.1).

e The interactions between microparticle covered sites and polymer covered

sites form the strongest bond, a;; = a;g = ags = ags = 1 [94].

In addition, let us define the relative bond strength of the interaction between
bare fibre and bare filler surfaces compared to that of the microparticle bridging as
Yinh, 1.€., Yinh = a1, and the relative bond strength of the polymer bridging to the
microparticle bridging as Ypo, Ypot = @2 = a3 = ag = a1;. Then the equation 3.5

reduces to:

Eip = Yinn(1 —6;r —0:p)(1 —0;Fr —0;1)
+ Ypor(1 =i — 0:0)(0;r + 0;7)(1 — 1)
+ Yoot (Oi,p +05,0)(1 — i) (L — 050 — 6;7)

+ wi(bip +0:;0) (05 + 0;7)(1 — py) (3.6)
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The first part of the equation 3.6 expresses the inherent interaction between the
bare fibre surface and the bare filler surface; the second and the third parts are for

the polymer bridging; and the fourth part represents the microparticle bridging.

3.2.2 Characteristic times

Collisions between particles can be induced either by shear (orthokinetic) or by
diffusion (perikinetic). In a simple shear flow of gradient G, the rate constant for a

collision process between two spherical particles of radii a; and a; is, according to

Smoluchowski [96]:
4
o= 36(ai + )’ (3.7

For diffusion induced collisions, the rate constant is:

_ 2kT (a; + a;)°

k
P 3n auq

(3.8)

where kT is the thermal energy and 7 the viscosity of the medium. The charac-
teristic time of initial adsorption or deposition of particle ¢ on particle j can be

estimated from:

i 1
Tatt = T (3.9)
kopNing

N; is the number of particle j and ng§ the dimensionless initial concentration of

particle 7 relative to particle j [76].

3.3 Experimental

Experiments were performed on a pilot paper machine (Centre Spécialisé en Pates

et Papiers, CEGEP in Trois-Riviéres) shown in Figure 2.1. Two types of furnishes
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were used: softwood bleached kraft pulp (SWBKP); and a mixture of hardwood
bleached kraft pulps (HwBKP) and SwBKP (70:30), refined to a freeness of 360 mL
CSF. The pH of the furnish was adjusted to 7.5 by adding sodium hydroxide to the
stock chests. Precipitated calcium carbonate, PCC, (30 % slurry, Albacar HO) was
mixed with pulp at the blend chest (17 % filler content in thick stock) for SwWBKP.
For a mixture of HWBKP and SwBKP, the PCC slurry was diluted to 10 % and
injected at the fan pump. A microparticulate retention aid system consisting of a
cationic poly(acrylamide)(CPAM) and bentonite was used. CPAM (Allied colloids,
Percol 292) of high molecular weight (~5 x 10°) and with a degree of substitution
of 25 % was used as received. CPAM was diluted to a concentration of 1.5 g/L.
A commercial bentonite (Hydrocol O, Allied Colloids) was also used as received.
The bentonite was dispersed at a concentration of 3 g/L. The CPAM solution was
injected at the inlet of the pressure screen and the bentonite solution was added at
the screen outlet.

To investigate the effects of process parameters on filler retention, step changes
were applied to the CPAM flow rate, the bentonite flow rate, the filler slurry flow
rate, and the thick stock flow rate. Only one variable was changed at a time.
Samples were taken from the headbox and the wire pit when the system reached a
steady state, and the filler retention (Rpy.,) was calculated with the equation 2.2,

assuming that the constant K ..y is one:

C
. = 12w )
szller Chb (3 10)

3.4 Results

The CPAM and the bentonite dosages on pulp were varied by manipulating the

flow rates of each solutions to change the surface coverage of the retention aids on
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the furnish. Figures 3.1 and 3.2 represent the influence of CPAM and bentonite
concentration on filler retention, respectively. To test the effect of CPAM and
bentonite concentration, the thick stock flow kept constant (headbox pulp consis-
tency was 0.5 % and thick stock filler content was 17 %). There was no additional
filler added. The SWBKP furnish showed higher filler retention. When the dosage
of CPAM was increased at a bentonite dosage of 3 mg/g (HwBKP + SwBKP),
the filler retention linearly increased. In case of SwWBKP, the filler retention ini-
tially increased with CPAM and then leveled-off after 5 mg/g of CPAM at a lower
bentonite dosage (1 mg/g), while it slightly increased at a higher bentonite dosage
(5 mg/g). From the natural values of 25 % for a mixture of HWBKP and SwBKP
and 28 % for a SWBKP furnish, the filler retention increased to 92 % at a bentonite
dosage of 3 mg/g (HwWBKP + SwBKP) and 89 % at bentonite 1 mg/g and 95 %
at bentonite 0.5 mg/g (SWBKP). SEM pictures representing the effect of CPAM
dosage on filler flocculation are shown in Figures 3.3 and 3.4. At a low CPAM
concentration (0.1 mg/g), filler particles form smaller flocs well distributed in the
sheet, while at a high CPAM dosage (1.4 mg/g), the filler particles aggregate into
larger flocs.

The effect of bentonite on the filler retention is less significant than CPAM (Fig-
ure 3.2). Filler retention varied from 68 to 43 % for a mixture of HwBKP and
SwBKP and from 76 to 88 % at CPAM 0.35 mg/g (SwBKP) and from 87 to
95 % at CPAM 0.5 and 0.85 mg/g (SWBKP). For a fixed CPAM concentration
of 0.35 mg/g (HwBKP + SwBKP), the filler retention decreased as a function of
bentonite dosage. Arguably, a maximum in the filler retention is expected at the
bentonite concentration of around 1 mg/g, as shown with the dotted line in Fig-
ure 3.2. This maximum is corroborated by Swerin et al.’s experiment [89], and it

also corresponds to the maximum in floc size [44]. For a SwWBKP furnish and at
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Figure 3.1. Effect of the CPAM dosage on the filler retention for various
bentonite dosages shown in the figure for two different furnishes. The
filler concentration = 0.2 g/g pulp for a SWBKP furnish and 0.144 g/g
pulp for a mixture of HwBKP and SwBKP.
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Figure 3.2. Effect of the bentonite dosage on the filler retention for var-
ious CPAM dosages shown in the figure for two different furnishes. The
filler concentration = 0.2 g/g pulp for a SWBKP furnish and 0.144 g/g
pulp for a mixture of HwBKP and SwBKP.
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Figure 3.3. SEM picture representing the effect of the CPAM dosage on
the flocculation of filler particles. The CPAM dosage was 0.1 mg/g
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Figure 3.4. SEM picture representing the effect of the CPAM dosage on
the flocculation of filler particles. The CPAM dosage was 1.4 mg/g
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a CPAM concentration of 0.35 mg/g, the filler retention initially increased with
bentonite and leveled-off (Figure 3.2). At higher CPAM dosages (0.5 mg/g and
0.8 mg/g), the filler retention slightly increased with bentonite.

The filler retention slowly decreased as a linear function of the filler concentra-
tion for both furnishes (Figure 3.5). The mass flow rate of thick stock pulp was
varied with the thick stock flow rate, keeping the flow rate at the headbox constant.
Increasing the pulp mass flow rate slightly increased filler retention (Figure 3.6).
For a mixture of HWBKP and SwBKP, the flow rate of filler slurry kept constant
during the change of the thick stock flow rate. As a result, the filler fraction on
pulp also varies. In case of SWBKP, the ratio between pulp and filler kept constant
since we mixed filler into thick stock. When the thick stock mass flow rate was
increased, the corresponding basis weights were 50, 76, and 102 g/m? (HwBKP +
SwBKP) and 51, 59 and 67 g/m? (SwBKP), respectively. Concerning a mixture
of HWBKP and SwBKP, filler retention only slightly increased as the pulp mass
flow was more than doubled: the filler retention changed from 42 to 51 %. For a
SwBKP furnish, all three of them were around 86 %. This magnitude of retention
increase is not significant compared to the effect of CPAM and bentonite.

By comparing changes in filler retention, it is clear that the CPAM dosage is
the most important variable affecting the filler retention, followed by the bentonite
dosage. Filler concentration, pulp mass flow and headbox pulp consistency are

secondary variables of the filler retention.
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Figure 3.5. Effect of the filler concentration on the filler retention for two
different furnishes. For a SwWBKP furnish, CPAM dosage = 0.35 mg/g
and bentonite dosage = 1 mg/g, and for a mixture of HwBKP and
SwBKP, CPAM dosage = 0.35 mg/g and bentonite dosage = 3 mg/g.
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Figure 3.6. Effect of the thick stock pulp mass flow rate on the filler re-
tention for two different furnishes. For a SwWBKP furnish, CPAM dosage
= 0.35 mg/g and bentonite dosage = 1 mg/g, and for a mixture of Hw-
BKP and SwWBKP, CPAM dosage = 0.35 mg/g and bentonite dosage =

3 mg/g.
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3.5 Discussion

3.5.1 Characteristic times

CPAM was injected at the inlet of the pressure screen and bentonite at its outlet.
The residence time at the pressure screen was of 45 seconds and that between the
outlet of the screen and the forming board was about 5 seconds. The characteris-
tic times for adsorption or deposition between particles were calculated using the
equation 3.9. The following was assumed for the calculation: for fibres, a length of
2 mm, a diameter of 30 um, a fibre wall thickness of 5 um, density of 1.5 g/m?, and
concentration of 5.16 kg/m?; for PCC, a diameter of 0.5 um, density of 2.7 g/m3,
and concentration of 1.26 kg/m3; for CPAM, a radius of gyration of 50 nm and
concentration of 0.002 kg/m3; and, for bentonite, the effective radius of 62 nm
and concentration of 0.016 kg/m3. The maximum shear rate at the pressure screen
was estimated to be 2000 s~! and that at the pipeline and flow distributor was 400
s~1[97].

The characteristic times calculated are summarized in Table 3.1. The adsorption
of polymers and the deposition of fillers on fibre surfaces were the fastest processes,
followed by filler-filler collision. The adsorption of bentonite on fibres at the pipeline
had a time scale of the same order as the residence time. When bentonite is added
before polymer, there is a sequential adsorption of polymer and bentonite onto the
fibres. Bentonite deposition on fillers at the pipeline is not likely to happen. The
association of polymer and microparticles in solution is less favored with fibres and

fillers present.
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Table 3.1. Calculated characteristic time scales for deposition or adsorption
between particles (equations 3.7 and 3.9). * Collision induced by diffusion
(equations 3.8 and 3.9).

Type of Characteristic time Characteristic time
interactions at the pressure screen (sec) | at the pipeline (sec)
Fibre-Polymer 0.1
Fibre-Filler 0.2
Filler-Filler 0.4
Filler-Polymer 3.9
Fibre-Bentonite 0.8 3.9
Filler-Bentonite 25.1 125
*Bentonite-Polymer 340 1104
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3.5.2 Effect of deposition efficiency

When the dosages of retention aids are changed, the surface coverage of polymer
and bentonite on fibres and fillers are varied and consequently the filler retention.
Hence, the effect of the dosages of retention aids on the filler retention can be
analyzed in terms of the deposition efficiency. The surface coverage of polymer
and microparticles can be calculated with the equations in Table 3.2. For the
calculation, we assumed that: 1) deposition of bentonite on fillers is very slow:
surface coverage of bentonite on fillers is zero (u; = 0); and 2) adsorption of polymer
on fibres is faster than on fillers. Thus, as long as all fibres are not covered with
polymer, no polymer adsorbs on fillers (if §; < 1, §; = 0). Only excess polymer
can adsorb on fillers (if ApoiMpor > AgitreMitre, 8; > 0). In addition, the degree of
polymer transfer ¢r is defined as:

polymer transfered to fines and fillers [g]
f transfer(tr) = = (3.11
Degree of polymer transfer(tr) original polymer adsorbed on fibres [g] (3:11)

The following values were used for the calculation: the specific surface area of fibre
= 1 m?/g, fines = 8 m?/g and PCC = 11 m%/g and the maximum coverage by
CPAM = 1 mg/m?.

Swerin et al. [89] considered that 7, = 0 and yps = 1. The calculated results
for various degree of polymer transfer (¢r) at 3 mg/g of bentonite with v;,, = 0 and
Ypo. = 1 are shown in Figure 3.7. Without polymer transfer (¢tr = 0), the calculated
deposition efficiency is zero for CPAM dosages less than 1 mg/g. This is because at
these dosages all polymer sites on fibres is covered with bentonite plates (;; = 1)
and that the bare fillers could not deposit on these sites. Assuming single plates of
bentonite, about 2.5 mg is required to cover 1 m? of fibre. At CPAM concentration
of 1 mg/g, the fibre surface is fully covered with polymer. Any additional polymer

will adsorb on fillers. These polymer sites on fillers can bridge with the bentonite
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Table 3.2. Equations to calculate the surface coverage of polymer and microparticle
on fibre and filler. A, and A,,,: maximum coverage of polymer and microparticles
[m?/g]. Agipre and Ajuer: surface area of fibre and filler [m2/g]. Mo, Mp, M tibre
and M iyer: mass of polymer, microparticles, fibre and filler [g]. ¢r: the degree of

polymer transfer.
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Figure 3.7. Effect of the degree of polymer transfer on the deposition effi-
ciency. Bentonite dosage = 3 mg/g, the maximum coverage by bentonite
= 2.5 mg/m?, v;up = 0 and v, = 1.
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covered sites on fibres, resulting in an increased deposition efficiency.

However, experiments showed that the filler retention increased even at CPAM
concentrations lower than 1 mg/g (Figure 3.1). Two explanations are possible: 1)
the maximum coverage of bentonite was lower than the estimated value (2.5 mg/m?);
2) polymer transfer occurred. If bentonite is not fully delaminated, the surface cov-
erage of bentonite would be lower than estimated. According to Vanerek [98], ben-
tonite in papermaking condition is not fully delaminated: it exists in 4~6 stacks of
montmorillonite plates. In addition, the deposition of bentonite on fibre surface is
a relatively slow process (Table 3.1). The characteristic time of a collision between
fibre and bentonite is about 4 seconds in the pipeline. Even though the characteris-
tic time is slightly smaller than the residence time, there might not be enough time
for bentonite particles to cover the whole fibre surface. If the maximum coverage
of bentonite is lower than estimated, its surface coverage on fibres will decrease
(u; < 1), allowing bentonite-free polymer sites on fibres, which could interact with
bare filler surfaces. When CPAM concentration is increased, the bentonite-free
polymer sites on fibre increases, resulting in an increase in deposition efficiency and
filler retention.

The transferred polymer on the filler surface could interact with the bentonite
sites on the fibre surface. The higher the polymer concentration, the higher is the
quantity of polymer transferred onto fillers (increase in 6;r). Figure 3.7 shows
that, as polymer transfer occurs (¢r > 0), the deposition efficiency increases with
polymer concentration, even at CPAM dosages lower than 1 mg/g. Tanaka et
al. [99] reported that, at a polymer addition of 0.1 %, half of the polymer adsorbed
on pulp was transferred to polystyrene latex particles within 1~2 min. For the rest
of the discussion, it was assumed that tr = 0.5

Figure 3.8 shows the effect of v;,, on the deposition efficiency at a bentonite
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dosage of 3 mg/g. 5 stacks of montmorillonite plates were assumed for the calcu-
lation. The value of v;,, determines the deposition efficiency at a polymer dosage
of 0 mg/g: the higher 7;,, the higher the deposition efficiency at a CPAM dosage
of 0 mg/g. Fillers can deposit without retention aids even though the degree of
deposition is very low. The experimental results confirm this: more than 20 % of
filler was retained at a CPAM dosage of 0 mg/g (Figure 3.1). This observation
corroborates that ~;,, > 0. For the rest of the discussion, the value of 7, used
was 0.05.

Figure 3.9 shows the effect of 7,, on the deposition efficiency at a bentonite
dosage of 3 mg/g. The value of 7,, determines the maximum value of deposition
efficiency: the higher 7,4, the higher the maximum. When 0.1 < 7, < 0.5, the
model gives similar trends as the experimental results. This confirms that the
interaction by a polymer bridge is stronger than the interaction between bare fibre
and bare filler surfaces. Also, Asselman and Garnier’s finding [94] supports that a
microparticle bridging provides stronger bond than a polymer bridging. The exact
value of 7y, is not known, but it is clear that v,,, < vpa < 1. For the rest of the
discussion, it was assumed that y,, = 0.2

It was assumed that at a polymer dosage higher than 1 mg/g, the excess polymer
will adsorb on filler surfaces. As the surface coverage of polymer on fillers increases
(0;F and 6;7), the flocculation efficiency between filler particles also increases,
improving co-flocculation between fillers. Retention of filler aggregates would also
increase. SEM analysis of papers (Figures 3.3 and 3.4) confirms this hypothesis. At
low CPAM concentrations, filler particles form smaller flocs well distributed in the
sheet, while at high CPAM dosages the filler particles aggregate into larger flocs.

The increase in the filler retention with CPAM for a SwWBKP furnish is caused

by the increase in the deposition efficiency (compare Figures 3.1 and 3.10). For
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Figure 3.8. Effect of the relative bond strength 7,,, (between naked
surfaces) on the deposition efficiency. Bentonite dosage = 3 mg/g, Ypor =
1, tr = 0.5 and the maximum coverage by bentonite = 12.5 mg/m?.
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Figure 3.9. Effect of the relative bond strength 7, (for polymer bridging)
on the deposition efficiency. Bentonite dosage = 3 mg/g, the maximum
coverage by bentonite = 12.5 mg/m?, v, = 0.05, and tr = 0.5.
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Figure 3.10. Effect of the CPAM dosage on the deposition efficiency
for two bentonite dosages. Yinn = 0.05, 1 = 0.2, tr = 0.5 and the
maximum coverage by bentonite = 12.5 mg/m?.
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a CPAM dosage of 0.08 mg/g, assuming all CPAM adsorbs onto the fibres, the
bentonite dosage to just cover all the polymer is 1 mg/g. Hence, at a bentonite
dosage of 1 mg/g, the possibility of having interactions between the bentonite
covered fibre surface and the polymer covered filler surface is much lower than that
between the polymer covered fibre surface and the naked filler surface (compare
curves B and E in Figure 3.10). The increase in the deposition efficiency with
CPAM dosage is mainly due to the increase in the polymer bridging. For CPAM
dosages lower than 0.7 mg/g, the deposition efficiency at a bentonite dosage of
5 mg/g is lower than that at 1 mg/g (compare curves A and C in Figure 3.10).
For a CPAM dosage of 0.4 mg/g, assuming all CPAM adsorbs onto the fibres, the
bentonite dosage to just cover all the polymer is 5 mg/g. At CPAM dosages lower
than 0.4 mg/g, all polymer covered sites on fibre are coated with bentonite. The
major interaction is the interaction between the bentonite covered fibre surface and
the transferred polymer covered filler surface, which is lower than the interaction
by the polymer bridging at a bentonite dosage of 1 mg/g (compare curves B and
D in Figure 3.10). With increasing CPAM dosages, the microparticle bridging
plays major role in increasing the deposition efficiency. The interaction between
the polymer covered fibre surface and the bare filler surface increases as well after a
CPAM dosage of 0.4 mg/g. These increased interactions provide higher deposition
efficiency at a bentonite dosage of 5 mg/g than that at 1 mg/g after a CPAM dosage
of 0.7 mg/g.

For a mixture of HwBKP and SwBKP and at a CPAM dosage of 0.35 mg/g,
the deposition efficiency initially decreases with increasing bentonite dosages and
then levels-off after 4.4 mg/g (Figure 3.11). The surface coverages of polymer on
fibre (§; = 0.35) and on filler (§;7 = 0.11) are constant. For a CPAM dosage

of 0.35 mg/g, assuming all polymer adsorbs onto fibres, the bentonite dosage to
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cover all the polymer is 4.4 mg/g. With increasing bentonite dosages from 0 to
4.4 mg/g, the interaction between the polymer covered fibre surface and the bare
filler surface decreases due to the decreasing polymer covered surface without ben-
tonite (6;(1 — u;)) while the interaction between the microparticle covered fibre
surface and the transferred polymer covered filler surface increases (Figure 3.11).
The initial decrease is due to the decrease in the polymer bridging. Filler retention
must decrease with increasing bentonite dosage if the filler retention is assumed to
vary linearly with the deposition efficiency. This goes against the results of Swerin
et al. [89], wherein filler retention initially increased as a function of bentonite con-
centration, until a maximum was reached in the range of 1.5 to 2 mg/g, and then
the filler retention decreased.

Figure 3.12 shows the effect of bentonite dosages on the deposition efficiency
for a SWBKP furnish. The deposition efficiency decreases with increasing bentonite
dosage at CPAM concentrations of 0.35 mg/g and 0.5 mg/g due to the decreased
polymer bridging. The microparticle bridging increases with increasing bentonite
dosage, but the increase is smaller than the decrease in the polymer bridging. The
deposition efficiency slightly increases at a CPAM dosage of 0.8 mg/g due to the
microparticle bridging. The decrease in the deposition efficiency at CPAM dosages
of 0.35 mg/g and 0.5 mg/g does not agree with the experimental results (compare

Figures 3.2 and 3.12). The possible explanations are:

1. The polymer coverage on fibre is higher than the calculated. At higher poly-
mer coverage on fibre and filler (1 mg/g and 1.2 mg/g), the deposition effi-

ciency increases with increasing bentonite dosage (Figure 3.12).

2. The microparticle bridging plays major role in the deposition of filler. At all

polymer dosages, the probability of having microparticle bridging increases
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Figure 3.12. Effect of the bentonite dosage on the deposition efficiency
for various CPAM dosages shown in the figure. The maximum coverage
by bentonite = 12.5 mg/m? and filler added = 0.2 g/g pulp.
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with increasing bentonite dosage, which could result in the increase in the

deposition efficiency.

3.5.3 Effect of PCC concentration

PCC concentration did not have a significant effect on filler retention (Figure 3.5).
Increasing filler concentration from 0.05 to 3.5 g/g pulp slightly decreased the de-
position efficiency between fibres and fillers (Figure 3.13). However, the magnitude
of the change in the deposition efficiency was not significant compared to that by
CPAM. The slight decrease in the deposition efficiency with increasing filler con-
centration is due to the fast kinetics of polymer adsorption on fibre surfaces and
polymer transfer from the fibre surface onto the filler surface. The CPAM dosage for
this experiment was 0.35 mg/g. Since the amount of CPAM is insufficient to cover
the whole fibre surface, the polymer predominantly adsorbs on fibres; basically no
polymer adsorbs on filler (§; = 0.35 and 6; 7 = 0). The polymer coverage on fibres
0; is not affected by changing the PCC concentration. At the same time, increas-
ing the PCC concentration increases the surface area of fillers. Assuming that the
degree of polymer transfer remained the same, the surface coverage of transferred
polymer on fillers (8, ) decreases with increasing PCC concentration (Figure 3.13),
which leads to a slight decrease in the interaction between the bentonite covered
sites on fibre and the transferred polymer covered sites on filler and that between
the bare fibre surface and the transferred polymer covered sites on filler surface. In
addition, increasing filler concentration can lead more collisions between fibres and
fillers and consequently more polymer can be transferred onto filler surface. Thus,

the changes in the deposition efficiency could be smaller than shown in Figure 3.13.
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Figure 3.13. Effect of the filler concentration on the deposition efficiency.
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3.5.4 Effect of pulp mass flow

Increasing the pulp mass flow rate slightly decreases the deposition efficiency (Fig-
ure 3.14), while the filler retention is increased (Figure 3.6). When the pulp mass
flow rate increased keeping the mass flow rate of the filler slurry and the retention
aids constant (HwBKP+SwBKP), the surface coverage of polymer (6;) is decreased
while the surface coverage of bentonite on the polymer covered fibre surface and
the surface coverage of the transferred polymer on filler remained unchanged. The
decreased surface coverage of polymer on fibre reduces the interactions between
the polymer covered sites on fibre and the bare filler surface and between the ben-
tonite covered sites on fibre and the transferred polymer covered site on filler and
consequently decreases the deposition efficiency. When the pulp mass flow rate is
increased keeping the filler concentration (g filler/g pulp) constant (for a SWBKP
furnish), the surface coverage of polymer on fibre (;) and that of the transferred
polymer on filler (8;r) decreases, resulting in the decrease in the deposition effi-
clency.

Two possibilities exist to explain the increase of the filler retention: the increased
pulp mass flow has to increase either the mechanical entrapment of fillers by the
forming web or the deposition of fillers onto fibre surface. For filler particles to be
entrapped by the forming web, the pore size of the forming web has to be smaller
than the size of the particles. In addition, the increased pulp mass flow has to have
an influence on the pore size to affect the mechanical entrapment of filler. According
to van de Ven [25], the average pore size (T) of the forming web is related to the
fibre radius (R):

_ €
F o= 1-—6R (3.12)

where € is the void fraction. Consequently, we can rule out this hypothesis.
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Deposition of fines or filler particles on fibre surfaces can occur at the pipe
line, in the headbox and on the wire. Deposition of fines or filler particles during

drainage improves with increasing pulp consistency by [25]:

Ne— N kTRLndeTlf

~

No 6nev a2 (3.13)

where n and n, are the number concentration of filler in white water and in pulp
suspension (m~3), k is Boltzmann’s constant, (J/°K), T represents absolute temper-
ature (°K), L is fibre length (m), ns is the number concentration of fibres in pulp
suspension, d is the distance up to dryline (m), 7 is viscosity of suspending medium
(Pa-s), v is the machine speed (m/s), a is the radius of filler or fines particles (m),
Shy is the Sherwood number averaged over the whole fibre surface (dimensionless
deposition rate per unit length of fibre). When the thick stock flow rate is increased
keeping the headbox flow rate constant, the number concentration of fibres in pulp
suspension is increased, resulting in an improved filler retention.

The increased fibre concentration can also lead to the improved deposition of
filler or fines particles in the pipeline and in the headbox. The collision frequency

(in turbulent flow) can be calculated with [100]:
Nip = 1.294(a; + a2)3(e/v)YDnin, (3.14)

where Nj; represents the collision frequency between species 1 and 2 (m™3-s71),
a1, ay the particle radii (m), € the energy dissipation per unit mass per unit
time (m?/s®), the kinematic viscosity (m?/s) and n;, ny the number concentra-
tions (m~3); (¢/v)(/? represents the average shear rate. The number of collision
is proportional to the number of fibre and filler (for a given furnish and shear).
The collision frequency between fibres and fillers increases with increasing the con-
centration of fibre in the furnish, which increases the chances for filler particles to

deposit on fibre surface.
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3.5.5 Implications for the retention control

Filler retention is strongly influenced by the deposition efficiency. According to
the equation 3.6, the deposition efficiency is a function of the surface coverage of
fibres by polymer (; r and 6; p), the surface coverage of fillers by fresh polymer
(6, F) and by transferred polymer (8;7), and the surface coverage of microparticles
on the polymer adsorbed fibre surface (u;). Due to its fast kinetics, the polymer
injected into the furnish preferentially adsorbs on the fibre surface. Polymer transfer
then occurs by filler deposition and detachment. Generally, 1 mg/g of polymer is
considered to form a monolayer on the fibre surface. In paper mills, less than
0.5 mg/g of polymer is normally applied: the surface coverage of filler by fresh
polymer (6, ) can be considered as zero. In addition, it is difficult to measure
and to control the amount of the transferred polymer onto filler surface (8;r).
The surface coverage of fillers by transferred polymer (6;r) is a function of the
surface coverage of fibres by polymer (6;). Consequently, manipulating the surface
coverage of fibre by polymer (¢;) and the surface coverage of microparticles on the
polymer adsorbed on the fibre surface (u;) is the best strategy to control deposition
efficiency and consequently filler retention. The most important variables affecting
the deposition efficiency and consequently the filler retention are the concentration
of CPAM, followed by the dosage of bentonite.

The fibre concentration and the initial filler concentration did not affect the filler
retention significantly. Thus, monitoring only the first-pass retention of filler has
a limitation. When disturbances take place in the thick stock flow or in the filler
flow, the variations in the first-pass retention might not be detected due to the small
magnitude of the variations, while it will create large variations in the white water

total and filler consistencies as well as in the headbox total and filler consistencies.
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This implies that the headbox consistency and the white water consistency must

be monitored and controlled separately.

3.6 Chapter summary

A deposition efficiency model relating filler retention to the dosages of retention
aids was developed. The model includes the effect of bimodal particles and the
polymer transfer from fibre to filler. The increase in the deposition efficiency leads
to the increase in the filler retention. The most predominant variables affecting
deposition efficiency/filler retention are the dosage of CPAM, followed by the con-
centration of bentonite. The fast kinetics of polymer adsorption onto fibres and
polymer transfer, caused by filler deposition/detachment, govern the deposition ef-
ficiency and the filler retention. The pulp mass flow and the filler addition are
secondary variables. Consequently, the surface coverage of fibre by polymer (6;) .
and that by microparticles (u;) are the two independent input variables to control

filler retention.
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Parameters affecting Formation

4.1 Introduction

During a control of the retention process, formation is also affected by the control
actions. The challenge is to control the retention process without deteriorating
formation. We first need to understand the effect of process variables on formation
and subsequently need to develop model to predict formation as a function of those
variables. Several researchers have investigated the factors affecting formation. The
main factor affecting formation is fibre flocculation [30]. Basis weight [28, 31, 32]
and ash content of paper [33] also influence formation.

When chemical flocculants are used to improve the first-pass retention of fines
and fillers, the increased retention often results in an impaired formation since re-
tention aids also induce fibre flocculation [30]. Retention aids increase the bond
strength at the fibre-fibre contact points [101]. Using microparticles provides a

higher fibre network strength than using polymer alone [101,102]. Swerin et al. [89]

72
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developed a model for the flocculation efficiency, which takes into account the sur-
face coverage of polymer and microparticle on the fibre surface, based on inter-
actions between two equal sized particles. However, the effect of the interaction
between bare fibre surfaces and the differences in the bond strength of each inter-
action were not included in the model. Another shortcoming is that the model is
based on two fibre collisions. However, fibre flocculation proceeds by mechanical
entrapment and not by two fibres joining a doublet.

The objective of this chapter is to elucidate the effect of process parameters on
formation using a pilot paper machine and a microparticulate retention aid system.
The working hypotheses were that the main factors affecting formation is the fibre
floc strength and that the floc strength is influenced by two main factors: 1) a
number of contacts between fibres in the headbox; and 2) the bond strength at
each contact. The variables of interest were: headbox pulp consistency, headbox
filler concentration, CPAM dosage and bentonite dosage. The effects of basis weight
and ash content of paper on formation were also investigated. The effect of shear
was not included in this study because the shear of the pilot paper machine is quite
low compared to an industrial paper machine due to an open headbox and a low
machine speed of less than 90 m/min.

The bridging strength model relating dosages of polymer and microparticles to
fibre flocculation and paper formation is presented in Section 4.2. The experimen-
tal section follows in Section 4.3. The results of changes in paper formation are
presented as a function of dosages of retention aids, headbox pulp consistency and
paper ash content in Section 4.4. The main parameters affecting formation and the

implications for wet end control are discussed in Section 4.5.
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4.2 Bridging strength

Chemical flocculants, consisting of a cationic polymer and a microparticle, provide
sticky sites on fibre surfaces and hence increase the bond strength at the fibre-fibre
contacts [101]. When the dosages of retention aids are varied, the surface coverage
of polymer and microparticles will be changed and hence the area of sticky sites on
fibre surface will vary as well. The more sticky sites exist, the higher the bridging
strength between fibres, which would lead to higher degree of fibre flocculation and
hence a poor formation.

The degree of flocculation is determined by how easily a single fibre can be
entrapped inside a floc and how easily a fibre can escape from a floc. Hence, the
interactions between a single fibre (A) and the neighbouring fibres (B) in a fibre
network are considered. When a microparticulate retention aid system is used,
fibre surfaces in a floc can be divided into three parts: 1) bare or naked surfaces
(n); 2) polymer covered surfaces (p); and 3) bentonite covered surfaces on polymer
covered surfaces (m). It was assumed that bentonite deposits only on polymer
covered sites, not on the naked fibre surface. Nine possible interactions then exist
between a single fibre, A, and neighbouring fibres in a floc, B. Each interaction has
a different bond strength. Hence the overall bridging strength, S, can be defined

as:
Sp = ai1(na : np) + as(na : pg) + as(na : mp) + as(pa : np) + as(pa : pPB)
+ ag(pa : mp) + ar(ma : ng) + ag(ma : pg) + ag(ma : mp) (4.1)

where a; (k= 1...9) are the weighting factors of each possible interactions, which
are related to the bond strength. Let us set the weighting factor for the strongest
interaction to one and that of the weakest to zero (0 < a; < 1). Also, let us define

that the surface coverage of polymer on a single fibre is 64, that on the neighbouring
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fibres 0p, the surface coverage of microparticles on the polymer covered sites on a
single fibre 4 and that on the neighbouring fibres ug. To simplify the model, the

follows were assumed:

e The interactions between the polymer covered surfaces (p : p), between the
bentonite covered surfaces (m : m) and between the bentonite covered surface
and the naked fibre surface (m : n) are so weak due to electrostatic repulsion

that the interactions can be negligible (a3 = a5 = a7 = ag = 0) [30,94,103];

e The interaction between a polymer covered site and a bentonite covered site

forms the strongest bond (ag = ag = 1) [94];

e Polymer molecules uniformly deposit on a fibre and the neighbouring fibres

in a floc. Then, §; =0, = 0p; and
e Microparticles randomly deposit on the polymer covered sites (u; = pa = up)-

Let us define «;,,, as the relative bond strength of the interaction between the naked
surfaces compared to that of the microparticle bridge, i.e. o, = a1, and e as
the relative bond strength of the polymer bridge to the microparticle bridge, i.e.
Qpot = a2 = a4. The fraction of naked sites can be expressed as (1—6;); the polymer
covered sites without bentonite 6;(1 — 4;); and the fraction of the bentonite covered
sites 0;1;. Assuming that the probability of having interactions between each site

is proportional to the area or fraction of each site, the equation (4.1) becomes:
Sb = Olinh(l - 9,)2 + 2 apolﬁi(l — ez)(l — ,U,Z) +2 0,L2/J,1,(1 - ,Ll,z) (42)

The first part of the equation 4.2 expresses the inherent interaction between naked
fibre surfaces; the second part is for the polymer bridging; and third part is for the

microparticle bridging.
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4.3 Experimental

Experiments were performed on a pilot paper machine (Centre Spécialisé en Pates
et Papiers, CEGEP in Trois-Riviéres). The materials used and the injection points
of each materials are presented in Chapter 3

To investigate the effect of process parameters on formation, step changes were
applied to the flow rates of the thick stock, the recirculating white water, the
filler suspension, and the CPAM and bentonite solutions. Only one variable was
changed at a time. The formation index of paper was measured by an on-line sensor
(ABB) at the dry end. When the system reached steady state, data were sampled
and averaged. In the ABB formation sensor, the formation index is expressed in
terms of ROD (relative optical density), which is the root mean square (RMS)
value of the instantaneous difference in the optical densities from two different
measurement sizes: 30 mm and 1 mm in diameter. A higher ROD value indicates

poorer formation.

4.4 Results

Bump test perturbations were created in the wet end of the pilot paper machine
and the formation index (ROD) was measured. The variables of interests were: (i)
the CPAM dosage (ii) the bentonite dosage, (iil) the basis weight of paper, (iv) the
headbox pulp consistency and (v) the ash content of paper.

Figures 4.1 and 4.2 show the influence of CPAM and bentonite dosages on the
formation index (ROD). To test the effect of CPAM and bentonite concentration,
the thick stock flow kept constant (headbox pulp consistency was 0.5 % and thick

stock filler content was 17 %). There was no additional filler added. At a bentonite
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dosage of 1 mg/g, the formation index initially increased (i.e. formation become
poorer) with CPAM and then passed through a maximum at around 0.5 mg/g.
At a higher bentonite dosage (5 mg/g), the formation index kept increasing with
CPAM, even at 0.8 mg/g of CPAM. The effect of bentonite on formation is less
significant than CPAM (Figure 4.2), except at 0.8 mg/g of CPAM. At a CPAM
dosage of 0.35 mg/g, the formation index (ROD) initially increased with increasing
bentonite concentration and then slightly decreased after 1 mg/g of bentonite. At
a CPAM dosage of 0.5 mg/g, the formation index also slightly decreased with
bentonite. However, the formation index significantly increased with increasing
bentonite dosage at CPAM 0.8 mg/g.

Figure 4.3 shows the effect of the basis weight and the headbox pulp consistency
on formation. The numbers in brackets are the basis weight (g/m?) and the ash
content (%) of paper, respectively. The basis weight of paper was manipulated
by varying the thick stock flow rate (lines A and C in Figure 4.3). As a result,
the headbox pulp consistency was varied at the same time. The formation index
slightly increased when the basis weight increased. Also, formation deteriorated
when the headbox pulp consistency was increased. The effect of headbox pulp
consistency was clearly shown when the white water flow rate was manipulated (line
B). When the white water flow rate was decreased while keeping thick stock flow
constant, the headbox pulp consistency was increased whereas the basis weight and
the ash content of the paper remained unchanged. In this case, the formation index
drastically increased with increasing the headbox pulp consistency. Furthermore,
increasing the ash content of paper improved the formation (Figure 4.4). The ash
content was increased by adding more filler at the fan pump. On the contrary, the
formation index increased when ash content was increased by retention aids, keeping

the headbox filler concentration constant (Figure 4.5). The mixture of HWBKP and
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SwBKP showed better formation than 100 % softwood pulp furnish (Figures 4.3
and 4.4). The major difference between the two furnishes is the mean fibre length:
1.10 mm for a mixture of HwBKP and SwBKP and 1.88 mm for 100 % SwBKP
(length weighted mean fibre length, measured by the Kajaani tester). Clearly the
fibre length is the dominant variable affecting formation, followed by the headbox

pulp consistency, the dosages of retention aids and the ash content of paper.

4.5 Discussion

4.5.1 Effect of bridging strength

Retention aids provide sticky sites on fibre surfaces, which could affect fibre floc-
culation and then formation. When the dosages of retention aids are changed, the
surface coverage of polymer and bentonite are varied and hence the area of sticky
sites on the fibres. Hence, the effect of the dosages of retention aids on forma-
tion can be analyzed in terms of the bridging strength. To calculate the bridging
strength, the following values were used: the specific surface area of fibre = 1 m?/g
and the maximum coverage by CPAM = 1 mg/m? and bentonite = 12.5 mg/m? (5
stacks of montmorillonite plates were assumed [98]).

If ainp, = 0 and e = 1 (i.e., the bond strength of microparticle bridge and that
of polymer bridge are same), the equation 4.2 becomes same as the model by Swerin
et al. [89]. The calculated results using Swerin’s model at 1 mg/g of bentonite are
shown in Figure 4.6 (ayp, = 0). The results show that the bridging strength is zero
for CPAM dosages less than 0.08 mg/g; this is because at these dosages all CPAM
is covered by bentonite. It can be seen that the bridging strength passes through

a maximum around 0.55 mg/g of CPAM and the bridging strength at 1 mg/g is
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higher than that at 0 mg/g. However, experiments showed that the formation
index at 0 mg/g is slightly higher than at 1 mg/g of CPAM (Figure 4.1, Bentonite
1mg/g). We know that fibres can flocculate without a flocculant due to mechanical
entanglement. Klingenberg et al. [104, 105] found that friction between naked
fibre surfaces is an essential element in mechanical entanglement of fibres and that
polyelectrolytes cause strong steric repulsion at high surface coverage, prohibiting
fibre flocculation. Also Swerin et al. [106] showed that the average floc diameter
at high polymer dosage is smaller than that without polymer. These observations
suggest that the interaction between naked fibre surfaces should not be ignored
(tinn # 0). When a4y, > 0, trends in the bridging strength (Figure 4.6) become
similar to those seen in experiments (Figure 4.1, bentonite 1 mg/g): the bridging
strength at a CPAM dosage of 0 mg/g has a similar value as that at 1 mg/g. For
the rest of the discussion, the value of o, used was 0.2.

Figure 4.7 shows the effect of a,, on the bridging strength at a bentonite
dosage of 1 mg/g. The value of o,y determines the maximum value of the bridg-
ing strength: the higher a,,, the higher the maximum. When oo < ynp (i€
apo < 0.2), the bridging strength at a CPAM dosage of 0.5 mg/g is less than that
at 0 mg/g, which is different from what we have seen in experiments (compare
Figures 4.1 and 4.7). When 0.3 < a, < 1, the model gives similar trends as the
experimental results: a maximum around CPAM 0.5 mg/g. This confirms that the
interaction by a polymer bridge is stronger that between naked fibre surfaces (i.e.,
Qpor > Quinp)- Swerin et al. [101,106] showed that the maximum value of the floc-
culation index for fibres by CPAM-bentonite retention aids is about twice as high
than that by CPAM alone, when the CPAM dosage was increased. This can be un-
derstood if microparticle bridging provides a stronger bond than polymer bridging.

The exact value of oy, is not known, but it is clear that a;,, < ape < 1. For the
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rest of the discussion, it was assumed that a,, = 0.5.

For a CPAM dosage of 0.08 mg/g, assuming all CPAM adsorbs onto the fibres,
the bentonite dosage to just cover all the polymer covered sites is 1 mg/g. Thus the
initial decrease in the bridging strength in Figures 4.6 and 4.7, when the CPAM
dosage is less than 0.08 mg/g, is due to the decrease in the interaction between
naked fibre surfaces. When the CPAM dosage increased further, the polymer cov-
ered sites without bentonite 6;(1 — ;) increase, resulting in the increase in the
interaction between polymer covered sites and microparticle particle covered sites.
The bridging strength due to polymer bridging passes though a maximum at a
CPAM dosage of 0.55 mg/g. After 0.55 mg/g of CPAM, the fractional area of
the naked surface (1 — 6;) decreases, providing more interactions between polymer
covered surfaces (6; : 6;), which are very weak. This results in the decrease in the
bridging strength (Figure 4.7) and as a result the formation index (Figure 4.1).

With a higher dosage of bentonite (5 mg/g), the bridging strength keeps in-
creasing even at high polymer dosages (Figure 4.8), which results in a deterioration
of the formation (Figure 4.1). For a CPAM dosage of 0.4 mg/g, assuming all
CPAM adsorbs onto the fibres, the bentonite dosage to just cover all the poly-
mer is 5 mg/g. When the polymer dosage increases over 0.4 mg/g, the polymer
covered sites without bentonite 6;(1 — ;) increase. Consequently, the interaction
between naked surfaces continuously decreases; the bridging strength due to poly-
mer bridging passes through a maximum at 0.7 mg/g of CPAM; more polymer
covered sites interact with bentonite covered sites, resulting in an increase in the
bridging strength (Figure 4.8).

Figure 4.9 shows the effect of bentonite on the bridging strength. For the
calculation, it was assumed that a;,, = 0.2 and ap, = 0.5. At CPAM dosages of

0.35 and 0.5 mg/g, the bridging strength decreases with an increase in the bentonite
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dosage. This is mainly due to the decrease in the interaction between naked fibre
surfaces and polymer covered sites. Since the CPAM dosage remained constant, the
surface coverage of polymer (6;) and the fractional area of the naked fibre surface
(1 —6;) remained unchanged: the fraction of the naked surface is 0.65 at 0.35 mg/g
of CPAM and 0.5 at 0.5 mg/g. Increasing the bentonite dosage decreases the
bentonite-free polymer sites on fibres (6;(1 — p;)), thus decreasing the interactions
by polymer bridging. The bridging strength due to microparticle bridging passes
through a maximum at a bentonite dosage of 2.25 mg/g (CPAM 0.35 mg/g) and at
3 mg/g (CPAM 0.5 mg/g). However, the interaction by bentonite bridging plays a
minor role at 0.35 mg/g CPAM since more than half of the fibre surface is naked.
The higher value of the bridging strength at a CPAM dosage of 0.5 mg/g than at
0.35 mg/g is due to higher microparticle bridging. At a CPAM dosage of 0.8 mg/g,
most of the fibres are covered with polymer (6; = 0.8). When the bentonite dosage is
increased, the probability of having interactions between polymer covered sites and
naked surfaces slightly decrease while there is a significant increase in interactions
between polymer covered sites and bentonite covered sites, which contribute to the
increase in the bridging strength. At a bentonite dosage of 5 mg/g, the surface
coverage of bentonite on polymer covered sites is 0.5 (u; = 0.5), which provides a
maximum interaction by bentonite bridging. The simulated data of the bridging
strength show the same trend as experiments (Figure 4.2): the formation index

slightly decreased at CPAM 0.35 mg/g and 0.5 mg/g and increased at CPAM

0.8 mg/g.

The above discussion clearly shows that the effect of retention aids on formation
can be explained with the bridging strength model. An increase in the bridging
strength provides a higher fibre floc strength, resulting in impaired formation. Also,

when microparticles cover all of polymer covered fibre surfaces (i.e. p; = 1), the
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bridging strength is minimized at a given polymer dosage.

4.5.2 Effect of basis weight and headbox pulp consistency

Two opposite arguments exist for the effect of basis weight on formation. Accord-
ing to Norman [28], increased basis weight leads to improved formation due to the
smoothing effect of increased dewatering in low-resistance areas. Nordstrém and
Norman [36] showed that formation improved with increasing basis weight in the
low basis weight range (30 ~ 45 g/m?) in twin wire roll forming. Sampson et al. [107]
pointed out that the smoothing phenomenon exists and that for a given crowding
number formation improves with increasing basis weight while formation deterio-
rates with increasing crowding number at a given basis weight (0.5 < Ngpowa < 25
and 5 < basis weight < 60). On the contrary, Winters et al. [32] showed that an
increase in basis weight as a result of increasing the headbox pulp consistency de-
teriorates formation and that the formation index of the sheets made from stocks
at the same concentration remained constant from 40 to 120 g/m?. Our results
showed that increasing the basis weight deteriorated formation (Figure 4.3). The
basis weight was varied by manipulating the thick stock flow rate, keeping the
headbox stock flow rate constant. Hence an increase in basis weight accompanied
an increase in the thick stock pulp consistency. From our results, it is difficult to
conclude which argument is right. However, from a control perspective, the set
point of basis weight is decided for a given grade. Typically, the basis weight is
controlled by manipulating the thick stock flow valve. The variation in thick stock
flow normally results in the variation of headbox pulp consistency. Hence, for the
purpose of formation control, we need to focus on the headbox pulp consistency.

When the headbox pulp consistency is increased by the thick stock flow from
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0.39 to 0.59 % (SwBKP) and from 0.4 to 0.85 % (HwBKP+SwBKP), the bridging
strength is slightly decreased from 0.31 to 0.29 (SWBKP) and from 0.29 to 0.20 (Hw-
BKP+SwBKP), while the formation index was increased (Figure 4.3). Increasing
fibre consistency leads to more fibre-fibre contact points and thus a higher floccula-
tion tendency [108]. Also increasing the fibre length decreases the mass uniformity
by increasing the number of fibre contacts and the floc size [109]. The effect of
both variables can be expressed in terms of the crowding number, which is defined

as the number of fibres in a spherical volume of diameter equal to the mean fibre

length [35,107]:

2 2
Ncrowd = § Cv <_> - _Cm_ (43)

where C, stands for the volume concentration of fibres, C,, the mass concentration
of fibres, L fibre length, d mean fibre diameter and ¢ fibre coarseness. To calculate
the crowding number, the following values were used: for a mixture of HwBKP
and SwBKP, length weighted average length (L) = 1.10 mm and coarseness ()
= 0.117 mg/m; and, for SWBKP, L = 1.88 mm and § = 0.149 mg/m. Data in
Figure 4.3 were used to calculate the crowding number. Figure 4.10 clearly shows
that an increase in crowding number leads to an increase in the formation index.
A larger crowding number means that more contacts between fibres are present in
a given volume. The effect of the decreased bridging strength was not noticeable

due to the small changes relative to the changes in contact number.

4.5.3 Effect of the filler content of paper and headbox filler

concentration

An improvement of formation by an increase in the ash content of paper (Figure 4.4)

can be explained by two possible reasons. First, it is generally believed that, when
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the ash content of paper increases, filler particles can fill the voids in the fibre
network, thus reducing the variation in the local basis weight [33]. Second, fillers
in the fibre suspension decrease the fibre floc strength.

The first hypothesis is possibly true if filler is retained in the paper by me-
chanical entrapment in the fibre network. When retention aids are used, fillers are
mostly retained in paper by the adsorption on the fibre surface [27], only when
first-pass retention is high; otherwise, they can flocculate in the short circulation
loop. It was shown that two formation spectra for a fine paper before and after
extraction of 40 % filler pigment (CaCOj;) by HCl were practically identical [28].
This result suggests that the filler distribution in paper increases the variation in
basis weight at approximately the same rate as the mean basis weight. In addi-
tion, the opposite effect was found when the ash content of paper was varied by
retention aids, keeping the headbox filler concentration constant. Formation was
deteriorated with increasing the ash content of paper (Figure 4.5). This is because
retention aids increase the fibre floc strength as well as the filler retention. This
result suggests that the increase in fibre flocculation has a more dominant influence
on formation than the increased filler content of paper.

Swerin et al. explained that the decrease in fibre flocculation by filler is due
to the competitive adsorption of CPAM on fibre and filler [102]. The more filler
is present, the more polymer can adsorb on the filler surface. However, from the
kinetic aspect, this is less likely. When polymer is added to a mixture of fibre and
filler at high shear, most of the polymer will end up on the fibre surface due to faster
collisions between fibre and polymer than between filler and polymer [76,110].

Another possibility to consider is the polymer transfer from fibre to filler par-
ticles. Polymer transfer between two surfaces can occur during the deposition and

the detachment of particles on fibre [92,93]. During the break-up of the bond,
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cleavage of polymer chains can also happen [111]. This creates transferred and
depleted polymer layers on the originally bare and polymer covered surfaces, re-
spectively [112]. The bridging ability of these layers is different from that of a fresh
polymer layer. It was shown that the detachment rate of fines on depleted polymer
layers with or without bentonite is higher than that of the fresh polymer layer [94].
This can be understood if a depleted polymer layer provides a weaker bond than
the fresh polymer layer. The more filler added, the more depleted polymer layers
are expected to exist. This could lead to a smaller bridging strength and thus a

weaker fibre floc strength, resulting in improved formation.

4.5.4 Implications for the wet end control

The number of contacts between fibres in the wet end, which can be represented
as the crowding number, is mainly influenced by the headbox fibre consistency and
fibre dimension. The fibre dimension is affected by the type of pulp and refining
degree, which can be considered as fixed factors. Hence, concerning formation con-
trol, we need to focus on keeping the headbox fibre consistency constant. The main
factors affecting the bridging strength are the surface coverage of polymer on fibre
surface and that of bentonite on the polymer covered fibre surfaces. When all of
the polymer covered sites are covered with bentonite (i.e., g; = 1), a minimum
fibre flocculation can be obtained at a given polymer dosage, resulting in a best
formation. Also, concerning formation control, we need to turn our attention to
headbox filler concentration instead of the ash content of paper (filler fraction to
fibre). Since filler affects fibre flocculation by transferring polymer from fibre sur-
face, the concentration of fillers without (or less) polymer covered surface is more

important than polymer coated fillers, which come from the recirculating white
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water. The target filler addition (g/g of fibre) can be decided from the set points

of the ash content of paper and the filler retention.

4.6 Chapter summary

Two main parameters in the wet end affecting formation are the number of contacts
between fibres and the bond strength at the contacts, which influence the fibre floc
strength (the overall bridging strength). To relate the dosages of retention aids
to the fibre floc strength, the bridging strength model was developed based on
interactions between a single fibre and neighbouring fibres in a fibre network. The
bridging strength model, which is a function of the surface coverage of polymer and
microparticles on fibre and relative bond strength of each interactions, explains
the influence of the dosages of retention aids on formation fairly well. Based on
this model, minimum fibre flocculation and best formation, for a given polymer
dosage, can be achieved when bentonite covers all of the polymer covered sites on
the fibre surface. The increased contact number between fibres provides stronger
fibre floc strength and impairs formation. The crowding number, which is affected
by fibre concentration and fibre dimensions, can be used to express the effect of the
number of contacts between fibres. Filler concentration in the wet end is a more
dominant factor than the filler content of paper. It is likely that increasing the filler
concentration in the wet end increases polymer transfer from fibre to filler particles

and leads to weaker fibre flocs, resulting in improved formation. The transfer of

polymer from fibre to fillers is expected to also affect the filler retention, studied in

Chapter 3.



Chapter 5

Dynamics of the Retention and
Formation Processes

5.1 Introduction

Due to the complexity of the wet end process, black box approaches have been
mostly used to model and to control the dynamics of a retention process [62-65,67].
The difficulty in modelling with first-principles has been to include the effects of
wet end chemistry on the dynamics of solid concentrations in the wet end and the
basis weight and the ash content of paper. Moreover, the dynamic modelling of
formation has not been attempted yet.

The objectives of this chapter are to model and to elucidate the dynamics of
the retention process and the formation of paper. The study was carried on in
three steps. First, the models describing the dynamics of solid concentrations were
developed from mass balances. The partition of the process colloid materials (filler
and fines) was described in terms of first-pass retention to include the effects of wet
end chemistry. An empirical approach was used to describe the first-pass retention
and the formation of paper as a function of process variables. Second, the dynamics

of headbox consistency, white water consistency, basis weight, ash content of paper

97
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and formation were measured on a Fourdrinier pilot machine, by creating a series
of bump type perturbations. The variables of interests include the polymer flow,
the microparticle flow, the thick stock flow and the filler concentrations. Third,
transfer functions describing the dynamics of concentrations of solids in the wet
end and in paper were developed to elucidate which variables are the major factors
affecting the dynamics of the retention process.

The details of the dynamic models describing the concentrations of solids in
the wet end and in paper and the formation of paper are presented in Section 5.2.
Experimental procedure follows in Section 5.3. The models were solved with MAT-
LAB/SIMULINK and the experimental data are compared with the simulated data
in Section 5.4. The main factors affecting the dynamics of the wet end of paper-

making and implications for the wet end control are discussed in Section 5.5.

5.2 Dynamic modelling

5.2.1 Modelling of retention process

The mass balance technique was used to model the dynamics of material distribu-
tion in a paper machine. The paper machine was simplified, as shown in Figure 5.1,
to highlight the short circulation loop of white water [113,114]. The couch pit,
savealls, machine chests, a screen and cleaners were omitted. The model is a three-
fractional model, that handles fibre, fines and filler consistency. In the headbox
and the white water tank, the mixing is assumed to be ideal, i.e. there is the same
consistency everywhere in the volume.

Thick stock was assumed to consist of fibre, fines and filler. The consistences of
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Figure 5.1. Block diagram for the wet end of a paper machine.
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each solids are:

Chfiter = Chtotal®n filler, (5.1)
Clines = Chota(1 — @1 fitter)Pfines, (5.2)
Chrire = Chotar(1 — @1, fitter) (1 — Pfines) (5.3)

where Ci s is the thick stock total consistency (g/L), Ci; (i = fines, filler and
fibre) is the concentration of fines, filler and fibre in the thick stock, ¢ fiuer is the
filler fraction in the thick stock and ¢ ;s the fines fraction in the thick stock pulp.
The dynamics of the headbox consistencies C; can be obtained from the mass

balances around the headbox:

dO ibre 1 .F_

% = V_hb(FICLfibre + F5C5, fibre) — Vth Co, fibre, (5.4)

d02 fines 1 F_2

_ " = FC ines FC ines) — C ines) 55
dt Vhb( 104 sines + F5C5 fines) Vio (59)

dC iller 1 F

IR = — (PO fiter + FrCh fitter + F5Cs,pitter) — o~ Ch,pitter,  (5.6)
dt Vo Vio

where V}, is the volume of the headbox (L) and F; (j =1, 2, 5 and 7) is the flow rate
of each stream (L/min). The headbox total consistency (g/L) is then calculated

with:
C2,total = CZ,fines + C'2,f'iller + C2,fibre (57)

and the headbox ash content is:

Co, fitter % 100
(02,fines + C12,fille'r + C2,fib're) .

The flow rate at the headbox (F3) is controlled by the valve located just before the

C2,ash(%) =

(5.8)

headbox. Hence, the flow rate of the recirculating white water is determined from
the headbox flow rate and the flow rate of other input stream such as the thick

stock flow and the filler flow:

Fs=F~(Fi+F+ Fpou+ Frp) . (5.9)
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From the mass balance on the wire, the first-pass retention of solid materials
R; (i = fines, filler and fibre) is defined as the ratio of the mass of the solids in the
wet web leaving the wire section to that in the stock entering the wire section (i.e.,
in the headbox):

ST

R, = 233
FyCy,

(5.10)

where F3 represents the flow rate of the wet web leaving wire section and F3 is the
flow rate of the stock entering the wire section from the headbox. Since F, = Fy+ Fj
and Fy > F3, we could assume that F; = F,. Then, the consistencies of white water

(Cy,i) from the white water tray under the wire to the wire pit can be calculated

with:
Coire = (1— Rfibre)czfibre% = (1 — Ryibre)Co, fibre, (5.11)
Cufines = (1 — Rfines)C2 finess (5.12)
Cyiter = (1= Ryinier)Co, fitter- (5.13)

The white water total consistency is then given by:
O4,total = C4,f7}nes + C4,filler + C4,fibre (514)

and the white water ash content by:

Cl4,finter X 100

Cuasn(%0) = '
baan (%) (C,gines + Clpitter + Ca,fibre)

(5.15)

The dynamics of the recirculating white water consistency Cs; are obtained from
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the mass balances around the wire pit:

dCs fibre FyCly fire  F5C5, fibre + F6Cs, fibre

dt Vaw Vi

_ F4?/z:£ibre _ ‘fjpcs,fibre (5.16)
dO’Z ,:nes _ F4Cé,:nes _ ‘th Ch fines (5.17)
dC’s,C,l );iller _ F4%1;iiller _ 1211) Ch fitter (5.18)

where V,,, is the volume of the wire pit and Fy is the flow rate of the white water
from the white water tray to the wire pit. Assuming ideal mixing, C5; = Cg.

The mass flow rate of solid materials leaving the wire section can be calculated

with:
F303,,; = RiFQCQﬂ' (’L = ﬁnes, filler and ﬁbre) . (519)

The ash content of the web (Ash) leaving wire section is:

F3C3 piier x 100
F3(C3,fibre + C3,fi'nes + C3,filler) .

Ash(%) = (5.20)

Assuming that there is not any loss of solids at the press and the drying sections,
this can be used to represent the ash content of paper. The basis weight of paper
(BW) is:

F3 (CB,fibre + OS,fines + C3,filler)
ms-W . rg

BW (g/m®) = (5.21)

where ms stands for the machine speed (m/min), W is the width of dry sheet after
calendering (m) and r, is the shrinkage rate of the wet web, which is defined as:

__ width of dry sheet after calendering [m]

Ts =

. .22
width of wet web before pressing [m] (522)

It should be noted that the first-pass retention of solids (R;) was included in
equations (5.11), (5.12), (5.13) and (5.19). First-pass retention is significantly af-

fected by wet end chemistry factors such as the type and the dosage of retention
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aids, pH, cationic demand and conductivity. Hence, implementing the first-pass re-
tention of solids into the dynamic models makes it possible to include the wet end
chemistry effects on the dynamics of the output variables such as the white water
consistency and the ash content of paper. The expression for first-pass retention can
be developed by two approaches: a first-principles model and an empirical model.
At this point no reliable theoretical model exists to predict first-pass retention from
operating conditions. Thus, a simple, yet accurate way is still to perform a series
of experiments and to obtain an empirical model for the first-pass retention. In
this study, filler retention was measured and the empirical model was developed by
nonlinear regression, which is expressed as a function of the mass flow rate of pulp,

CPAM and bentonite and filler addition:

Rfiller = alMpulp + blcfz'ller + clMﬁol + CQMpol + dlenp + d2Mmp
+ glMpulpMpol + gQMpulpMmp + gSCfillerMpol + g4Mpolep +e

(5.23)

where M, is the mass flow rate of pulp in the thick stock (g/min), Cfiyer the
filler addition (g of filler/g of pulp), My, the mass flow of polymer (g/min), My,
the mass flow of microparticle (g/min), and a1, by, ¢, d;, g; and e are constants.
Each values are scaled to be in the range between 0 to 1. Figure 5.2 compares the
predicted data and the experimental results of the filler retention. The predicted
data showed a relatively good agreement with the experimental data (R? = 0.84).
Since industrial paper machines are operated in a narrow operating constraints,
this simple approach can be a feasible solution to include the wet end chemistry

effects.
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Figure 5.2. Comparison of the predicted and the experimental filler re-
tention (R? = 0.84).
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5.2.2 Modelling of formation

In Chapter 4, it was shown that formation of paper is mainly influenced by the
crowding number (Ngyouq), the bridging strength (S,) and the filler concentration in
the wet end, assuming that the type of furnish and retention aids are chosen before
papermaking, that the basis weight and the ash content of paper are decided for a
given grade and that the shear in the headbox and on the wire section are optimized
for a given grade and for a given paper machine {115]. Thus, formation can be
modeled as a function of those parameters. An empirical model was developed to

predict formation index (ROD) [114]:
FI(R,OD) = ang + a9Sy + blesz""'”d +c sz'ller + dSyNerowd + € (524)

where a;, b;, ¢, d and e (i = 1 and 2) are constants. Crowding number Neowq
is obtained from the equation 4.3 and the fibre consistency C,, is calculated with
the equation 5.4. The bridging strength is obtained with the equation 4.2. The
equations for the calculation of the surface coverage of polymer and microparticle

were shown in Table 3.1. The filler addition can be obtained from:

M titier + M7 fitier
M 1,pulp

Chiller = (5.25)

where My g, represents the mass flow rate of filler in the thick stock, My fyer the
mass flow rate of filler slurry and M,y the mass flow rate of pulp in the thick
stock. Figure 5.3 shows the comparison of the predicted and the experimental

data. The predicted data showed decent agreement with the experimental data

(R%* = 0.75).
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5.3 Experimental

Experiments were performed on a pilot paper machine (Centre Spécialisé en Pates
et Papiers, CEGEP in Trois-Riviéres). The materials used and the injection points
of each materials are presented in Chapter 3

To investigate the effect of the process variables on the dynamics of the wet
end, step changes were applied to the CPAM dosage, the bentonite dosage, the
fibre concentration, the initial filler concentration and the headbox flow rate. Only
one variable was changed at a time.

For the experiments with a mixture of HwWBKP and SwBKP, the dynamics of
paper ash content were measured by an on-line sensor (ABB) after calendering. For
the experiments with a SWBKP furnish, the dynamics of basis weight, ash content
and formation were measured by on-line sensors (ABB) after calendering and head-
box total and filler consistencies and white water total and filler consistencies were
followed by Kajaani RMi sensors. The white water consistency sensor takes sam-
ples from the white water tray. Typically, basis weight is automatically controlled
by regulating the thick stock valve located after the machine chest, and moisture
content by steam pressure of driers. The control system of the pilot paper machine
is ACCURAY 1190-ABB. However, in our experiments, the basis weight control

loop was turned off.

5.4 Simulation

The dynamics of the wet end and the dry end were simulated by solving the nonlin-
ear models presented in Section 5.2 using the MATLAB/SIMULINK software. The

SIMULINK model is presented in Appendix A. For the simulation, the first-pass
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retention of fibres was assumed to be unchanged by the perturbations: the value of
0.97 was used. Also, it was assumed that the first-pass retention of fines and fillers
are identical (R fines = Ryfitier)-

Figure 5.4 shows the dynamics of the ash content of paper influenced by the
polymer dosage, the bentonite dosage and the filler addition for a mixture of Hw-
BKP and SwBKP. When the dosage of CPAM was increased, the ash content of
paper increased (Figure 5.4-(A)). The changes in bentonite dosage showed inverse
responses in the ash content of paper (Figure 5.4-(B)). When the bentonite dosage
was step-changed from 3 to 0 mg/g, the ash content initially decreased for a short
period and then it started increasing to reach a higher steady state. The opposite
trend was observed when the bentonite dosage was step-changed from 0 to 3 mg/g.
When the filler addition increased, the ash content initially increased rapidly and
then slowed down, and vice versa (Figure 5.4-(C)). Changing the filler concentra-
tion did not affect the filler retention significantly (Chapter 3). Hence, the changes
in the ash content are due to the filler concentration. The simulated results were
compared to the experimental data (Figures 5.4-(A)and (C)). The simulation rep-
resents the experiments reasonably well. The inverse dynamics of the ash content
due to the changes in the bentonite dosage were unable to reproduce.

Figure 5.5 shows the effect of retention aids on the dynamics of the headbox
and the white water total consistency and the basis weight, the ash content and the
formation of paper for a SWBKP furnish. The changes in the white water consis-
tency and the ash content of paper were due to the changes in the filler retention.
When the first-pass retention of filler decreased, the white water consistency was
increased and the ash content and the basis weight of paper decreased, and wice
versa. The magnitude of variations of the recirculated white water consistency is

relatively smaller than the magnitude of noises of headbox consistency. Hence,
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Figure 5.5. Effect of dosages of retention aids on the dynamics of a paper
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small variations in the headbox total consistency was observed. The changes in
formation was caused by the changes in the bridging strength.

Figure 5.6 shows the effect of thick stock flow rate. When the thick stock flow
rate was decreased, the headbox consistency decreased and hence the white water
consistency and the basis weight of paper were decreased, and vice versa. Filler
was mixed with pulp at the blend chest: i.e., the mass ratio of filler to pulp kept
constant. Also, the variations in filler retention due to the changes in the mass
flow rate of pulp were very small (Chapter 3). Hence, the ash content of paper was
observed to be almost constant. The changes in formation is due to the changes in
the crowding number.

The effect of the filler addition (g/g of pulp) on the dynamics of a paper ma-
chine is shown in Figure 5.7. When the filler addition increased, the headbox total
consistency, the white water total consistency, the basis weight and the ash content
were increased and vice versa. When filler addition decreased at 54 min, formation
index slightly increased.

Figure 5.8 shows the effect of the white water flow rate Fs on the dynamics
of a paper machine. The recirculated white water flow rate was manipulated by
changing the headbox flow valve (F3). When the headbox flow rate was decreased
at t = 25 min, keeping the thick stock flow F; constant, the recirculated white water
flow Fj decreased. This resulted in the increase of the headbox total consistency and
the white water total consistency. Because of the sudden decrease of the headbox
valve opening, the basis weight dropped sharply and recovered to its original value.
The filler addition was kept constant for this set of experiments, which resulted in
constant ash content. The changes in formation of paper are due to the changes in
headbox fibre consistency, which affects the crowding number (Chapter 4). Some

discrepancies are found in Figures 5.5, 5.6, 5.7 and 5.8, but the experimental data
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Figure 5.6. Effect of the thick stock mass flow rate on the dynamics of a
paper machine for a SWBKP furnish. At 0 min, M; = 1840 g/min; at 35 min,
M, = 1580 g/min; at 90 min, M; = 2100 g/min; and at 128 min, M; =
1840 g/min. The black line represents the simulated data and the gray line,
the experimental data.
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Figure 5.7. Effect of the filler addition on the dynamics of a paper machine for
a SWBKP furnish. At 0 min, Cfyer = 0.25 g/g; at 19 min, Cryer = 0.30 g/g;
and at 54 min, Cfiyer = 0.20 g/g. The black line represents the simulated data
and the gray line, the experimental data.
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Figure 5.8. Effect of white water flow rate on the dynamics of a paper machine
for a SWBKP furnish. At 0 min, headbox flow rate F; = 340 L./min; at 25 min,
F; changed to 245 L /min; at 57 min, F3 = 320 L/min. The black line represents
the simulated data and the gray line, the experimental data.
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and model predictions show relatively good agreement.

5.5 Discussion

5.5.1 Dynamics of the wet end

Analyzing transfer functions provides insight into the main factors affecting the
dynamics of a paper machine. Transfer functions relating the input variables to the
output variables can be obtained mathematically by solving equations presented in
Section 5.2.

Table 5.1 shows the transfer functions relating the headbox consistency, the
white water consistency, the basis weight and the ash content to the dosage of a
retention aid. The first-pass retention of fines and fillers was assumed to be a second
order polynomial of the form: R = au? + bu + ¢, where, a, b and ¢ are constants,
and u is the dosage of retention aid (CPAM or bentonite). The derivation of the
transfer functions is shown in Appendix B. The white water consistency (Cy), the
basis weight (BW) and the ash content (Ash) show second order systems with two
zeros. The precess gains are influenced by the headbox consistency at a steady
state (Cy;), the flow rate at the headbox (F3) and of the recirculated white water
(F5), and the first-pass retention of solids (R). The time constants are a function
of the volume of the headbox (V};) and the white water pit (V,,,), the flow rate
of the recirculated white water (Fs) and the overflowed white water (Fy) and the
first-pass retention. The steady state values of the mass flow of total solids and
filler (F5C5tota1,s and F3Cs piers) affect the process gain and the time constants
of the ash content. The headbox consistency shows the second order system (no

zero), which is a slower process than the white water consistency. This also agrees



Table 5.1. Transfer functions for the headbox consistency (C;), the white water consistency (Cy) and the basis weight
(BW) and the ash content (Ash) of paper. Input variable is the dosage of retention aids (u). It was assumed that
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with the experimental results. When the first-pass retention of fillers increased by
increasing a CPAM dosage or by varying a bentonite dosage (Figures 5.4-(A) and
5.5), the instantaneous increase in the first-pass retention caused a rapid increase
in the ash content of paper and a sudden decrease in the white water concentration
(C4) in the stream separated from the wire. The small amount of polymer and
bentonite does not affect the headbox consistency. The recirculating white water
consistency (Cs, wire pit) decreased slowly to reach a new steady state. Since
the recirculated white water consistency, used to dilute the thick stock, decreased
slowly, the headbox consistency decreased slowly as well. Consequently, the ash
content in the sheet also decreased slowly to reach a new steady state. Certainly,
the first-pass retention of solids and the circulation of the white water play a major
role in the dynamics of a paper machine. The main factors related to the circulation
of white water are the volume of the wire pit (V,,,) and the residence time at the
wire pit (F5 and Fg). During changes in the retention aids, the flow rates of the
headbox stock and the volumes of the headbox and the wire pit do not change.
Hence these can be considered as fixed parameters for a given grade and for a given
paper machine.

The inverse response by bentonite (Figure 5.4-(B)) can be explained by the ex-
cess bentonite. The CPAM dosage for this experiments was 0.35 mg/g. Assuming
that all CPAM adsorbs onto fibres and that bentonite exists in 3 stacks of plates in
the wet end, which have less stacks of bentonite plates than the assumed in Chap-
ters 3 and 4, the bentonite dosage to just cover all the polymer is 2.63 mg/g. 3 mg/g
of bentonite was more than needed to cover the polymer-coated fibres. When the
bentonite dosage is positively step-changed from 0 to 3 mg/g (Figure 5.4-(B)),
the added bentonite immediately worked as a bridging agent and improved floc-

culation of fibres and fillers, resulting in a sudden increase in the measured filler
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content in paper. The excess bentonite did not remain in the web and entered the
white water pit with the separated white water from the wire. The concentration of
bentonite in the white water slowly increased to reach a new steady state. The ben-
tonite platelets in the circulated white water could scavenge the CPAM molecules,
reducing the efficiency of the cationic polymer. Another explanation is that the
recirculated bentonite platelets were adsorbed on the polymer-covered fibre surface
followed by adsorption of polymer molecules on top of the bentonite platelets, and
formed polymer-bentonite complexes. The bare filler particles could then deposit
on the complexes. Asselman and Garnier [94] showed that the bridge by polymer-
bentonite-polymer could be weaker than that by only polymer depending on the
order of polymer adsorption. When polymer is first adsorbed on bentonite, the
resulting bond strength is much weaker due to a flatter conformation caused by the
high surface charge of bentonite. This leads to an increase in the detachment rate
and hence a decrease in the filler retention. The higher the level of recirculated
bentonite, the higher the tendency of CPAM and bentonite to complex into the
weakest bond configuration. As a result, the filler retention slowly decreased until
the concentration of bentonite in the white water reaches steady state. On the
other hand, when the bentonite dosage was decreased in a step-change from 3 to
0 mg/g, filler retention instantly dropped due to the removal of bentonite bridging.
The bentonite concentration in the white water slowly decreased, resulting in the
removal of any excess bentonite. Consequently, the filler retention slowly increased
as a function of time.

Transfer functions for the input variables, the thick stock flow rate (F;) and the
filler slurry flow rate (F7) are shown in Table 5.2 and 5.3 respectively. Transfer
functions for the two input variables share the same type of system (second order

systems with one zero) for the headbox consistency, the white water consistency



Table 5.2. Transfer functions for the headbox consistency (Cs), the white water consistency (Cy) and the basis weight
(BW) and the ash content (Ash) of paper. Input variable is the thick stock flow rate (£}).

output | transfer functions

L (B_s11)
Cy Ca(s) = F e ki F5+§63 Vi T Fi(s)
Py h wp D
FH-(I-R)F; (F2)( yrs O Rl e Gty 22 (BE+gyr)stl
(1-R)Cy ( Vwp S—I-].)
Cy 04(5) = I3 v F2;(1_R)F5 F5+11::6 \Z 12 Fl(s)
_Fz_—_(l_z—R_)F_g(—F‘%h)(Fg,iI;"s)S2+F2—(13R)F5(7‘%&+F5i%6)s+1
(s) 4 R(Fcm(ll BF )(‘Fv_i‘zp's“'l)
BW | BW(s) = = S R  ce (s)
TVIR. 7 v, Vup 1
e (B mie)tsotnn (B T mir st

— Kasn(€15+1)(€2s+1)
Ash | Ash = =etasrosts Fi(s)

Fp [F3C3s,fillerRtotalcl(F2'_(1'_Rf-iller)F5+RfC{iller(F3C3,total,s)(F2_(1_Rtotal)FS)]
(F3C3,totat,s )2 (F2—(1—Rjyitier ) F5) (F2—(1—Rtota1 ) F5)
B Rf-i.llercl,fillerF3C3,total,s+RtotalF3C3,filler,scl,total] ( pr )

Kash =

J— pr N
&= F5+Fg? €2 = Riota1iCh,t0tal (F3C5, fitier,s ) [F2—(1—Rfitier ) F5]+ R Ch, fitter (F3C3 total,s ) [F2—(1—Riotal) F5] \ F5+Fe

T o= I3 pr Ty = F pr
1 Fo—(1—Rjiuter)Fs \ Fs+Fg J? '2 F>—(1—-Riotal) F5 \ F5+Fp

§9889001J UOT)RULIO] ‘ptm uorjualey oy Jo sotweud(] g 13dey)

61T



Table 5.3. Transfer functions for the headbox consistency (C2), the white water consistency (Cy) and the basis weight

(BW) and the ash content (Ash) of paper. Input variable is the flow rate of filler slurry (7).
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and the basis weight. Time constants are identical between the two input variables
except for the ash content. The time constants are a function of the volumes of
the headbox (V},s) and the wire pit (V,,), the flow rates of the headbox stock (F3),
the recirculating white water (F5) and the overflowing white water (Fg), which are
related to the circulation of white water. Process gains is influenced by the first-
pass retention (R), the flow rates of the headbox stock (F3), the recirculating white
water (Fy) and the concentration of the input flows (C; for the thick stock flow
change and C for the filler flow change). Concerning that the first-pass retention
does not change significantly by varying the thick stock mass flow and the filler
concentration (Chapter 3), the parameters related to the circulation of white water
and the concentrations of the thick stock and the filler slurry are two important
factors influencing the dynamics of the paper machine. Unlike the case of changing
the dosage of a retention aid, the headbox consistency is affected immediately after
step-changing the flow rates of the thick stock and the filler slurry (Figures 5.6 and
5.7). The white water consistency, the basis weight and the ash content initially
shows rapid changes due to the sudden changes in the headbox consistency. Then,
the white water consistency in the wire pit slowly changes to reach a new steady
state, resulting in slow transition in the recirculating white water consistency after
the rapid change. Consequently, the basis weight and ash content of paper slowly
changes to a new steady state.

Table 5.4 show the transfer functions for the changes in the headbox flow rate
(F3). Again, the parameters related to the white water circulation play a major role
in deciding the time constants. Since a change in the headbox flow rate leads to a
change in the white water consistency, the differences in the headbox consistency
and the white water consistency ((Cos — Cy,) and (Cos — Cs5)), which are mainly

influenced by the first-pass retention of solids, influence the process gains and the



Table 5.4. Transfer functions for the headbox consistency (Cs), the white water consistency (Cy4) and the basis weight
(BW) and the ash content (Ash) of paper. Input variable is the headbox flow rate (F3).
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time constants. It can be noticed that the headbox consistency change at 25 min
showed faster response than that at 57 min (Figure 5.8-(A)). That is because the the
headbox flow rate at steady state (Fp ) affects the time constants: the higher the
value of F,, the lower the time constants. The headbox flow rate was step-changed
from 340 L/min to 245 L/min at 25 min and from 245 L/min to 320 L/min at
57 min. Consequently, the first step-change at 25 min showed faster response than
the second step-change. Discrepancy is found between the experimental results of
the basis weight and the simulated one (Figure 5.8-(C)): the experimental results
showed a high peak. This could be explained by a nonuniform mixing at the
pipeline between the headbox and the headbox valve and at the headbox, while
an ideal mixing was assumed in simulation. The changes in the headbox flow
rate influence the headbox consistency while the mass flow rate of headbox stock
remained constant. The changes in the white water consistency and the formation
is due to the changes in the headbox consistency. On the other hand, the steady
state values of the ash content and the basis weight remain unchanged due to the
constant headbox mass flow rate of pulp and filler.

From the above discussion, it is clear that, in addition to the flow rate and
consistency of the input variables, the two main factors affecting the dynamics of
the solids concentration in a paper machine are the first-pass retention of the solids
and the parameters related to the circulation of the white water (V,,,, F5 and Fg)

under the paper machine.

5.5.2 Implications for the wet end control

The main factors affecting the dynamics of the solid concentration (fibres, fines and

fillers) were the first-pass retention of the fines and fillers (R) and the parameters
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related to the white water circulation, which include the volume of the wire pit and
the residence time at the wire pit (F5 and Fg). Using different retention aids than
the CPAM /bentonite system would mainly affect the first-pass retention. At this
point it is difficult to evaluate strictly from first-principles the deposition efficiency
of a given retention aid and to predict the first-pass retention of fillers. The safest
is still to perform experiments and to obtain an empirical model for first-pass reten-
tion. Hermann et. al.’s results support that this approach can be used to include
the effect of wet end chemistry, in which they used polyethylene oxide (PEO)-
cofactor(CF) retention aid system and simulated white water consistency [116]. A
mechanistic attempt to model the polymer bridging behavior as a function of shear
and salt concentration was presented by Asselman and Garnier [93,94]. The volume
of tanks and the flow rate of white water can be considered as fixed parameters for
a given paper machine and paper grade. Flow rates and consistencies of the thick
stock and the filler slurry also can be considered as fixed parameters for a given
grade. Consequently, the dynamics of filler and fines retention play a fundamental
role for process optimization.

The first-pass retention of solids can be controlled by regulating retention aids.
When a microparticulate retention aid system is used, the manipulation of polymer
and microparticle flow rates has to be careful. The inverse response in Figure 5.4-
(B) is quite an uncommon dynamic behaviour in a papermaking system and can
create difficulties to control the dynamics. The best solution is to avoid the in-
verse response by keeping a constant ratio between the mass flow of polymer and
microparticle during the retention control. Also, it was suggested that, when forma-
tion is concerned, a constant ratio between the mass flow of polymer and bentonite

has to be kept : i.e, a constant surface coverage of bentonite on the polymer covered

fibre surface (Chapter 4).
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During the changes in the thick stock flow rate, which can occur for grade
changes, formation was influenced due to the changes in fibre concentration (Fig-
ure 5.6-(E)). The variations in formation can be minimized by keeping a constant
headbox fibre consistency by regulating the headbox flow rate at the same time
during grade changes. However, the headbox valve has to be controlled very care-
fully, since any sudden changes in the headbox valve will significantly affect the

dynamics of basis weight (see Figure 5.8-(C)).

5.6 Chapter summary

Dynamic models of a pilot paper machine for the retention process including head-
box total and filler consistencies, white water total and filler consistencies and
the basis weight and the ash content of paper were developed from first-principles
(mass balances). To describe the wet end chemistry effect, first-pass retention was
included in the model as a parameter dependent on operating conditions. In addi-
tion, an empirical model for formation was developed as a function of the crowding
number, the bridging strength and the filler fraction in headbox stock and imple-
mented into the dynamic simulation models. It was shown that the dynamics of
a paper machine can be simulated using mathematical models describing the mass
balance of solids in the paper machine coupled with empirical models of the first-
pass retention and the paper formation. Transfer functions were derived from the

mathematical models. It was discussed that two important factors affecting the

dynamics of solid concentrations in the paper machine are the first-pass retention
and the parameters related to the white water circulation such as the volume of the
wire pit and the residence time at the wire pit for a given paper machine and for

a given grade. Considering the piping and tanks configuration as fixed parameters
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for a given paper machine, the dynamics of filler retention play a fundamental role

for the process optimization.



Chapter 6

Control of the Retention and

Formation Processes

6.1 Introduction

The main objective of controlling the retention process is to obtain uniform basis
weight and ash content of paper in machine direction (MD). The most frequently
used control strategy for the retention process is to control oven dry basis weight by
manipulating the flow rates of thick stock, paper ash content by filler flow and white
water consistency by retention aid flow. The decentralized single-input, single-
output configuration is mostly used, whereby each variable is controlled separately
and independently. Basis weight and ash content have been controlled for decades
without doubting the efficiency of the control structure. Even though the use of
a microparticulate retention aid system has been increasing, it is not clear how
to manipulate polymer and microparticle for the white water consistency control.
The problem concerning the selection of set-points of white water consistency during

grade changes has not been clearly answered yet. Moreover, variations in formation
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during the control of the retention process have been neglected.

This chapter focuses on the selection of the control objectives and the control
configurations to control the retention process without deteriorating paper forma-
tion. Several possibilities of manipulated variables and controlled variables are
chosen and tested in the nonlinear model developed in Chapter 5. In pulp and
paper mills, most of the control loops currently utilize PI controller, even though
the use of advanced control algorithms such as MPC (model predictive control) is
increasing. Single-input single-output (SISO) control and multi-input multi-output
(MIMO) control are used for this study. The basics of these controllers are dis-
cussed in the next Section. In Section 6.3, the control strategies for basis weight
and paper ash content are discussed. The white water consistency control with a
microparticulate retention aid system is discussed in Section 6.4. The selection of
set-points during grade changes is also discussed. Headbox pulp consistency control
concerning paper formation is discussed in Section 6.5. Finally, the multivariable

control scheme for retention and formation processes are discussed in Section 6.6.

6.2 Controllers

6.2.1 PI controller

PI and PID controllers are the most widely used in paper industry. To avoid
overshoot, Lambda-tuning [61,117,118], which is a direct synthesis method, was
chosen instead of Quarter-Amplitude tuning [119,120]. In the Lambda-tuning, the
closed loop transfer function Ggp(s) is typically chosen to be a first order plus

deadtime:

1
Gsp(s) = ot le_STd (6.1)
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where A is the closed loop time constant and Ty the deadtime. Considering a first
order plus deadtime process (i.e., with a process gain Kp, a time constant 7 and a
deadtime Ty) and using a Taylor approximation (e=T¢ ~ 1 — Tys) for a deadtime,

a PI controller (in a standard form) is obtained:

1 T 1
= K¢l = 14— 6.2
Gols) C[ +TR3] KO To | 75 (6.2)
with design parameters:
TR = T (63)
T
Ko = — 6.4
¢ 7 Kp(Z+T) (6.4)

where K¢ is the controller gain and Ty is the reset time. The controller reset time
is determined from the open loop time constant. The speed of the closed loop
response is determined from the controller gain, where A is chosen to decide the
desired response. A is the only tuning parameter in this tuning method. The time
constants of the open and closed loop are the same when A = 7. The closed-loop
system responds faster than the open loop system, if A < 7. In practice, it is

common to choose A between 0.5 7 and 57 [121].

6.2.2 Decoupling control system

The controlled variables of the retention process are severely interacting with each
other. When control loop interactions are a problem, we can detune one or more
feedback controllers, use a decoupling controller or consider a multivariable control
scheme [122]. The term detuning refers to using a conservative choice of controller
setting that results in more sluggish closed-loop responses.

Since the dynamic decoupling results in complicated equations, it is rarely used
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and the steady state decoupling is generally used. Generalized steady state decou-

pling was used for this study. The decoupler matrix G; is calculated by:
Gy = K 'Kg (6.5)

where K is the matrix of steady state gains, K~! is the inverse matrix of K and

K is the matrix of the diagonal elements of K.

6.3 Control of basis weight and ash content

Basis weight and paper ash content in machine direction (MD) are traditionally
controlled by manipulating the thick stock flow rate and the filler slurry flow rate,
respectively. To avoid the interactions between the moisture content and the basis
weight of paper, the oven dry basis weight is controlled. Basis weight and ash
content have strong cross effects. Both of thick stock flow and filler slurry flow
affect both of basis weight and ash content by the equations 5.20 and 5.21. Hence
the use of decoupler is required.

The interactions between the basis weight and the ash content control loops
could be easily eliminated by choosing the pulp mass and the filler mass in paper
as controlled variables instead of basis weight and ash content. The filler mass and
the pulp mass in paper can be calculated from the set points of the basis weight

(BW, g/m?) and the ash content (Ash, %):

Filler mass (g/m?), Myier = BVV+OAS}L (6.6)
B _
Pulp mass (g/mz), Mpup = BW — Mpjjer = W (100 — Ash) . (6.7)

100

In addition, a simple static feedforward compensation of filler in thick stock helps
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to eliminate the disturbances from thick stock [67]. The static feedforward com-

pensation of filler in thick stock is:

AF7 = —kffAFl (68)
where
C,filter
k = —— 6.9
1 Ch fitler (6.9)

where C fuer is the filler consistency in the thick stock (g/L) and C7 syier is the
concentration of the filler slurry (g/L).

First order plus delay models were developed by performing bump tests on
manipulated variables. For the basis weight and ash content control system, the
output variables are the dry basis weight and the ash content of paper and the
manipulated variables are the thick stock flow rate (Fi) and the filler slurry flow
rate (F7). For the pulp mass and filler mass control system, the output variables
are the pulp mass and the filler mass of paper and the manipulated variables are
the thick stock flow rate and the filler slurry flow rate. The reference values used for
the simulation is shown in Table 6.1. The models for basis weight and ash content
control are:

[Bms) J _ [ i J [F1<s> J (610

—1.0831 e=170s  .814 ¢—150s
Ash(s) 108541 1385F1 Fy(s)

and the transfer functions for the pulp mass and filler mass control are:

0.8982 e~179¢  _0.0005 e—150s
[ Mpup(s) } — [ 108511 138541 } [Fl(s) :l (6.11)
0.1449 e=179%  (.7688 e~ 1508 ) '
Myiier(s) 1087 138511 Fy(s)

The input variables and the output variables were scaled to be in the range between
0 and 1 by diving by their maximum allowed values for output variables and by the

maximum pump speed for input variables.
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Table 6.1. Reference values for the simulations.

item values
Thick stock flow rate F;(L/min) 60
Thick stock consistency (%) 2.6
Fines content in thick stock (%) 5
Filler content in thick stock (%) 5
Filler slurry flow rate F7 (L/min) 2
Filler slurry concentration (%) 10
CPAM solution flow rate Fj, (L/min) 0.404
CPAM concentration (%) 0.15
Bentonite suspension flow rate F,,, (L/min) 1.5
Bentonite concentration (%) 0.3
Headbox flow rate Fy (L/min) 340
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The steady state RGA (relative gain array) analysis confirms that BW —F; / Ash—
Fy pairing and My, — F1 /M e — F7 pairing are the right choices and that choos-
ing the pulp mass and the filler mass in paper as controlled variables instead of
basis weight and ash content reduces the cross interactions. The RGA matrix (A)

for the basis weight and ash content control system is:

[ 0.8497 0.1503 |
A= (6.12)
| 0.1503 0.8497 |

and that for the pulp mass and filler mass control system is:

[ 0.9999 0.0001 |
A= . (6.13)
| 0.0001 0.9999

The element of the RGA, )\;;, is a measure of the steady state interaction expected
in the ith loop of the multivariable system if output y; is paired with input u; and

is defined as [61]:

&), (®)
Ou; ug,j7Zk __ Ou; all loops open

v (Q}l_) B (QL)
Ou; uy,i#k Bu; all loops closed exceptj

If \;; = 1, u; affects y; without interacting with, and/or eliciting interaction from,

A (6.14)

the other control loops. If A;; = 0, u; has no effect on y;. The elements of the RGA

are obtained from:
Aij = Kirij (6.15)

where K;; are the steady state gains of the transfer function matrix and r;; are the
elements of the transpose matrix R of the inverse of the steady state gain matrix,

R = (K™HT. (6.16)

Three cases were tested: (1) the basis weight and ash content control without

a decoupler; (2) the basis weight and ash content control with a decoupler; and
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(3) the pulp mass and filler mass control with a static feedforward compensation.
In all cases, PI controller was used and for comparison, the same tuning rule was
applied: A = 37, where 7 is the time constant of a process [117].

Figure 6.1 compares the responses of the basis weight, the thick stock flow rate,
the paper ash content and the filler slurry flow rate for the three different con-
trol schemes when the set-points of basis weight and ash content are step-changed.
The PI controller is able to handle the set-point changes for both basis weight
and ash content. The pulp mass and filler mass control system (case 3) responds
slightly faster than the basis weight and ash content control system with a decou-
pler (case 2). Interactions still exist when the pulp mass and the filler mass are
controlled: when the basis weight set-point is changed, the ash content is varied
as well, and vice versa. The interactions are due to the dependency of the fines
and filler retention on the pulp flow and the filler flow. However, the magnitude of
interaction is smaller than the basis weight and ash content control system without
a decoupler (case 1).

Figures 6.2 and 6.3 show responses of the three control structures to the in-
troduction of disturbances. Disturbances are introduced in the thick stock total
consistency, the filler slurry concentration (Figure 6.2) and the filler retention (Fig-
ure 6.3). The pulp mass and filler mass control system (case 3) provides a faster
settling time in the basis weight and the paper ash content than the basis weight
and ash content control systems with and without decoupling when the thick stock
consistency is perturbed at 11000 sec and 15000 sec (Figure 6.2). This is due to
the effect of the static feedforward compensation of thick stock filler. When the
filler slurry consistency is step-changed at 20000 sec and 25000 sec, the disturbances
are eliminated well by the feedback controllers and the response of three cases are

almost same.
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Figure 6.1. Comparison of three control schemes for basis weight and paper ash
content when the set-points of the basis weight and the ash content are step-changed.
Step changes of the basis weight set-point: 60 to 55 g/m? at 11000 sec. and reverse
at 15000 sec. Step changes of the ash content set-point: 16 to 20 % at 20000 sec. and
reverse at 25000 sec. Case 1 (dotted line): control of basis weight and ash content
without decoupling; case 2 (thin solid line): control of basis weight and ash content
with decoupling; case 3 (thick solid line): control of pulp mass and filler mass.
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Figure 6.2. Comparison of three control schemes for basis weight and paper ash
content when disturbances are introduced into the thick stock total consistency and
the filler slurry concentration. Step changes of the thick stock total consistency: 2.6
to 2.7 % at 11000 sec and reverse at 15000 sec. Step changes of the filler slurry
concentration: 10 to 10.5 % at 20000 sec and reverse at 25000 sec.

Case 1 (dotted line): control of basis weight and ash content without decoupling;
case 2 (thin solid line): control of basis weight and ash content with decoupling;
case 3 (thick solid line): control of pulp mass and filler mass.
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Figure 6.3. Comparison of three control schemes for basis weight and paper ash
content when sinusoidal disturbance is introduced into the filler and fines retention
during the set-point changes of the basis weight and the ash content. Step changes
of the basis weight set-point: 60 to 55 g/m? at 11000 sec. and reverse at 15000 sec.
Step changes of the ash content set-point: 16 to 20 % at 20000 sec. and reverse at
25000 sec. Case 1 (dotted line): control of basis weight and ash content without
decoupling; case 2 (thin solid line): control of basis weight and ash content with
decoupling; case 3 (thick solid line): control of pulp mass and filler mass.
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Varying the first-pass retention of filler and fines directly results in variations in
basis weight and ash content. Sinusoidal disturbance with an amplitude of 0.1 was
introduced into the filler and fines retention during the set-point changes of basis
weight and ash content. The resulted variation in filler and fines retention is shown
in Figure 6.3-(E). All three control systems are able to handle the disturbances in
retention during the set-point changes in basis weight and ash content (Figure 6.3-
(A) and (C)). However, the responses become a bit oscillatory due to the variation
in retention. The responses of the pulp mass and filler mass control system are
similar with the basis weight and ash content control system with decoupling. The
response of basis weight and ash content control system without decoupling is more

oscillatory.

6.4 Control of white water consistency

The idea of white water consistency control is to bring under control the white
water consistency by manipulating the flow rate of retention aids through which
retention and the whole wet end are stabilized. Typically, the controlled variable
is the white water total consistency and the manipulated variable is the flow rate
of polymer solution.

Figure 6.4 compares the pulp mass and filler mass control system with and with-
out white water total consistency control system. The white water total consistency
control loop was implemented separately (SISO control). Sinusoidal disturbance
with an amplitude of 0.1 was introduced into the filler and fines retention during
the set-point changes of basis weight and ash content. Without the white water

total consistency control, the variations in the white water consistency are high,
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Figure 6.4. Effect of the white water consistency control. The pulp mass and filler
mass control systems with (solid line) and without (dotted line) the white water
total consistency control are compared. Step changes of the basis weight set-point:
60 to 55 g/m? at 11000 sec. and reverse at 15000 sec. Step changes of the ash content
set-point: 16 to 20 % at 20000 sec. and reverse at 25000 sec. Sinusoidal disturbance
with an amplitude of 0.1 was introduced into the fines and filler retention during
the set-point changes of the basis weight and the ash content.
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which is influenced by the variations in retention. The varied white water consis-
tency directly affects the basis weight and the ash content of paper. When the white
water total consistency is controlled, the variations in retention and consequently
in the white water total consistency are reduced, resulting in less oscillatory basis

weight and ash content responses.

6.4.1 Comparison between white water total consistency

control and white water filler consistency control

Several possibilities exist to choose a controlled variable for the white water consis-
tency control: (1) white water total consistency; (2) white water fibre consistency;
(3) white water fines consistency; and (4) white water filler consistency. Kajaani-
RMi white water consistency sensor provides white water total consistency and
white water filler consistency measurements [20,47,81]. White water pulp consis-
tency, which consists of fibre and fines, can be calculated from the two measure-
ments. First-pass retention of fibre does not vary substantially during papermaking
and also is not influenced significantly by dosages of retention aids. Hence, white
water fibre consistency should not be chosen as a controlled variable. Considering
the fibre retention is a constant close to one, white water fines consistency might
be calculated. However, reliability of fines measurement has not been substan-
tiated yet. Comnsequently, the two remaining possibilities are: white water total
consistency and white water filler consistency.

White water total consistency control and white water filler consistency control
are compared in Figure 6.5. Both control systems handle well the sinusoidal dis-
turbance in retention during the set-point changes of basis weight and ash content.

The responses of both control systems are almost identical. These results suggest
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Figure 6.5. Comparison between the white water total consistency control (solid
line) and the white water filler consistency control (dotted line). Step changes of
the basis weight set-point: 60 to 55 g/m? at 11000 sec and reverse at 15000 sec.
Step changes of the ash content set-point: 16 to 20 % at 20000 sec and reverse at
25000 sec. Sinusoidal disturbance with an amplitude of 0.1 was introduced into the
fines and filler retention during the set-point changes of the basis weight and the
ash content.
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that either variable between the white water total consistency and the white water
filler consistency can be chosen as a controlled variable. In practice, it will depend
on the paper grade produced. If a paper machine produces highly filled paper,
either white water filler consistency or white water total consistency can be chosen.
If a paper machine produces a grade with no or low ash content, white water total
consistency has to be chosen as a controlled variable. White water total consistency

was chosen for the rest of this study.

6.4.2 Comparison between a constant bentonite flow rate

and a ratio controlled bentonite flow rate

There also exist several possibilities to choose a manipulated variable to control

white water consistency when a microparticulate retention aid system is used:
1. to regulate a polymer flow, keeping a constant microparticle flow rate;

2. to regulate a polymer flow, keeping a constant ratio between polymer and

microparticle flow rates;
3. to regulate a microparticle flow, keeping a constant polymer flow rate; and

4. to regulate a microparticle flow, keeping a constant ratio between polymer

and microparticle flow rates.

From the results in Chapter 3, it is clear that the polymer plays a more important
role in controlling retention and consequently white water consistency. Hence, it
is a more effective strategy to manipulate the flow rate of polymer solution to
control the white water consistency than to manipulate the flow rate of bentonite

suspension. During the manipulation of polymer flow, bentonite flow can be either
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kept constant or manipulated in a certain way. Discussions in Chapters 3 and 4
suggest the ratio control for the bentonite flow. The physical meaning of controlling
the ratio between the bentonite flow rate and the polymer flow rate is to control
the surface coverage of bentonite onto the polymer covered surface on fibre. A

bentonite flow rate can be ratio controlled by:
AF,, = KppAF, (6.17)

where F,,, represents the flow rate of microparticle suspension, Fj is the flow rate
of polymer solution and K,,, can be calculated with:

,Uz'Apol Cpol

Koy AppCrp

(6.18)

where A,y and A,,, are the maximum coverage of polymer and microparticle; Cpo
and Cp,, the concentrations of polymer solution and microparticle suspension; and
u; is the target surface coverage of bentonite on polymer covered surface.

Figures 6.6 and 6.7 compare the responses of a paper machine with a constant
bentonite flow to that with a ratio controlled bentonite flow during the white water
set-point changes. The responses of basis weight, ash content and white water
total consistency during the set-point changes are identical. The only difference is
the response of formation. Variations in formation are smaller when the bentonite
flow rate is ratio controlled. This can be explained by the bridging strength (Chap-
ter 4). When the polymer flow rate is increased, keeping a constant bentonite flow
rate, to reduce the white water consistency at 15000 sec in Figure 6.6, the sur-
face coverage of polymer without bentonite is increased, resulting in the increased
interactions between bare fibre and polymer covered fibre surfaces and hence the
increased bridging strength. This leads to the increased fibre flocculation and then
impaired paper formation. On the other hand, when the polymer flow rate is in-

creased, keeping the ratio between polymer and microparticle flow rates constant,
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Figure 6.6. Comparison between the white water total consistency control with a
ratio controlled bentonite flow (solid line) and that with a constant bentonite flow
(dotted line). Responses of white water total consistency, filler retention, formation,
polymer flow rate and bentonite flow rate to the set-point changes of the white water
total consistency. Step changes of the white water total consistency set-point: 0.4
to 0.5 g/L at 11000 sec, 0.5 to 0.3 g/L at 15000 sec, 0.5 to 0.45 g/L at 20000 sec

and 0.45 to 0.5 g/L at 25000 sec.



Chapter 6. Control of the Retention and Formation Processes 145

A) Basis weight
— 62 Ll L 1 I( ) ] g 1 1 ] i
N
E
A=)
R I N N
2 j°4 17
R
@
m 58 1 1 1 1 1 1 1 1 1
(B) Thick stock flow rate

64 1 T T 1 1 1 1 ! 1
<
E
:Ir mW =t
L 63 .
©
2
o
T

62 1 1 1 1 1 1 1 1 1

(C) Ash content

18 1 1 1 T 1 I I I 1
S
g }\_(
t 16 e
G
<

14 1 1 1 1 1 1

(D) Filler flow rate

Flow rate (L/min)
N
[¢)]

Time (sec) x 104

Figure 6.7. Comparison between the white water total consistency control with a
ratio controlled bentonite flow (solid line) and that with a constant bentonite flow
(dotted line). Responses of basis weight, thick stock flow rate, ash content and filler
flow rate to the set-point changes of the white water total consistency. Step changes
of the white water total consistency set-point: 0.4 to 0.5 g/L at 11000 sec, 0.5 to
0.3 g/L at 15000 sec, 0.5 to 0.45 g/L at 20000 sec and 0.45 to 0.5 g/L at 25000 sec.
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the increase in the polymer covered surface without microparticle is minimized,
resulting in smaller variations in the bridging strength and the paper formation.
The target surface coverage of bentonite on the polymer covered fibre surface was
0.7.

Figures 6.8 and 6.9 show the responses of a paper machine to the sinusoidal dis-
turbance introduced into the fines and filler retention during the set-point changes
of basis weight and ash content. All of the responses of the paper machine are
identical for both of the white water consistency control schemes except formation.
When the bentonite flow is ratio controlled, it provides constant surface coverage
of bentonite on the polymer covered fibre surface and hence less variations in for-
mation. The variations in formation in case of the ratio controlled bentonite in
Figure 6.8-(C) are mainly due to the changes in the headbox pulp consistency.

These results confirm that the only difference between the white water consis-
tency control with a constant bentonite flow and with a ratio controlled bentonite
is the response of formation. It is recommended that when a microparticulate re-
tention aid system is used and formation is concerned, the ratio of bentonite dosage
to polymer dosage has to be controlled while the flow rate of a polymer solution is

manipulated based on white water consistency measurements.
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Figure 6.8. Comparison between the white water total consistency control with a
ratio controlled bentonite flow (solid line) and that with a constant bentonite flow
(dotted line). Responses of white water total consistency, filler retention, formation,
polymer flow rate and bentonite flow rate to the set-point changes of the basis weight
and the ash content. Step changes of the basis weight set-point: 60 to 55 g/m? at
11000 sec and reverse at 15000 sec. Step changes of the ash content set-point: 16 to
20 % at 20000 sec and reverse at 25000 sec. Sinusoidal disturbance with an amplitude
of 0.1 was introduced into the fines and filler retention during the set-point changes
of the basis weight and the ash content.
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Figure 6.9. Comparison between the white water total consistency control with a
ratio controlled bentonite flow (solid line) and that with a constant bentonite flow
(dotted line). Responses of basis weight, thick stock flow rate, ash content, filler
flow rate and headbox total consistency to the set-point changes of the basis weight
and the ash content. Step changes of the basis weight set-point: 60 to 55 g/m?
at 11000 sec and reverse at 15000 sec. Step changes of the ash content set-point:
16 to 20 % at 20000 sec and reverse at 25000 sec. Sinusoidal disturbance with
an amplitude of 0.1 was introduced into the fines and filler retention during the
set-point changes of the basis weight and the ash content.
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6.4.3 Set-points of white water consistency during grade

changes

The determination of set-points of white water consistency is problematic. Gener-
ally, the white water consistency measured when the controller is in manual mode
is chosen as a set-point. This would work well when a paper machine produces a
single grade of paper. However, different white water consistency values might be
needed for different grades when several grades of paper are produced in a paper
machine.

White water consistency is mainly influenced by the basis weight and the ash
content of the paper produced, which decide the flow rates and the consistencies
of thick stock and filler slurry, and the first-pass retention of solids. Hence, the
problem of different white water consistency set-points can be solved by collecting
pairs of basis weight, ash content and white water consistency and developing an
empirical model of the white water consistency as a function of basis weight and ash
content. Then, the set-points of white water consistency can be calculated from the
set-points of basis weight and ash content. To ensure smooth transition in grade
changes, the set-points can be configured to follow a first-order model dynamics or a
ramp type transition from one value to another. The transition pattern and speed
are limited by: the inherent limitations of a paper machine such as dewatering
capacity of wire section, steam pressure and machine speed; operator’s experience
and knowledge; operational procedure; and process dynamic coordination [123].

Two cases are compared in Figures 6.10 and 6.11: (1) grade changes with a
constant set-point of white water total consistency; and (2) grade changes with
automatic set-point changes of white water total consistency according to the set-

points of basis weight and ash content. = For the simulation, basis weight and
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Figure 6.10. Comparison between a constant set-point (dotted line) and automatic
set-point changes (solid line) of white water total consistency. Responses of basis
weight, white water total consistency, filler retention, formation and polymer flow
rate to the set-point changes of the basis weight. Step changes of the basis weight
set-point: 60 to 55 g/m? at 11000 sec. and reverse at 15000 sec, and 60 to 65 g/m?
at 20000 sec and reverse at 25000 sec.
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Figure 6.11. Comparison between a constant set-point (dotted line) and automatic
set-point changes (solid line) of white water total consistency. Responses of ash
content, white water total consistency, filler retention, formation and polymer flow
rate to the set-point changes of the ash content. Step changes of the ash content
set-point: 16 to 10 % at 11000 sec. and reverse at 15000 sec, and 16 to 20 % at
20000 sec and reverse at 25000 sec.
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ash content were controlled by the pulp mass and filler mass control system. The
white water total consistency was controlled by manipulating polymer flow. Ben-
tonite flow was ratio controlled. The model for the set-points of white water total
consistency was developed from a second order polynomial regression.

The responses of basis weight, ash content and formation are identical between
two cases. When a set-point is kept, the variations in the fines and filler retention
and the polymer flow rate are higher. When the set-point of basis weight or ash
content is decreased, the flow rate of thick stock or filler slurry decreases, resulting
in the decrease in the headbox pulp or filler consistency and consequently the white
water total consistency. To recover the white water total consistency to the set-point
value, the polymer flow rate and the bentonite flow rate are decreased to reduce the
fines and filler retention and consequently to increase the white water consistency.
On the other hand, when set-points of white water consistency are varied according
to the changes in basis weight and ash content, the water water consistency control
system let the consistency decrease and there are no significant changes in the
polymer and bentonite flow. Variations in retention are also minimized in case of

automatic set-point changes of white water total consistency.

6.5 Control of headbox pulp consistency

One of the main factors affecting formation is the number of contacts between
fibres, which can be expressed by the crowding number and is mainly influenced by
fibre consistency and fibre dimensions by the equation 4.3. Considering that fibre
dimension is a fixed factor for a given grade, which is determined by the type of
pulp used and the refining degree, fibre consistency is the main factor influencing

formation. Variations in headbox pulp consistency, which can occur during grade
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changes and can be introduced by disturbances in the thick stock pulp consistency
and the thick stock flow rate, can results in variations in paper formation.

The headbox pulp consistency disturbances can be eliminated by either control-
ling thick stock consistency or directly controlling the headbox pulp consistency.
The details of the feedforward control system of thick stock consistency were dis-
cussed elsewhere [81]. It manipulates the thick stock valve based on thick stock
consistency measurements, which is also connected to the feedback basis weight
control loop. The feedforward control system prevents the disturbances in thick
stock consistency from reaching the headbox and thus the paper. What is really
controlled is the thick stock mass flow rate or the headbox mass flow rate.

During grade changes, the changes in the thick stock flow rate influence both
the mass flow rate and the consistency of headbox stock. The variations in the
headbox pulp consistency will influence the degree of fibre flocculation and then
paper formation. Hence, it is required to keep a constant pulp consistency for a
uniform formation while the mass flow rate of headbox stock is varied according to
the changes in basis weight. The headbox pulp consistency control strategy could
be beneficial especially when grade is changed from a low basis weight to a higher
basis weight since the increased headbox pulp consistency can deteriorate paper
formation.

Headbox pulp consistency can be controlled by manipulating the flow rates of
either the dilution water into the headbox or the recirculating white water. The
pilot paper machine used for this study manipulates headbox flow rate to control
the headbox consistency. If the headbox flow rate is increased, keeping a constant
thick stock flow rate and filler flow rate, the flow rate of the recirculating white
water from the wire pit is increased and consequently the headbox consistency is

decreased, and vice versa.
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Headbox pulp consistency control was tested through simulation. In the control
system, the headbox valve opening and hence the headbox flow rate is manipu-
lated based on headbox pulp consistency measurements. The headbox consistency
sensor provides headbox total consistency and headbox ash consistency measure-
ments. The headbox pulp consistency was calculated from the two measurements.
It was assumed that the headbox valve opening is controlled by an automatic con-
trol system. The pulp mass and the filler mass in paper and white water total
consistency were controlled as well. Figures 6.12 and 6.13 compare responses of a
paper machine with a headbox pulp consistency control to that without a headbox
pulp consistency control system when disturbances are introduced to the thick stock
consistency and the filler slurry consistency. When the filler slurry consistency
was disturbed at 20000 and 25000 sec, the responses of the two systems (with and
without a headbox pulp consistency control) are identical. When thick stock total
consistency was step-changed at 11000 and 15000 sec, paper formation responds
faster when headbox pulp consistency is controlled (Figure 6.12-(C)). This is sim-
ply due to the faster stabilization of headbox pulp consistency (Figure 6.12-(D)).
The headbox pulp consistency control also helps eliminating the effects of thick
stock consistency disturbances on headbox total consistency and white water total
consistency (Figure 6.13).

Figures 6.14 and 6.15 compare the responses of a paper machine with and with-
out, the headbox pulp consistency control during grade changes. The responses of

basis weight and ash content are almost identical in both cases (Figures 6.14-(A)
and (B)). The variations in formation are considerably reduced when the headbox
pulp consistency is controlled (Figures 6.14-(C) and (D)). When the set-point of
ash content is increased at 20000 sec, keeping the set-point of basis weight con-

stant, the flow rate of thick stock is reduced while the flow rate of filler slurry is
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Figure 6.12. Effect of the headbox pulp consistency control. Responses of basis
weight, ash content, formation and headbox pulp consistency to perturbations of
* thick stock total consistency and filler slurry consistency with (solid line) and with-
out (dotted line) headbox consistency control. Step changes of the thick stock total
consistency: 2.6 to 2.7 % at 11000 sec and reverse at 15000 sec. Step changes of the
filler slurry consistency: 10 to 10.5 % at 20000 sec and reverse at 25000 sec.
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Figure 6.13. Effect of the headbox pulp consistency control. Responses of headbox
total consistency, white water total consistency, polymer flow rate and bentonite
flow rate to perturbations of thick stock total consistency and filler slurry consis-
tency with (solid line) and without (dotted line) headbox consistency control. Step
changes of the thick stock total consistency: 2.6 to 2.7 % at 11000 sec and reverse
at 15000 sec. Step changes of the filler slurry consistency: 10 to 10.5 % at 20000 sec

and reverse at 25000 sec.
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Figure 6.14. Effect of the headbox pulp consistency control. Responses of ba-
sis weight, ash content, formation and headbox pulp consistency to the set-point
changes of the basis weight and the ash content with (solid line) and without (dot-
ted line) the headbox pulp consistency control. Step changes of the basis weight
set-point: 60 to 55 g/m? at 11000 sec and reverse at 15000 sec. Step changes of the
ash content set-point: 16 to 20 % at 20000 sec and reverse at 25000 sec.
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Figure 6.15. Effect of the headbox pulp consistency control. Responses of headbox
total consistency, headbox flow rate, white water total consistency and polymer flow
rate to the set-point changes of the basis weight and the ash content with (solid line)
and without (dotted line) the headbox pulp consistency control. Step changes of
the basis weight set-point: 60 to 55 g/m? at 11000 sec and reverse at 15000 sec.
Step changes of the ash content set-point: 16 to 20 % at 20000 sec and reverse at

25000 sec.



Chapter 6. Control of the Retention and Formation Processes 159

increased. The reduced thick stock flow rate would result in the decreased headbox
pulp consistency. To keep the headbox pulp consistency at set-point value, the
headbox flow rate is reduced (Figures 6.15-(B)) and as a result the headbox total
consistency is increased at 20000 sec (Figures 6.15-(A)). The increased headbox to-
tal consistency will influence the white water total consistency. To keep the white
water consistency to the set-point, the white water consistency control loop reacts

and hence the polymer flow rate is varied.

6.6 Multivariable control

Two types of control strategies are tested through simulation: (1) control of pulp
mass and filler mass in paper and white water total consistency; (2) control of
pulp mass and filler mass in paper, white water total consistency and headbox pulp
consistency. As discussed in previous sections, the pulp mass in paper is controlled
by thick stock flow rate, the filler mass in paper by filler flow, the white water total
consistency by the polymer flow (with the ratio-controlled bentonite flow) and the
headbox pulp consistency by headbox flow rate. For comparisons, same tuning
rules are applied for sing-input single-output (SISO) and multi-input multi-output
(MIMO) control.

SISO control and MIMO control are compared in Figures 6.16-6.19. In Fig-
ures 6.16 and 6.18, sinusoidal disturbances are introduced into the filler and fines

retention during the set-point changes of basis weight and ash content. In Fig-

ures 6.17 and 6.19, disturbances are introduced into the thick stock consistency
and the filler slurry consistency. Both SISO and MIMO control schemes are able
to eliminate the disturbances well. In addition, when thick stock consistency and

filler consistency were disturbed, the decoupling control is able to eliminate the
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Figure 6.16. Comparison between SISO (solid line) and MIMO (dotted line) control
for pulp mass, filler mass and white water total consistency control. Responses of
basis weight, ash content, white water total consistency and formation to the set-
point changes of the basis weight and the ash content with sinusoidal disturbance
in the fines and filler retention. Step changes of the basis weight set-point: 60 to
55 g/m? at 11000 sec and reverse at 15000 sec. Step changes of the ash content
set-point: 16 to 20 % at 20000 sec and reverse at 25000 sec. Sinusoidal disturbance
with an amplitude of 0.1 was introduced into the fines and filler retention during
the set-point changes of the basis weight and the ash content.
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Figure 6.17. Comparison between SISO (solid line) and MIMO (dotted line) control
for pulp mass, filler mass and white water total consistency control. Responses of ba-
sis weight, ash content, white water total consistency and formation to disturbances
in the thick stock consistency and the filler slurry consistency. Step changes of the
thick stock total consistency: 2.6 to 2.7 % at 11000 sec and reverse at 15000 sec.
Step changes of the filler slurry consistency: 10 to 10.5 % at 20000 sec and reverse

at 25000 sec.
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Figure 6.18. Comparison between SISO (solid line) and MIMO (dotted line) control
for pulp mass, filler mass, white water total consistency and headbox pulp consis-
tency control. Responses of basis weight, ash content, white water total consistency
and formation to the set-point changes of the basis weight and the ash content with
sinusoidal disturbance in the fines and filler retention. Step changes of the basis
weight set-point: 60 to 55 g/m? at 11000 sec and reverse at 15000 sec. Step changes
of the ash content set-point: 16 to 20 % at 20000 sec and reverse at 25000 sec.
Sinusoidal disturbance with an amplitude of 0.1 was introduced into the fines and
filler retention during the set-point changes of the basis weight and the ash content.
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Figure 6.19. Comparison between SISO (solid line) and MIMO (dotted line) control
for pulp mass, filler mass, white water total consistency and headbox pulp consis-
tency control. Responses of basis weight, ash content, white water total consistency
and formation to disturbances in the thick stock consistency and the filler slurry con-
sistency. Step changes of the thick stock total consistency: 2.6 to 2.7 % at 11000 sec
and reverse at 15000 sec. Step changes of the filler slurry consistency: 10 to 10.5 %

at 20000 sec and reverse at 25000 sec.
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interactions in white water consistency (Figures 6.17-(C) and 6.19-(C)). However,
the magnitude is so small that the effect is not detected well in the basis weight and
the paper ash content. When sinusoidal disturbance in the filler and fines reten-
tion is introduced during the set-point changes of basis weight and ash content, no
distinctive advantage in decoupling control scheme is observed compared to SISO
control (6.16 and 6.18). The performances of SISO and MIMO control are quite
similar. This is also observed in the basis weight and ash content control when the
thick stock and the filler slurry consistencies are disturbed (Figures 6.17 and 6.19).

This can be explained by the fact that the diagonal values in the relative dis-
turbance gain (RDG) is close to one (Table 6.2). Considering the following multi-

variable process:
y=K-u+Kjg-d (6.19)

where K and Ky, are the gain matrix, y is the output, u is the manipulated input
and d is the load variable. The relative disturbance gain (RDG), f; is defined as
the changes in the controller output that is required to counteract changes in d and

bring u; back to its set-point. Mathematically the ith element of RDG is defined

as [124]:
&)
od; "
==t
adz yi;“jyj#i

The term in the numerator denotes the changes in the manipulated variable u;
needed for perfect disturbance rejection. The term in the denominator represents
the change in a manipulated variable u; when one of the output y; is kept perfect.

In a matrix form, RDG can be calculated with [125]:

RDG = (Kg.y- K Kp) 0Ky, (6.21)
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Table 6.2. Relative disturbance gain (RDG) for different control schemes
and for several disturbances. M, represents the pulp mass flow in paper,
Mjiyer is the filler mass flow in paper, WWT is white water total consistency
and HBp is headbox pulp consistency. Controlled variables: y; = Mpyup,
y2 = Myiter, y3 = WWT and y, = HBp. Manipulated variables: u; = F}
(thick stock flow rate), up = Fy (filler flow rate), us = Fp, (polymer flow

rate) and us = Fy (headbox flow rate).

item B e s B
Mypuip-Miyger-WW'T control
disturbances in
Cl total 1.0 | 041 | -0.18
Cy -4.86 | 1.0 | 0.06
Ryier 0.01 | -0.01 | 1.00
Mpuip-Mgiye,-WWT-HBp control
disturbances in
Cltotat 0.92 | 0.38 | 0.22 | -0.42
Cy -4.40 { 1.00 | 0.06 | -0.82
Ritter 0.01 | -0.01 | 1.00 | 0.00
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where K44, is the diagonal matrix and @ denotes element-by-element division. The
RDG gives a measure of whether or not the interaction resulting from a particular
disturbance is favorable or unfavorable. If §; > 1, then larger changes in controller
output are required for a classical interacting control system (multiloop) than for
a single-input, single-output (SISO) system. A small value of 5; means that the
controller output does not have to move very far in the steady state. When 3; = 1,
the performances of SISO control and MIMO control are same, as observed in the

study.

6.7 Chapter summary

Control strategies for the retention process without deteriorating formation were
investigated through simulation. The pulp mass and filler mass control structure
can eliminate the interactions between basis weight and ash content control loops
and provides a similar control performance with the basis weight and ash content
control scheme with decoupling. The white water consistency control can help elim-
inating the disturbances related with the fines and filler retention. Ratio control
of bentonite flow rate helps reducing the variations in formation, while the white
water consistency is controlled by manipulating the polymer flow rate. The white
water consistency set-point problem during grade changes was solved by developing
a model for white water consistency as a function of basis weight and ash content.
Headbox pulp consistency control helps optimizing paper formation. Multi-input
multi-out (MIMO) control helps eliminating interactions in the white water consis-
tency control. However, no distinctive advantage is found for the pulp mass and

the filler mass control loops.
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Conclusions

7.1 Conclusions

The dynamics and control strategies for retention and formation processes of a
paper machine using a microparticulate retention aid system were investigated. The
control objective was to obtain a uniform basis weight and ash content of paper
without deteriorating formation. The main findings from the study are summarized

in the next paragraphs.

7.1.1 Parameters influencing retention and formation

The major parameter affecting first-pass retention is the dosage of cationic poly-
acrylamide (CPAM) followed by the dosage of bentonite. The pulp mass flow and

the filler addition are secondary variables. The effects of the dosages on first-pass

retention can be explained by the deposition efficiency model, which includes the
effect of bimodal particles and the polymer transfer from fibre to filler. The in-
crease in the deposition efficiency leads to the increase in the filler retention. The

decrease in the filler retention with increasing filler addition is likely due to the

167
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increase of polymer transfer from fibre surface to filler surface. The increase in
filler retention with increasing thick stock flow is due to the fact that the influence
of the increased fibre concentration is more dominant than that of the decreased
deposition efficiency.

The two main parameters in the wet end affecting formation are the number
of contacts between fibres and the bond strength at the contacts, which influence
the fibre floc strength. The effects of the dosages of retention aids on the fibre
floc strength and subsequently the formation can be explained by the bridging
strength model. The model is based on interactions between a single fibre and
neighbouring fibres in a fibre network and is a function of the surface coverage of
polymer and microparticles on fibre and relative bond strength of each interactions.
Increasing the bridging strength leads to the increase of fibre floc strength and hence
a poor formation. Increasing headbox fibre concentration results in the increased
contact number between fibres, which can be represented with the crowding number,
providing a stronger fibre floc strength and consequently an impaired formation.
Filler concentration in the wet end is a more dominant factor than the filler content
of paper. It is likely that increasing the filler concentration in the wet end increases
polymer transfer from fibre to filler particles and leads to weaker fibre flocs, resulting
in an improved formation.

Based on the deposition efficiency and the bridging strength models, best reten-
tion with a minimum variation in fibre flocculation and formation, can be achieved
by controlling the first-pass retention of solids by manipulating the flow rate of poly-
mer, keeping a constant ratio between the dosages of polymer and microparticle.
A best formation can be achieved, at a given polymer dosage, when microparticles

cover all of the polymer covered sites on fibre surface.
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7.1.2 Dynamics of the retention and formation processes

The dynamics of the retention process of a paper machine can be modeled from
first-principles (mass balances). The effect of wet end chemistry on the retention
process dynamics can be described by developing an empirical model for first-pass
retention and including it as a parameter dependent on operating conditions. In
addition, it was attempted to simulate the dynamics of formation by developing an
empirical model for formation as a function of the crowding number, the bridging
strength and the filler addition and combining with the dynamic models for the
retention process. The two major factors affecting the dynamics of the retention
process are the first-pass retention of solids and the parameters related to the white
water circulation such as the volume of the wire pit and the residence time at the
wire pit. Considering the piping and tanks configuration as fixed parameters for a
given paper machine, the dynamics of fines and filler retention play a fundamental

role for the process optimization.

7.1.3 Control strategies for the retention and formation

processes

The control structure that controls the pulp mass and the filler mass in paper in-
stead of basis weight and paper ash content can significantly reduce the inherent
interactions between basis weight and ash content control loops. In addition, it pro-
vides similar control performance to the conventional control scheme, which control
basis weight and ash content with decoupling. The white water consistency control
can help eliminating the disturbances related with the fines and filler retention.
Keeping a constant ratio between polymer flow rate and bentonite flow rate helps

reducing the variations in formation, while the polymer flow rate is manipulated
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to control the white water consistency. The problem concerning the determination
of the white water consistency set-point during grade changes can be solved by de-
veloping an empirical model for the white water consistency as a function of basis
weight and ash content. Headbox pulp consistency control helps optimizing paper
formation during grade changes. Multi-input multi-out (MIMO) control helps elim-
inating interactions in the white water consistency control. However, no distinctive

advantage is found for the pulp mass and the filler mass control loops.

7.2 Contributions

The main contributions to knowledge are:

1. The deposition efficiency model is developed to explain the effects of the
dosages of microparticulate retention aids on the first-pass retention of fines
and filler. The model includes the effect of bimodal particles and the polymer

transfer from fibre surface to filler surface.

2. The bridging strength model is developed to explain the effects of the dosages
of microparticulate retention aids on fibre flocculation and paper formation,
based on interactions between a single fibre and neighbouring fibres in a fibre

network.

3. Dynamic models for the concentrations of solids (fibre, fines and filler) are
developed from first principles. To include the effect of wet end chemistry
variables into the dynamic models, a simple approach is proposed: an empir-
ical model for the first-pass retention of solids was developed and included as

a parameter dependent on operating conditions.
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4. A method to simulate the dynamics of formation is proposed: an empirical
model was developed as a function of the crowding number, the bridging
strength and the filler addition and coupled with the dynamic models for the

concentrations of solids.

5. The problem of different white water consistency set-points during grade
changes is solved by collecting pairs of basis weight, ash content and white
water consistency and developing an empirical model of the white water con-

sistency as a function of the basis weight and the ash content.

6. Control strategies to optimize paper formation during the control of the re-
tention process are proposed: the headbox pulp consistency control and the

ratio control of bentonite flow to polymer flow.
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Figure A.1. SIMULINK model of the paper machine. HB = headbox; WW
= white water; BW = basis weight; F' = flow rate; C = consistency; pol =
polymer; and mp = microparticle.
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Figure A.2. Calculation of the mass flow rates of fibre, fines and filler in the
thick stock flow and in the filler slurry flow. M = mass flow rate.
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Figure A.3. Calculation of the consistencies of fibre, fines and filler in the thick

stock.
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+
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] i M5 fines
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Figure A.4. Fan pump. The recirculating white water flow,
flow and the filler slurry flow are combined at the fan pump.
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Figure A.5. Headbox.
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u[lu2VuE]  le—— Mux 4———@

F2

Figure A.6. Calculation of the headbox fibre consistency. The equation 5.4 is
solved. The SIMULINK models for the headbox consistencies of fines, filler,
polymer and microparticle have the same format.
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: M_pol u1y0.03 | R_filler calculation
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(3 )y————» uiois —p
M_mp scaling3

Mux

R_solids

Figure A.7. Calculation of the first-pass retention of solids. R = first-pass

retention.
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Figure A.8. Calculation of the bridging strength.
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crowding number
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Figure A.9. Calculation of the formation index.
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Figure A.10. Calculation of the mass flow rates of fibre, fines and filler retained

on the web.
F2_r It was assumed that F2 = F4 F4 R
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fibre and filler R_filler L 4 iler
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Figure A.11. Calculation of the consistencies of fibre, fines and filler in the
white water from the white water tray under the wire to the wire pit.
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Figure A.12. Wire pit. Consistencies and mass flow rates of fibre, fines and
filler in the recirculating white water are calculated.
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Figure A.13. Calculation of the white water fibre consistency. The equa-

tion 5.16 is solved. The SIMULINK models for the headbox consistencies of
fines and filler have the same format.
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Figure A.14. Dry end of the paper machine. Basis weight, ash content and
fines content in paper are calculated.
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Figure A.15. Calculation of basis weight. A constant moisture content of paper
is assumed.
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Derivation of transfer functions

The headbox consistency is calculated with (Chapter 5):

dC, 1 Fy
< =__(FCy + F.C. + FC:) — —=C. B.1
m Vhb( 101 77 5 5) Vo 2 ( )

By defining the deviation variables, C) = C, — Cy s and Cf = Cs — C5 5 and taking

the Laplace transform results in:

£

C — 2o B.2
o) = O B2

By defining R = au? + bu + ¢ (u = the dosage of CPAM or Bentonite), the white

water consistency Cj is:
Cy = (1—au®—bu—c)C,. (B.3)

Carrying out a Taylor series expansion and neglecting quadratic and higher terms

for linear approximation [61], the equation B.3 becomes a function of C; and u.

of af

Co=f(Cow) = f(Crou)+(55) o, (@=Con)t (5,

8u)(cg,s,us)(u_us) (B.4)

The reference point for linearization is the normal steady-state operating point

(Cos, us). By defining the deviation variables, Cj = Cy — Cy, and v/ = u — us.

' of / 0 /
Cy = (802>(02,s,u8)02+ E (B.5)
C, = (L= R)Ch— (2au, + b)Cy .t/ (B.6)

192
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The subscript s stands for steady state. Taking Laplace transform yields:
Ca(s) = (1 — Rs)Cs(s) — (2aus + b)Cs sU(s) (B.7)

The recirculating white water consistency is (Chapter 5):

dC'5= F4C’4— Fy s — Es

B.8
dt Vi Vip Vip Cs (B.8)

Linearizing by taking Taylor series expansion and taking Laplace transform results
in:
1

v,
——wp _
F5+F63+ 1

Cs(s) = Cu(s) (B.9)

Combining equations B.2, B.7 and B.9 yields:

(2aus+b)F2Ca,s ( Vip
Cs(s) = ~ Rk (A0 +]) Ul(s)
- F Vi Vo F Vi Va
ramn B ER)S + rans (Rt Rig)s T 1

(B.10)

Combining equations B.2 and B.10 results in the transfer function of the headbox

consistency:

_ (2aus+b)F5C3 5

Ca(s) = 7 Vi v, Fz_(l—RS)If: Vi V., U(s)
Fo(—R)Fs (‘F};"b)(pﬁ%ﬁ)sz t Bo-mR (FL; + F5+'136)8 +1

(B.11)

The transfer function for the white water consistency is obtained by combining

equations B.7 and B.11:

Gou tDPACan (Vs 1 1)(Leps + 1)

04(3) - _ —VFz—(l;Rs)FB _ F5+F6v . U(s)
Fz—(l—st)Fs (T';Q)(F5+;'6)82 + F2—(1—-2R35F5 (Thf + F5+F6)S +1

(B.12)
The mass flow of solids leaving wire section is calculated from (Chapter 5):

F303 = (au2 + bu + C)F202 (B13)
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Linearizing by taking Taylor series expansion and taking Laplace transform results
in:
F3C5(s) = (2aus + b)FyCoU(s) + RsFyCa(s) (B.14)

Combining this with the equation B.11 yields the transfer function for the mass

flow of solids leaving the wire section:

e ey () ()= + (g (B + iy )s + 1]

F3Cs(s) = [F2—(1—R,)F5] (F2—F5) \ Fy /\Fs+Fp oy
== Fx Vi Vaw F v, Vo
meaemom (1 ) (R + racmom (B + wk)s 11
(B.15)
The basis weight of paper is calculated with:
F3C5 0ta
BW (g/m?) = — =22 (B.16)

Then the transfer function function for the basis weight is obtained by combining

equations B.15 and B.16

A AL e (A (a)s + (B + mam)s + 1]

BW(S) . msWers[la—(1—-Rs)F5] L(F2—F5)\ Fp /\F5+Fg —F5 Fs+Fg
o F. v, Voo F, v Vap
Fz—(l—st)Fs (FL:)(FS‘F%G) 2+ Fz—(lfRs)Fs (_F% + F5+F6)S +1
(B.17)
From the equation 5.20, the ash content of paper can be calculated with:
F3C5 fitter
Ash —_ B.18
F3C3,total ( )

Linearizing by taking Taylor series expansion and taking Laplace transform results

in:
1 F3C3s fiter
Ash(s) = ————F30;5 fiter(s) — ——_F3C5 totai(s B.19
( ) F303$,total f T( ) (F3033,total)2 ¥ bt ( ) ( )
Combining equations B.15 and B.19 and assuming that -‘%" = 0, since the headbox

does not affect the dynamics of ash content significantly, yields the transfer function
for the ash content of paper:

Koan(€rs +1) (523 + 1)

Ash(s) = (115 + 1) (128 + 1)

(B.20)
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where
K, (f2 = F5)
@ (F3C3s,total)2[F2 - (1 - Rs,filler)FS][F2 - (1 - Rs,total)FS]
X {(2aus,f'iller + b) F2Co 5, fitier F3C3s totat [Fo — (1 — R totar) F5]
—  (2austotar + ) F2C% s tota1 F3Cs, fitier [F2 — (1 — R, filler)F5]} (B.21)
5y Vp
= B.22
m Fy — (1 — Rfiier,s) F5 (F5 + F6) ( )
FZ pr
_ B.23
& F2—(]-—Rtotal,s)F5(F5+F6) ( )
FZ V'wp
= B.24
- B-RBLR (B:24)
and
o1 — Qo pr
= B.25
= B — s (F5+F6) ( )
where

ar = Fy(2aufiyer,s + ) (FaCo, fitier,s) (F5C3 total,s)
Qg = F2 (2autotal,s + b) (F2C2,total,s)(F303,fille1',s)
B1 = (2aUfiter,s + b)(F2C% fitter,s) (F3C5 total,s) [F2 — (1 — Riotai,s) F5]

/82 = (2autotal,s + b) (F2C2,total,s)(F3O3,filler,s)[F2 - (1 - Rfiller,s)FS]-



