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Abstract

This paper present results of modelling and simulation studies a& a CTMP mill (chemi-
thermomechanical pulp). The aim of the study was to improve the quality of the screened pulp
and in overall improvement of the screen room's runnability. Simulation, in addition to other
advanced mathematical methods, was used as a tool in this. The simulation model presented
in this paper is a combination of dynamic mechanistic conservation laws and empirical pulp
guality models. The quality models integrated to the Apros Paper simulator were screen
freeness (CSF) and screen shive fractionation models. Also the changes in freeness and in
pulp fibre length distribution were modelled for the reject refiner. These quality models were
semi-empirical models whose parameters were estimated based on data from several mill
trials. The integrated process model was validated with logged process measurement data
The final use of the model was threefold. Firstly it was used to generate data for testing the
applicability of a data clustering algorithm to fault diagnosis. Secondly the simulator was used
as atest bench for the effects of process modification on the end product quality. Thirdly the
model was used in the development of new DCS application. During the studies it was shown
that a high fidelity dynamic simulation model could be used for several applications ranging
from a test bench of process and control changes to data generation for new applications and
all way to development of user interfaces.
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1 Introduction

1.1 Motivation and background

The motivation for the smulation studies presented in
this paper was highly industry-driven. On one hand
the case mill saw that the study could supplement their
constant efforts to improve their process functionality
and end product quality. On the other hand the study
provided a possibility for a service provider to
integrate a mill case to their business. The research
motivation of this study was mainly in testing new
simulator features as well as to gain experience in the
utilisation of the simulation model in ared life case.

Simulation of pulping and screening of mechanical
pulp has been done in the past from different practica
and scientific viewpoints. Optimization of screen
configurations has been studied for example by Olson
et al. [1]-[6], Allison and Olson [7] and Gooding and
Olson [8]. These smulations concentrated on
optimizing the pulp fractionation in the screen room
and were based on the passage ratios of pulp fractions
of different fibre lengths [9]. Simulation based
optimisation has aso been done from the perspective
of impurities remova using the shive remova
efficiency (Er or SRE) by Kubat and Steenberg [10]
and Nelson [11]. The control aspects of screens and
screen rooms have been studied for example by
Khanbaghi et a. using dynamic pressure-flow models
([12] and [13]). Modelling of pulp ([14], [15], [16]
and [17]) and paper qudity ([18]) variables has also
been of interest in the simulation community.

In this study the models included the first principles
pressure-flow dynamics of the plant as wel as
empirical pulp quality modes.

1.2 CTMP screening and reject handling process
description

The process under study was the screen room and
regect handling process of a CTMP-mill (chemi-
thermomechanical pulp). The smplified process
layout is shown in Fig. 1.
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Fig. 1 Layout of the process under study
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The feed flow entering the screen room consists of
dlurry of water and wood fibers. The fiber content of
the entering slurry is roughly 5% per mass. Prior to
the screen room the fiber resdes in a large storage
tower. The purpose of the screen room is to separate
the fiber flow into two parts. Thisis done by the two
parallel screensin the main flow line (bold linein Fig.
1). The accept flow is the part that has sufficient
quality and can be further processed. The reject flow
on the other hand cannot be passed further and need
extra handling in the regect handling loop. For
example the shive (long, coarse wood fiber) content
might be too high and the pulp must be refined
further. The reect flow is processed in a series of
equipment. The firs one is the reect screen which
performs like the two main line screens. The reect
flow from this screen is further purified at the rgect
hydrocyclone plant. The most coarse fraction of the
pulp is removed from the process altogether at this
stage. The flow continues from the hydrocyclones to
the reject press which removes water from the flow
increasing the fiber content to roughly 30%. This flow
is then fed between the rotating plates of the regect
refiner. It grinds the longer fibers into shorter ones
thus refining the pulp qudity. After aso called latency
tank (not shown in Fig. 1) the pulp is fed back to the
beginning of the main flow line.

The pulp produced at the CTMP mill is used as one
component at the mill’s paper board machines. The
board machine produces paper board used by the food
industry. This set strict quality requirements to the
CTMP and thus creates a constant need to improve the
functionality of the CTMP-mill. For examplethe shive
content of the pulp should be kept low while
maintaining a constant pulp freeness level (another
quality measure defined in [19]). These requirements
are somewhat contradictory making the process and
its control challenging. Freeness is widely used as an
indication of a pulp’s suitability or quality. Because
the freeness determination is often used for process
control, it is desirable to measure this property on-line
[20]. Freeness analysis is the most widely used
technique  for routine  mechanica pulp
characterization. Perhaps among the factors which
aso contribute to its popularity is its good
reproducibility [21]. Mechanical pulps obtain their
strength mainly from interaction between fiber
surfaces and the fact that freeness is very senditive to
specific surfaces, therefore, explains its successful
application to the strength characterization of
mechanical pulps [21]. Freeness tends to be the most
influenced by the fines content of the pulp and to a
smaller extend by the degree of fibrillation and other
fiber properties [22]. A shive on the other hand shive
is often described as a fiber bundle, which is at least 3
mm long and 0.10 — 0.15 mm wide. At the laboratory
the shive content percentage isnormally defined using
the Sommerville method, in which the mass of the
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pulp retained in the 0.15 mm screen surface is
compared to thetotal pulp sample weight.

2 Modelling and simulation

2.1 Simulation system

The smulation software used in this study was the
Apros Paper simulator developed by VTT Technica
Research Centre of Finland. The software is a
dynamic process smulator designed to be used in the
modeling of pulp and paper processes. There aso
exist other Apros products for the simulation of
conventiona and nuclear power plants [23]. The uses
of the smulator include process development,
automation testing and operator training.

2.2 Modelling solutions and quality models

The process of Fig. 1 (plus the preceding storage
tower) was modeled using the graphical user interface
of the smulator by selecting and connecting the
appropriate unit operation model blocks.

The input data for the model building was gathered

from P&l diagrams, automation functional
descriptions, pump curves, previous baance
calculations done at the mill and pipe length

measurements at the mill. Also a series of process
experiments were done. Finaly those values that
could not be estimated from hard data were estimated
based on general engineering know-how. Such things
were for example some control valve characteristics
and some model boundary conditions.

The flow moded is based on the dynamica
conservation laws for mass, energy and momentum.
These are discretized with respect to place and time to
yield a model solvable by a computer. The outputs of
this calculation ae the flows, pressures and
temperatures of the whole process. This modeding
technique was used for the main line tanks, flows, al
screens and the hydrocyclones. The rest of the reject
handling loop was modeled using a simplified
pressure/flow solution. In this process area the
pressures were not of interest and they could be
approximated to be constant. The flows were solved
by using simple mass balances.

The flow was divided into water and four fiber
components whose concentrations were calculated
throughout the process. The tanks in the process were
modeled as ideal mixers. In the screens, reject press
and hydrocyclones the calculation was divided into
two parts. Firgly thetotal accept and rgject flows were
calculated by the pressure/flow solver. After this the
fiber components were split into the exit dreams using
accept ratios defined by Eg. (1)

o = PhoocrX acomt

. @
rmfeed Xi,feed
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where

S is the accept ratio of component i

m is the total flow of the flow j, kg/s

X | is the mass fraction of component i
intheflow j

The accept ratios for the fiber components were
determined from the process experiment and kept
constant during the simulations. The water component
is not split using an accept ratio but it is split by the
flow solver in order to preserve the mass balance.

The rgect refiner was modeled as a combination of
severa basic blocks. In the refiner the flow is heated
and some of the water vaporizes and is removed as
steam. Furthermore the grinding in the equipment
tends to break the longer fibers into shorter ones. Thus
the component was modded by first adding an
externa heat flow to the water-pulp dlurry. The
amount of this heat flow was calculated from the
specific energy consumption of the refiner and the
refiner production as shown in Eq. (2)

C§refiner = h >6EC XP (2)

where
h isthe efficiency fraction of heat to
enter the flow
SEC  isthe specific heat consumption,
kWh/ton
P isthe production, ton/h

The efficiency h was approximated from the mill data.
SEC is an operator control parameter and was taken
from the mill data as well. Production P is calculated
from the simulated flows. After this heat addition the
pressure of the flow was adjusted to range
encountered by the flow between the refiner discs.
From these the materia properties calculaion of
Apros is able to calculate the amount of steam
produced in the refiner as well as the temperature of
the exiting pulp flow. The pulp fiber mass fractions
were then adtered using an empirical model obtained
from mill trials data.

In addition to the above calculations a further
calculation layer was added to the smulation system.
This layer was used to calculate the pulp quality,
measured by the freeness and shive content values.
The freeness and the shive content were treated as
being values transported with the flow but not
affecting the flow themselves. They are thus called
tracked variables. Their values were transported in the
flow and altered by appropriate equipment models
utilizing external model implemented in dil-libraries.

For example in the screens the freeness of accept and
reiect flow were calculated from the feed freeness,
consistency and flows by Egs. (3), (4) and (5).

CSF, =CSF, e 3)
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CSF =™ 4
. Cs In(CSR) - 1 Cs, In(CSF,
oo - M08 INCSF)- CsInCF)
% Cs
where
CS is the freeness of flow j, ml
m is the total flow of flow j, kg/s
q is a tuning parameter
Cs is the consistency of flow j, %
RR, is the rgect mass ratio of the
screen.

The consistency of aflow j is defined asin Eq. (6).

e 0
Cs; :é ax, D00% ()
il { fibercomponents} @

where
X | is the mass fraction of component i
inflowj.

The rgject mass ratio is an operator controlled screen
parameter defined in Eq. (7).

RR = . Csy
. Cs.

A reference for equation (3) can be found for example
in [14]. It has been widely used for screen freeness
calculations ([24], [25] and [26]). Equations (4) and
(5) can be derived from the so called mass weighted
logarithmic average mixing rule reported for example
in [15] and [27] and originaly designed for
groundwood pulp. In this study, the model was fitted
to chemi-thermomechanicd pulp using process
experiments described | ater.

(7)

The most common index describing the effectiveness
of screening is the shive removal efficiency, SRE (or
E;), introduced by Neson in [11] and shown in
equation (8). It defines the percentage of the
component (in this case shive) removed during
separation.

wE=g- & Su0%huen @
:

& 100 ¢S ¢
where
Sa is the accept flow shive content, %
S is the feed flow shive content,%

SRE can be also presented as

RR,

RE=— —"——
1- Q+QRR,

©)

where
Q isscreening quatient [11].

ISBN 978-3-901608-32-2

9-13 Sept. 2007, Ljubljana, Slovenia

Q, which is aso caled the Q-index, describes the
separation efficiency. Q-index has to be defined based
on pulp samples analyzed in alaboratory.

The shive contents in the accept and rgect flows of an
individual screen can be calculated using the screen’s
SRE value, the feed shive content of the incoming
flow and fiber mass flows:

o _ (S0 RECs.Fy)

10

Cs,F, (10)

S, = S PSRE:Cs.F; 1)
Cs;Fx

where
S is the shive content of flow j, %
Cs isthe consistency of flow j, %.

The rgect refiner’s shive content model is calculated
based on the reect refine’s specific energy
consumption (SEC) and the shive content of the feed
pulp. The input shive content can be calculated by
using the shive content model of the reect screen’s
reject flow.

2.3 Process experiments

In the design of models and simulators for pulp and
paper processes, accurate measurements are essential.
Therefore mill samples and analyses using accurate
laboratory devices are needed. Laboratory devices for
consistency, freeness, shives and fiber length fractions
measurements give information of the process itself
and the modeling is more reliable and redundant using
mill samples compared to purely data based methods
using only measurement data When using mill
samples, the place and the length of storage of the mill
samples is an important factor in the results of the
analyses. The results of the analyses can be unreliable
and incorrect if the samples are stored in the wrong
place or for too long a period. Therefore good and
experienced personnel for the laboratory analyzing
process are essentid.

In this study, the mill samples were taken from the
screen room. The feed, accept and regject flows were
analyzed in the screening phases and feed and refined
flows were sudied in the reect refining phase.
Consistency, freeness, shive content and fiber length
fractions were analyzed from these samples. The
screen tests were performed using different production
rates, volumetric reject rates and feed consistencies. In
reject refining, changes were applied for the refiner’s
specific energy consumption. The samples were
analyzed using accurate laboratory devises. The shives
were analyzed based on a Sommerville-analyser and a
BauerMcNett-analyser was used for fiber length
fractions.

Using the mill experiments, the quality models
described above for freeness and shives for the screens
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and rgject refiner were constructed. The constructed
quality modds were implemented into the Apros
simulator.

2.4 Model validation

Three different operation situations were used in the
model validation. These cases were a) both screens
running in a stable state, b) an increase in the
production of the first screen while second is running
in a gable state and ¢) a decreasing in the production
of the first screen with the second screen out of
operation.

The simulated validation period was 5000 seconds
during which 32 different control loops (set-point,
measurement and control output signals) were tracked
and logged to a file. The validation runs were done in
such way that the set-points of the controllers were fed
into the smulator every 5 seconds. These set-point
values were gathered from the process. Finaly the
simulated data was compared with measured data.

From these tests the following conclusions could be
made. Firstly there are some errors in signa levels
when comparing the measured and smulated data.
These can be seen most clearly in control output
values of the controllers. A cause for this can be
wrongly parametrized control valves or pumps in the
simulator. This can cause problems if controllers
saturate in the simulator before they do at the mill.
Secondly in the smulator there is less variation or
noise in the results, see Fig. 2. This of course
originates from the fact that a modd is aways a
smplified version of rea life. For example idedl
mixing removes some of the variations, which can be
seen for example in the consistency controllers.
Thirdly the state of the process in the beginning of
validation runs i.e. initial condition turned out to be
rather difficult to obtain. Initidization of the model
has to be done before the actua validation run is
performed. In some cases theinitialization run was not
long enough and the model was in a dightly wrong
situation in the beginning of validation run.
The overall impresson was that the mode was
accurate enough to be used for developing the new
concepts.
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Fig. 2 Consistency controller simulation results. Set
point on top [%], measurement on middle [%)] and
control output on bottom [valve opening]. Time scae
isin seconds. Red ismeasured in mill, blueis
simulated.

3 Usecases—description and results

3.1 Datageneration for afault detection
application based on clustering

Validation of a fault detection application in red
process environment is nearly impossible because the
faults to be detected are unlikely to occur within a
limited time period. Also generating real faults into
the plant is too expensive and risky to be used as a
validation procedure. Because of these reasons,
simulation is widely used to solve this kind of
problems. However to make the validation data to
look redligtic in the case of fault, a very detailed and
accurate process mode is needed. In addition to being
able to reproduce normal operation results it is
imperative that the smulator be able to replicate fault
situations redligtically. The smulator used in this
study offers a wide range of predefined equipment
faults and as the smulator is based on first principles
modes the reliability of the results was seen to be
adequate.

The main objective of a fault detection system is to
detect if something unexpected happens in the
process. This means that the normal operation of the
process has to be modeled with adequate accuracy.
Norma operation of an industrid process is
mathematically challenging because of changing
conditions, non-linear behavior and constant changes
during the plant's life cycle. Because of these reasons,
the model sructure used to describe the normal
operation has to be multivariable, non-linear and
adaptive.

Using dynamic simulation mode as a resdud
generator is not a good idea, because in continuous
online action even very small modeling error (noise)
gets accumulated to the state of the model causing
resdua to increase without reason. To prevent the
effect of accumulating modeling error, a stateless
residua generator isused. The residua generator used
in this study is based on a set of cluster centers. The
clugster centre is an object consisting of location in
multidimensional measurement space and interna
variation (radius), which are defined by a clustering
algorithm based on data collected from the process to
be monitored. Several clustering agorithms are
presented in the literature.

The sat of cluster centers gpecifies a datic,
multivariable and non-linear model that describes
what the data normally looks like. This set is then
used as a reference to detect changes that are mostly
caused by faults. This kind of model structure is good
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because it is open and easy to modify in case of
known changesin the process. Each cluster centre also
has a clear physical meaning, because they describe a
known situation in the process.

Normally the measured process datais located close to
the cluser centers in the multidimensonal
measurement space. The outcome of the fault
detection system is residual which is defined as a
distance between closest cluster centre and measured
data divided by the radius of the closest cluster centre.
Because of this definition the normal value of the
residua is close to one rather than zero and trend
should contain only noise. This is an important
feature, because noise is aways present and noise
level depends on operation point. Less noise means
smaller cluster radius and more accurate model. Any
kind of regularity in the residual signa is originated
from some of the input signals. The alarm limit can be
dynamically adjusted, i.e. it is typically between 2.5
and 3 when the process operation point has been
steady for awhile.

The process modd described in earlier chapters was
used to generate data for normal operational situations
in the mill (e.g. full-production and half-production).
This artificial data was used for training the normal
operation for the fault-detection system. Training
means setting the locations of the cluster centers by a
clustering agorithm. Artificia data was used for
training because it is important to minimize the
differences between normal and fault Stuations.
Because of modeling errors there are dways small
differencesin signal levels between smulator and real
process. Otherwise the fault detection system would
detect the modding errorsrather than the faullt.

After the training phase, several realistic malfunctions
and faults were introduced into the simulator based on
mill personnel interviews. These faults included for
example increased backlash in a valve, a partly
functioning consistency measurement and a wrong
operation mode caused by operator. This data
consisting of normal and abnormal situations was used
to test if the fault-detection system can detect the fault
and to figure out what kind of output it would give in
such case.

In the following example the outlet valve of screen 1
isleft open because of a mistake made by the operator.
The system gives clear indication of the situation as
presented in Fig. 3. The normal operation is presented
in left half and fault situation is presented in the right
half of the chart. The upper trend shows the code
number of the currently closest cluster centre i.e. the
operationa point. In both cases thereisfirst a start-up
situation followed by a steady state situation. The fault
is detected because the value of residua signa is
higher than in the steady state situation.
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Fig. 3 Output of the detection system for the example
case.

Detection system compares the vector of measured
values to the location vector of the closest cluster
centre. Theresult is ahorizonta bar chart (Fig. 4) that
tels the difference between each component of
measurement and cluster location vectors. From this
chart it is easy to identify the signals that are affected
by the fault. In this case the fault detection system can
tell that the consistency of screen 1 rgect (signal 15)
and input consistency of the reject screen (signa 61)
are significantly lower than normally.
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Fig. 4 Comparison of measurement and cluster
location vectors.

In this case, the mistake causes rgect consistency to
drop as presented in Fig. 5 because a significant
amount of the pulp goes to the outlet channd. In red
case this kind of a dtuation could have major
economical and possibly environmental effects, while
the quality of the end product may not be affected at
al.
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Fig. 5 Screen 1 reject and regject screen input
cons stencies.

3.2 Process piping modification

The process modification that was studied with the
simulation model was the possible installation of a
pipeline bypassing a storage tower preceding the
screen room. The idea behind this modification was
that by passing the storage tower might be worthwhile
in cases when the tower is known to contain low-
quality pulp. In this case this low-quality pulp could
be mixed with good-quality pulp from the bypass line.
With this arrangement the final product quality could
be preserved.

Two production situations were studied. In the first
one the storage tower was 50% full, both of the main
line screens were in operation and the production was
high. In the second test the tower was 80% full and the
production was low with only one main line screen in
operation. Other process parameters and boundary
conditions were kept equal in both cases.

In the first case the modd was first smulated for a
while at a steady-state reference point. After this the
quality in the tower was reduced and simulation was
continued. After the low-quality pulp had spread
throughout the screen room the bypass line was taken
into simulation. Simultaneoudy the quality of the
mass flowing into the bypass line and the tower was
raised to a good-quality level. Finally the smulation
was continued until the end product quality had
returned to an acceptable level. This settling time was
compared to a case where the bypass line was not in
use. As aresult it was found that using the bypass line
the settling time was approximately half of the time of
the no-bypass line case.

In the second case the model was started up from the
same gtate asin the first case. After a while the second
main line screen was shut down and the smulator was
run to a new steady-state. Next the same steps were
taken as in the first case. Also in this case it was seen
that the end product quality settling time was
shortened by the use of the bypassline.

Thus it can be concluded that the simulations showed
that ingtaling a bypass line would be beneficial.
However further studies showed that the bypass line
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installation should have included a dilution tank. This
kind of installation was deemed to be too expensive.

3.3 DCS application development

There are many different ways to keep the process in
the state which produces acceptable pulp quality.
However, the effects of different control actions can
be more or less uncertain among process operators,
especially in the case of many dependencies between
process variables and long process delays which are
typical in pulping processes. Therefore a need for pulp
quality simulators exigts. A process monitoring system
should be reliable and quite smple to use by
operators. Otherwise there is a risk that the system
could even increase the difficulty of decision making
in the process control and maintenance. It has been
found important that the monitoring and simulation
system can be viewed through the same user interface
as the normal process control gation. That is easier to
implement, if the necessary calculations can be done
with the process automation blocks. More demanding
process and production chain smulations can be done
and implemented to a PC environment. Although the
devel oped system structure is quite generic, still some
retuning of the models is normally needed when
bringing them into new processes. Especidly, thisis
the case when using detailed experimental or semi-
experimental models, like in the case of CTMP
freeness and shive content models. Adaptivity of the
simulation system to time varying process conditions
isabig question as well. Various adaptive methods to
overcome the problem can be found in the literature
and they might be used and implemented to the
exiging system in the future. When developing
operator support systems operators should be invol ved
in the development work aready at the beginning of
the process. That helps operators to accept the system
and all the unnecessary features which do not give any
additional information for the process maintenance are
left outside of the system. In this study, the dynamic
Apros simulator was also used in the DCS application
development. The operator view was constructed for
the Apros smulator. The selected features (quality
models and indices) were tested with the simulator.

Fig. 6 Operator GUI.
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The GUI is a collection of some of the models and
indices, which also have been implemented in the
Apros smulator. The quality properties (freeness and
shives) in the feed accept and reject flows and SRE
(shive removal efficiency) were displayed on the
screens. The input and output quality properties were
displayed from the rgect refining process. Also input
and output qualities in the screening room were
shown. The operator could simulate some different
operations using the generated GUI. The operator can
e.g. sdect 1 or 2 mainline screens (lower left corner in
Fig. 6).

After the testing in the smulator, the quality modds
and indices have been implemented adso into the
mill’s DCSdisplays.

4 Conclusions

This paper presented modelling and simulation work
carried out at a CTMP-mill. The modelling included
the pressure and flow dynamics of the mill’s screen
room as well as models for the pulp quality measures
such as freeness and shive content. The devel oped
integrated simulation environment was then used in
three distinct uses cases.

The first use case concentrated on developing a new
process monitoring and fault detection application.
Validation of fault detection application showed that it
is able to detect different kind of faults, human errors
and malfunctions, which were artificialy created into
the dynamic process simulator. Because the simulator
was also validated against the mill, it can be assumed
that the fault-detection system will work properly
when ingtalled into the real mill. In the future, this
kind of dynamic simulator can be used for testing
several other fault detection systems. This study also
showed that dynamic process simulator is an excellent
tool to test the effects of a fault and develop more
robust and fault tolerant control systems.

The second use case dedt with a more process
oriented problem of determining the effects of a new
bypass line. The same smulation model was used to
analyse the effects of this process modification on the
pulp quality.

Finally the third use of the smulator model was in the
development and testing of a new control system
display for the operators. Also some of the modes
included in the simulator were implemented to the
control system for the operatorsto use.

In conclusion it was found out that a simulation model
can act as a unifying framework for diverse practical
applications. To this end the smulation model must be
able to replicate the process in adequate accuracy and
at a wide range of process operation points. This in
turn requires that the model be based in most parts on
first principles rather than being only an empirical
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correlation. Having a basis modd based on physica
laws allows then an additional empirica (quality)
model layer to be used successfully.
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