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Abstract 

This thesis will show the possibility for the development and use of an on-line model for application 
to continuous digesters for pulp production. The model is developed by using a program called 
Dymola (Dynamic Modeling Laboratory). What makes the Dymola software so well suited is that the 
program solves equations simultaneously. The model is a further development from the Purdue 
model [Bhartiya et al, 2003]. The main difference between this model and the Purdue model however, 
is the dynamics in the model. The dynamics are very important when you use the model for control 
purposes because the cooking process has long dead and retention times. The main purpose of this 
model is to use it for the advanced control of continuous digesters as well as giving the operators a 
better understanding of what happens in the cooking process when changes are made. The model will 
also be used for diagnostic purposes. Advanced control in this case is Model Predicted Control (MPC). 
The MPC will control the quality of the pulp “kappa” number and the chemical consumption during 
digestion. This thesis describes the model and results are shown for applications of on-line diagnosis 
in three pulp mills in South Africa. Real time process data from the pulp mills is fed into the model 
and a simulation is performed. Thereafter, the results from the simulation are compared to the actual 
measured data for a number of key variables. By comparing the simulation results to the real process 
data and following the trends of the deviations between the two, different types of faults and upsets 
can be detected in both the process and sensors. 
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Sammanfattning på Svenska 
 
Denna avhandling kommer att avhandla mitt arbete med att bygga och verifiera en on-
line modell för en kontinuerlig massakokare. Modellen är utvecklad i ett program som 
heter Dymola (Dynamic Modeling Laboratory). Dymola är ett program som är utvecklat 
för modellering och simulering av dynamiska processers uppförande. I Dymola är det 
möjligt att bygga upp komplexa system som gränsar över flera ingenjörsdiscipliner dvs. i 
Dymola är det möjligt att integrera flera modeller från olika områden för att anpassa 
verkligheten (www.Dynasim.com). 
 
Modellen är en vidareutveckling av Purdue model [Bhartiya et al, 2003]. Ändringarna 
och tilläggen som är gjorda är för att passa våra applikationer bättre. Den största 
förändringen är dynamiken i modellen. Dynamiken är viktig vid styrning av processen på 
grund av långa uppehållstider. En annan del av modellen som är vidarutvecklad är att 
reactions konstanter och stökiometric kofficienter följer med flisen genom kokaren. Detta 
gör det möjligt att följa processen vid en produktionsändring av vedkvalitet, exempelvis 
en ändring från softwood till hardwood, detta kan ses i kapitel 7.2 ”Results from on-line 
simulation of continuous digester”   
 
Kokarmodellen är anpassad för att kunna användas för tre applikationer. Första 
användningsområdet är styrning av processer som model predicted control eller feed 
forward control för att optimera styrningen av kokaren. Andra användningsområdet är att 
använda modellen för att köra simuleringar för att öka operatörernas förståelse om hur 
processen reagerar på olika ändringar. Tredje användningsområdet är att använda 
modellen for diagnostik. När det gäller styrning av processen så är det främst att styra 
kvalitén dvs. Kappa talet. Kappa talet är ett mått på hur mycket lignin det finns kvar i 
massan. Man vill också styra kemikalieförbrukningen dvs. restalkali. Restalkali är ett 
mått på hur mycket aktiva kemikalier det finns kvar i kokarvätskan. Dessa två parametrar 
styr i första hand av temperaturen som man reglerar i olika cirkulationsflöden. 
Kemikalieförbrukningen styrs efter hur mycket kemikalier man tillför och vart man tillför 
kemikalierna. Temperaturen och kemikaliesatsningen påverkar både kvalitet och 
produktionshastighet. Idag används i de flesta massabruk en avancerad styrning som 
bygger på erfarenhetsbaserade tabeller och feed back control, dvs. resultatet från 
ändringar används för att göra nya ändringar, medan feed forward eller model predicted 
control förutser vad som kommer att hända i processen och gör ändringarna i 
förebyggande syfte. För att kunna optimera kokarprocessen är det viktigt att förstå vad 
som händer med flisen inne i kokaren. Det enda man har kontroll över är det man kan 
mäta utanför kokaren, dvs. kemikaliestyrkan vid silarnas avdrag och massans kvalitet 
först vid blåsledingen. Med en modell kan man simulera processen och göra ändringar för 
att se vad som händer inne i kokaren. Modellen kan användas for att prova nya 
processidéer eller recept. Simuleringar av processen kan även användas för utbildning av 
personal och framförallt nya operatörer. En modell som körs online och parallellt med 
den riktiga processen kan användas för validering av olika mätgivare runt kokaren som 
till exempel flöde, temperatur och restalkali. Man kan även använda modellen för att få 
en ide om hur stabil processen är till exempel om man har kanalbildningar eller 
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hängningar i kokare. Om man jämför mätgivarnas värde med modellens värden så kan 
man följa utvecklingen av processen och hur korrekt mätgivarna mäter. Beroende på hur 
skillnaden förändras mellan modellens värde och processens värde så kan man utläsa om 
det är kanalbildningar i kokaren eller om det är någon av givarna som behöver korrigeras. 
 
Modellen är utvecklad för att vara så generell som möjligt för att kunna användas för 
olika sorters kokare och för olika sorters ved utan att det behövs kunskaper i 
programmering. Det ska vara möjligt att kunna bygga en modell genom ”drag and drop” 
från blocken i biblioteket. Det enda man behöver ändra är parametrarna för att anpassa 
modellen som till exempel diameter och höjd på kokaren. Man behöver även trimma in 
reaktionskonstanterna som är beroende av vedtyp. Till skillnad från Purdue modellen så 
sitter reaktionskonstanterna i flisen och inte i kokar volymen. Detta gör det möjligt att 
simulera swingar mellan ”hardwood” och ”softwood”. Modellen har utvecklats på fyra 
olika massa- och pappersbruk (Korsnäs i Gävle, Sverige, Ngodwana i Mpulanga, Tugela i 
Natal, båda i Sydafrika och Usutu i Swaziland). Både Ngodwanas och Korsnäs  swingar 
med olika typer av ved. De fyra Brukens kontinuerliga kokare har alla olika storlekar som 
diameter och höjd. De har också olika konfigureringar och process [Headley, 1996]. 
Ngodwana har en hydralisk kontinuerlig ”low solids” kokare [Marcoccia et al, 1996]. 
Korsnäs ha en hydraulisk ITC kokare med ett förimpregneringstorn före kokaren. Tugela 
har en kontinuerlig MCC ångfaskokare. Usutu har en liten kontinuerlig ITC 
ångfaskokare. Bruken ska använda modellen för olika ändamål. Korsnäs ska använda den 
för mera diagnostik och optimering av swingarna. Ngodwana ska använda den for 
överordnad styrning som model predicted control och även för simuleringsverktyg för 
träning av operatörer. Usutu ska använda modellen för att upptäcka kanalbildningar och 
andra störningar I kokaren ska modellen även användas för feed forward kontroll för 
syrgasblekningen. 
 
Resultat från körningarna av tre modeller som är byggda (förenklad tvådimensionell 
modell, avancerad tvådimensionerad modell och en tvådimensionerad avancerad modell) 
visade att den avancerade tvådimensionerade modellen fungerar bra för de applikationer 
som modellen ska användas till. Exekveringstiden är OK beroende på hårdvaran som 
simuleringen körs på. Simuleringen kan exekveras fem gånger fortare än realtiden på en 
dator som är åtta år gammal. Det gör modellen tillräckligt snabb för att kunna användas 
för styrning och reglering av processen. Modellen är tillräckligt detaljerad för att kunna 
användas för diagnostik. Den stora skillnaden mellan den förenklade och den avancerade 
modellen är att den avancerade modellen innehåller mer dynamik som till exempel 
packningsgrad av flisen och flisen som flödar genom modellen innehåller flisvariabler 
som till exempel konstanterna i Ahrenius ekvationerna för reaktionshastigheten. Den 
största skillnaden mellan den avancerade tvådimensionella och den avancerade 
tvådimensionella modellen är att den tvådimensionella innehåller ett flöde-trycknätverk 
som beräknar vätskeflödet inne i kokaren och även flödet ut ur kokaren i de olika 
avdragen. Fördelen med den förenklade modellen är att exekveringstiden är snabbare på 
grund av en mindre modell. Det är inget problem idag med de datorer som finns 
tillgängliga. Nackdelen med den förenklade modellen är att uppehållstiden för flisen och 
vätskan blir fel på grund av att inte packningsgraden inkluderas. Detta gör att flisen får en 
kortare uppehållstid medan vätskan får en för lång uppehållstid i den nedre delen av 
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kokaren där packningsgraden är störst. Den tvådimensionella modellen är svår att få att 
exekvera. Den är mycket instabil på grund av att tryckmätningarna I DCS (distributed 
control system) inte är tillräckligt noggranna och att mätgivarna är dåligt kalibrerade. På 
grund av att tryckskillnaden är så liten mellan de olika stirred tank reactors (speciellt i 
den horisontella riktningen) gör det modellen mycket känslig och instabil. Det största 
problemet med den lilla tryckskillnaden mellan de olika stirred tank reactors gör det 
mycket svårt för simuleringsprogrammet att hitta initialvärden när man börjar köra en 
simulering. Det gör modellen långsam och instabil. Oftast var värdena från tryckgivarna 
så dåliga att det blev negativ tryckskillnad vilket gav negativa flöden och 
koncentrationer. Dymola kan inte hantera vändande flöden utan if-satser, då 
koncentrationer är inkluderade.  
 
Resultat visar att det är möjligt att bygga en generell modell för att simulera olika 
kokarprocesser som till exempel hydraulisk “Lo-solid” kokare I Ngodwana eller ångfas-
ITC kokare i Usutu. Resultaten visar att det också är möjligt att använda samma modell 
för både styrning och reglering som i Ngodwana eller för diagnostik som i Usutu. 
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Summary in English 
 
This report will describe the details regarding the development of a model illustrating the 
possibility of building and verifying an on-line model for continuous pulp digesters. It 
will furthermore describe the uses of such a model. The model has been developed in a 
program called Dymola (Dynamic Modeling Laboratory). Dymola is a program that is 
developed for modeling and simulation as it is possible to simulate the dynamic behavior 
and complex interactions between systems in many fields of engineering. This means that 
users of Dymola can build integrated models and have simulated results that better depict 
reality (The home page of www.Dynasim.com).  
 
The model that has been built is a further development of the Purdue model [Bhartiya et 
al, 2003]. The supplements and the changes that have been made will make the model 
more suitable for our applications. The biggest difference in the current model compared 
to the original is the dynamic ability of the model. This is very important if the model is 
to be used for on-line control purposes of the pulping process, because of the long 
retention and dead times in the digester. A further development of the model includes the 
reaction rate constants and stoichiometric coefficients for chemical consumptions that 
follow the chips through the digester. This makes it possible to follow the process during 
process changes for example from softwood to hardwood, see Chapter 7.2 “Results from 
on-line simulations of continuous digester”. 
 
The digester model was developed to be used for three different applications. The first 
application is advanced process control like MPC (Model Predicted Control) or feed 
forward control, which optimizes the control of the digester. The second application of 
the model is to simulate the process, which will then be used to train process controllers 
in order to increase their understanding of the reaction caused to the process by parameter 
changes. The third application is to use the digester model as a diagnostic tool to identify 
faulty instrumentation, channeling etc.  
 
Through controlling the process, the quality of the pulp kappa number will be enhanced. 
“Kappa” number refers to the amount of lignin that is left in the pulp after digestion. It is 
also important to control the concentration of the residual alkali. Residual alkali refers to 
the amount of pulping chemical that is left in the spent cooking liquor. The rate of the 
cooking process, (degree of delignification), is mainly controlled by the temperature. The 
temperature is controlled in the different liquor circulation loops in the digester. The 
residual alkali is controlled by how much alkali is added to the process, (chemical 
charge), as well as where in the process the chemicals are added. The temperature and the 
amount of cooking chemical that is added to the digester impact both on the quality and 
the production rate. Nowadays, most pulp mills use an advanced feedback control system 
to control production and quality, which is built on experience tables and from feedback 
control. This is then used to make changes to the pulping parameters controlling the 
process. The disadvantage of feedback control means that it is necessary to wait for the 
results of the changes before the responses due to the changes made can be evaluated and 
new changes can be made. Feed forward control and MPC predicts the direction of the 
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process and makes it possible to make changes before the results of the changes occur. 
With optimized control of the temperature and chemical dosage a better quality and 
higher yield will be obtained as well as a decrease in chemical consumption. 
 
To optimize the pulping process it is necessary to understand the dynamics inside the 
digester. In other words what happens to the chips while they are inside the digester. It is 
also important to understand the temperature and chemical profile inside the digester. The 
only information about the process inside the digester is what can be measured outside 
the digester i.e. the residual alkali can be measured outside the screens in the circulation 
loops and the quality of the pulp can only be measured after the chips have been blown 
out from the digester. With this model it is possible to simulate the process and make 
changes without interrupting the real process, while at the same time being aware of what 
is happening inside the digester. The model can also be used for testing new process ideas 
or recipes. It is possible to use the simulations from the model for training purposes. 
 
A model which is running on-line and in parallel with the real process can be used for 
sensor validation, for example flow, temperature and residual alkali. An idea of the 
stability of the process can be determined, i.e. if liquor channeling or clogging of 
extraction screens are developing. If the sensor values are compared to the simulated 
values, it is possible to follow the accuracies of the sensors as well as the condition of the 
process. As long as the correlations between the differences in the values of the measured 
values and the simulated values remain unchanged, the sensors are working correctly. If 
the correlations between the differences of the two values change dramatically, indication 
is given of either channeling or sensor failure. 
 
The model has been developed to be as general as possible so that it is possible to use the 
model for different kinds of continuous digester and different wood species, without 
needing knowledge of programming. It should be possible to use a standard “pulp 
library” to simply drag and drop the blocks to make a new model for a digester with a 
different configuration. The only parameters that need to be inputted would be the 
physical size of the digester and also the reaction constants depending on the wood 
species being pulped. One difference between this model and the original Purdue model 
is that the reaction rate constants follow the chips through the digester. In the Purdue 
model the reaction rate constants are inside each digester volume. This makes it possible 
to follow particular chips through the digester and simulate the process when they make 
some “swing” i.e. when the wood species change, for example from “hardwood” to 
“softwood”. 
 
 The model has been developed for four different pulp and paper mills, Korsnäs in Gävle 
(Sweden), Ngodwana in Mpumalanga (South Africa), Tugela in Kwa-Zulu Natal (South 
Africa) and Usutu in Swaziland. Both Ngodwana and Korsnäs are “swinging” between 
hardwood and softwood pulping in the digester. The digesters at the four mills are 
different in height and diameter. They also have different physical setups, like numbers 
of screens and pulp with different processes, hydraulic or vapor phase, and produce 
different products [Headley, 1996]. Ngodwana’s digester is a small hydraulic Lo-solids 
digester [Marcoccia et al, 1996]. Korsnäs’s digester is a tall hydraulic ITC digester with a 



  - vii -  

pre-impregnation tower. Usutu’s digester is a continuous ITC vapor phase digester. 
Tugela’s is a small continuous MCC vapor phase digester. The mills will use the model 
for different applications. Korsnäs will use the model more as a diagnostic tool and 
optimize conditions whilst “swinging” between hard and softwoods. Ngodwana will use 
the model for advanced control as MPC and also for training purposes. Usutu will use the 
model to predict channeling and feed forward kappa control to the delignification plant. 
Tugela will use the model for the control and optimization of the process.  
 
The results from the tests of the three models, a simplified 2 dimensional model, a 
moderate 2 dimensional model and an advanced 2 dimensional model shows that the 
moderate 2 dimensional model works well for the application we intended it for. The 
execution time depends on the hardware, though it is possible to run the simulations on-
line with a PC that is 8 to 9 years old with an execution time 5 times faster than real time. 
This makes the model fast enough for predictive control purposes. The model is also 
detailed and accurate which makes it ideal for diagnostic purposes. The main difference 
between the simplified and the moderate models is that the moderate model  includes 
more dynamic treatment of the chip flow and delignification rate, for example, chip 
compaction and Arrhenius reaction rate constants track the chips in the digester. The 
main difference between the moderate 2 dimensional and the advanced 2 dimensional 
model is that the advanced 2 dimensional model includes a pressure net flow that 
calculates the flow distribution inside the digester and also the size of the extraction 
flows. The simplified 2 dimensional model’s advantage is that it is smaller and therefore 
makes it possible to run faster during simulations, however with the computer power 
available today the execution time is not an issue compared to the moderate model. The 
disadvantage with the simplified model is that the retention time for the chips and the 
liquor will not be correct, as the cooking time for the chips will be too short in the lower 
part of the digester where there is more compaction of the descending mass. The model 
will also give the liquor too long a retention time in the lower parts of the digester. The 
advanced 2 dimensional model did not produce the desired results because the pressure 
data from the DCS (distributed control system) to the model was not accurate and was 
poorly calibrated. Due to the small pressure drops between the different stirred tank 
reactors, especially in the horizontal direction inside the digester, the model became very 
sensitive however if the number of stirred tank reactors is reduced, the model will 
become inaccurate. The problem with the small pressure drops between the stirred tank 
reactors was that it made it very hard for the software to find an initial value to start the 
execution of the code, which caused the model to be very slow and unstable. The 
pressure reading was often so inaccurate that it calculated negative pressure drops, 
negative flows and concentrations. Dymola can not handle turning flows without “if” 
statements when concentrations are included in the stream flow.  
 
This study shows that with the general model it is possible to use it on-line for different 
pulping processes like the hydraulic Lo-solid digester at Ngodwana or the vapor phase 
ITC digester at Usutu. It is also shown that the model can be used for both control at 
Ngodwana and for diagnostic purposes at Usutu. 
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1. Introduction
 
The primary subject of this thesis is to build a robust on-line model for a continuous pulp 
digester based on first principle equations. Investigate the possibility to use the model for 
multiple purposes like diagnostics, decision support and control. This thesis aims to 
explain the methods that have been used during the process to determine the accuracy and 
robustness of the theoretical model. It will also show the results where the theoretical on-
line model is compared to on-line process data.  

1.1. Problem and aim  
Today, the pulp and paper industry find themselves in a very competitive market, with a 
lot of different products available. To maintain a competitive advantage and to make the 
products more attractive, it has become necessary to improve quality and optimize the 
process in order to reduce production costs. However, this proves to be a very difficult 
task, as it is necessary to understand what happens inside the digester vessel during the 
pulping operation, so that predictions can be made on the effects of changes on the 
quality of the products. To date this has been very challenging, because very few 
parameters are measured inside the digester and the response from process changes are 
only measured much later, due to long retention times.  With an on-line dynamic model 
built from first principle equations, it will assist to give an early indication of upsets in 
the process like channeling.  Thus with a model like this, it will be possible to predict the 
response from changes made in the process and also to control the process in a feed 
forward system. Early warnings of upsets in the process and the ability to control by a 
feed forward system, will reduce the amount of poor quality products being produced 
outside the quality requirements. More importantly, costs can be saved through reducing 
the production of poor quality products.  
 
The purpose of this thesis is to determine the possibility to build and verify an on-line 
dynamic model for continuous pulp digesters. It is important that the model be easy to 
build and to configure for all different kinds of digesters, like vapor phase or hydraulic. A 
concern that a company like SAPPI has, is that it has 5 pulp plants in Southern Africa and 
none of them have the same digester setup and pulping processes.  Due to this problem 
which is shared by many other pulping companies, it is important to develop a robust 
model that is easy to build and configure for the different kinds of digesters.   
 

1.2. Research task 
 
 The approach is to use a physical model that is correlating different variables to each 
other. The task is first to develop the model as such, and then to verify the prediction 
power of the model, when used with process data as inputs. Reactivity constants are 
tuned and the model behavior is verified towards manual sampling and on-line 
measurements of what can be measured on-line. 
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The model is a development of the Purdue model [Bhartiya et al, 2003]. The supplements 
and the changes that have been made are for the purposes of making the model more 
suitable for pulp and paper applications. The biggest difference between this model and 
the original model is the dynamics of the model. The dynamics of the model make it 
possible to use the model for on-line control of the pulping process.  
 
This model makes it possible to simulate the process and make changes in the process 
without interrupting the real process. At the same time it is possible to understand what 
happens inside the digester. This model can also be used for testing new process ideas or 
recipes and simulations can also be used for training purposes. 
 
A model that is running on-line and parallel with the real process can be used for sensor 
validation of for example flow, temperature and residual alkali. It can also be determined 
how stable the process is, or if there is liquor channeling or clogged screens. If the sensor 
values are compared to the simulated values, the accuracies of the sensors can be 
followed as well as the condition of the process. As long as the correlations between the 
differences in the values of the measured values and the simulated values remain 
unchanged, the sensors are working. If the correlations between the differences of the two 
values change dramatically, indication is given of either channeling or some sensor 
failure. 
 

1.3. Research method 
 
The model has been developed in a program language called Modelica in simulation 
package called Dymola (Dynamic Modeling Laboratory). Dymola is a program that is 
developed for modeling and simulation as it is possible to simulate the dynamic behavior 
and complex interactions between systems of many different engineering fields. This 
means that users of Dymola can build more integrated models and have simulation results 
that better depict reality (www.Dynasim.com). All the programming is coded in Modelica 
and the graphic interface in Dymola are used for connection of the different models. The 
model is built up from a graphic pulp library that is created in Dymola text. The library is 
developed to be as general as possible so that it is possible to build a model for different 
kinds of continuous digesters with different wood species, without needing specialized 
knowledge in programming. It could be possible to use the pulp library and just drag and 
drop the blocks to make a new model for a digester. The only thing that has to be typed in 
are the parameters like physical sizes of the digester and also the reaction constant that is 
combined to the wood. Another difference between this model and the original Purdue 
model is that the reaction constants follow the chips through the digester unlike the 
Purdue model, where the reaction rate constants were in the digester volume. This makes 
it possible to follow different chips through the digester and simulate the process when a 
“swing” is made. In other words, when the wood species are changed from “hardwood” 
to “softwood”.  
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The digester model has been developed to be used for three different applications as can 
be seen in paper no 1 Appendix 6.1.  “Applications of Physical Models for Optimization 
and Control in Pulp and Paper Industry”: 
 
1. The first application is to use the model as a diagnostic tool to determine faulty 
instruments or upsets in the process like channeling or hang ups. The use of the model as 
a diagnostic tool was tested and it was found to be working well, as can be seen in 
Chapter 7.3 “Upsets and faults in a continuous digester”. 
 
2. Simulation of the process is another application that can be used to train the process 
operators, to increase their understanding of how the process reaction a change in the 
process for process engineers and process operators. During the process of building and 
testing the model we have gained a better understanding of what happens inside the 
digester, for example the residual alkali concentration in the extraction flow. The alkali is 
a mixture of the flow from the top of the digester and the counter flow from the bottom of 
the digester. With the model it is possible to see what the residual alkali is in the two 
separate flows and ensure that the alkali is not too low, so that the lignin does not 
precipitate back on to the fiber.  
 
3. The last application is advanced process control like model predicted control or feed 
forward control. This is used to optimize the control of the digester, to get better quality, 
more energy and improved chemical efficiency. This application has not been tested to 
date because the model has only been running as an open loop simulation. What can be 
seen in Chapter 7.2 “Results from on-line simulation of continuous digesters” is that the 
model has potential for running in a closed loop to give set points to the DCS (distributed 
control system). Before it can be used optimally for feed forward control, it will be 
necessary to know more about the chip feed to the digester. This information can come 
from on-line NIR (Near Infra Red) spectrometer [Axrup et al, 2000].  
 
When the process is controlled, the quality of the pulp kappa number is also controlled 
i.e. the amount of lignin left in the pulp. The residual alkali also needs to be controlled, 
i.e. how much chemical is left in the cooking liquor. The quality is mainly controlled by 
the temperature. The temperature is controlled in the different circulation loops around 
the digester. The residual alkali is controlled by the amount of alkali added to the process 
and also where in the process the chemicals are added. The temperature and the amount 
of chemical that is added impact both on quality and production rate. Currently, most 
pulp mills use an advanced control system to control production and quality that is built 
from experience tables and from feedback control, which is then used to make changes to 
the process. The disadvantage of feedback control is that there exists a time delay due to 
the fact that the results must first be obtained before any changes can be made and the 
reaction be evaluated. Feed forward control and model predicted control implies 
predicting what will happen in the process and making the changes before you see the 
result. With an optimized control of the temperature and chemical usage you will get 
better quality, higher yield and consume less chemicals. 
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To enable the optimization of the pulping process, a good understanding is needed of 
what happens with the chips inside the digester. It is also important to understand what 
the temperature and chemical profile looks like inside the digester. The only known fact  
about the process are things that can be measured outside the digester i.e. the 
concentration of the chemicals are measured outside the screens in the circulation loops 
and the quality of the pulp can only be measured after the pulp has blown out of the 
digester in the blow line.  
 
The model has been developed and tested at four different pulp and paper mills: 

1. Korsnäs in Gävle (Sweden); (tested off-line) 
2. Ngodwana in Mpumalanga (South Africa); (tested on-line) 
3. Tugela in Kwa-Zulu Natal (South Africa); (tested on-line) 
4. Usutu in Swaziland; (tested on-line) 

 
Both Ngodwana and Korsnäs are using “swing” in the process in which different wood 
species are pulped consecutively. At all four mills, the digesters are different in size, with 
respect to height and diameter. They also have different setups, for example the number 
of screens and different processes, like hydraulic or vapor phase systems and also 
different products [Headley, 1996]. Ngodwana’s digester is a small hydraulic Lo-solids 
digester [Marcoccia et al, 1996]. Korsnäs’s digester is a tall hydraulic ITC digester with a 
pre-impregnation tower. Usutu’s digester is a small continuous ITC vapor phase digester. 
Tugela has a small continuous MCC vapor phase digester.  
 
The mills will use the model for different applications. Korsnäs will use the model more 
as a diagnostic tool and the optimization of the “swing” protocol. Ngodwana will use the 
model for advanced control as model predicted control and also for training purposes. 
Usutu will use the model to predict channeling and feed forward kappa control of the 
delignification plant. Tugela will use the model for control and optimization of the 
process.  
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2. Overview of thesis 
 
In the five papers this thesis is built on I have tried to follow the development of the 
modeling work, 1) what to use the a model for and what is needed in a model, 2) what is 
available in the market 3) how to adjust the model to fit our approach, 4) follow the 
progress with the modeling and also 5) on-line result from the simulations. 

2.1.  Papers included in the thesis 

Paper 1: 
Jansson, J and Dahlquist, E and Lindberg, T and Subramani, S. (2002). Applications of 
physical models for optimization and control in pulp and paper industry. TAPPSA, 
Durban , October 2002. 
 
Paper 2: 
Jansson, J and Dalhquist, E. (2004). Model based control and optimization in pulp 
industry. SIMS, Copenhagen, September 2004. 
 
Paper 3: 
Jansson, J and Lindberg, T and Dahlquist, E and Persson, U. (2004). Process optimization 
and model based control in pulp industry. TAPPSA Journal, November 2004. 
 
Paper 4: 
Jansson, J and Grobler, F and Dahlquist, E (2008). Model based control and optimization 
of  continuous digester. TAPPSA Journal, July 2008. 
 
Paper 5:
Jansson, J and Grobler, F and Avelin, A and Dahlquist, E (2009). On-line simulation of 
continuous pulp digester. TAPPSA Journal, September 2009. 
 
A number of other papers have been published, but are to some extent overlapping with 
the included papers, and thus not directly included in the actual thesis. These papers are: 
 
Jansson, J and Dahlquist, E and Subramani, S. (2002). Application of Physical Models 
for Optimization and Control of Digesters in Pulp and Paper Industry. Asia Paper, 
Singapore, April 2002. 
 
Jansson, J and Lindberg, T and Dahlquist, E. (2003). Process Optimization and Model 
Based Control in Pulp and Paper Industry. AFCON, Cape Town, December 2003. 
 
Avelin, A and Jansson, J and Dahlquist, E. (2005). Use of Modelica for “multi phase 
flow” in complex systems, with application for continuous pulp digesters. International 
modeling conference in Lviv, Ukraine, May, 2005. 
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Avelin, A and Jansson, J and Dahlquist, E. (2006). Use of mathematical models and 
simulators for on-line applications in pulp and paper industry. Mathmod conference, 
Vienna, February 2006. 

2.2. Outlay of the thesis   
 
Paper no. 1 “Applications of Physical Models for Optimization and Control in Pulp and 
Paper Industry” describes what a digester model can be used for and also what factors are 
important to take into account when a digester model is developed. The different 
applications of a physical model that the paper mentions are:  
 
1. Model predictive control for advanced process control; 
2. Data reconciliation that is keeping control of the different measurements sensors; 
3. Decision support system that keeps control over the process status; 
4. Optimization of the process. 
 
In the paper there is also a short review about what other people have done in the past 
with laboratory tests and modeling in the pulp and paper industry. Some of the people 
that are mentioned are F.J Doyle that made some improvements of the Purdue model. 
Vroom that developed the H-factor model and Svedman that showed the effect of the 
wood and chips size on batch digester. MacLeod showed the effect of the wood and chips 
on a continuous digester. The paper also describes the pulping process, the theory behind 
pulping in a digester, what is important to monitor like wood species, chips size and 
chemical profile inside the digester. The article concludes with an example of simulations 
and optimization work that have been done. 
 
The author’s contribution to this paper has been to make a review of what other people 
have done in the past. The author’s co-author Erik Dahlquist has contributed with his 
experience in modeling and control of processes in the pulp industry. Dahlquist has also 
contributed with examples from work that have been done at different pulp plants.  
 
Paper no. 2 “Process Optimization and Model Based Control in Pulp Industry”, describe 
mainly three types of models for control, optimizations and diagnostic for pulp and paper 
industry. Two of the models were developed by ABB and they are AutoCook and 
Optimizer. The third one is the digester model that was developed from first order 
equations. The AutoCook is a model that is based on experienced based tables and simple 
equations to track the chip flow in the digester. The tracking function is used for control 
to give an idea of where to change process variables in the digester during a production 
change. The Optimizer is a whole mill simulation where the whole plant is simulated 
with a lot of small models made from simple first order equations. The models are 
example simplified production units, buffer tanks that are connected in a flow network. 
Behind this first order equation models advanced optimization tools are used to optimize 
and control the chemical balance for the whole plant. The model can also be used for 
production planning. The production planning problem is formulated similarly to a model 
predictive control problem. A model such as the Optimizer is also used for sensor 
validation and soft sensor. Soft sensor refers to a model that calculates values, for 
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example flows, which are not measured, but that can be obtained from adding two flows 
together, or calculate from level changes in a tank. The digester models are built as a one 
dimensional model or a two dimensional model. The one dimensional model can be used 
for control purposes like model predicted control. The two dimensional model can be 
used for diagnostic purposes. Paper no. 2 also describes how to tune the digester model 
according to different wood species and quality and gives an example of how to calculate 
the different tuning parameters in the Arrhenius expression for the reaction rate for a pine 
wood type. 
 
The paper was written by the author after discussion with the author’s co-author Erik 
Dahlquist. The author’s contribution has been to describe the three different types of 
models and what they can be used for.  The co-authors Tomas Lindberg and Ulf Persson 
have contributed with inputs as examples from where models have been implemented. 
Dahlquist have contributed with the part where it describes how to tune the digester 
model reaction rates and chemical consumptions constants.    
 
Paper no. 3 “Model Based Control and Optimization in Pulp Industry” describes 
different solution methods of models and where the different approaches are best suited. 
 
The three different approaches that are discussed in the paper are: 
 
1. Sequential solver with an interaction between pressure-flow calculations and chemical 
reactions-tank calculation in 1D flows. This approach is well suited for operator training 
of a system. 
 
2. Simultaneous solver with chemical reaction-tank calculations in 1D flow but without 
pressure-flow calculations. This approach is well suited for model predicted control or 
feed forward control where you want to find an optimal setting of the different variables 
like temperature, concentrations and flow. 
 
3. Simultaneous solver with chemical reaction-tank calculations in 2D or 3D flow with 
pressure-flow calculations. This approach is well suited for different types of diagnostics 
as example sensor validation. 
 
The paper was written together with the author’s co-author Erik Dahlquist. The author’s 
contribution has been to describe the different models for the three approaches that are 
described in the paper also what are necessary to add in to the models and how the 
models are working. Dahlquist’s contribution has been to describe the three different 
approaches that are mentioned.    
 
Paper no. 4 “Model Based Control and Optimization of Continuous Digester” describe 
in detail the work with two different digester models. The difference between the models 
is that one of them contains a pressure-flow net. The pressure flow net is used for 
simulation of the flows inside the digester calculated from the pressure drops and 
compactions from the chips. The paper also contains equations and a schematic picture 
on how the simulation of the flows is described for models. The results were plotted from 
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the off-line simulations of the model with pressure-flow net are presented and described. 
The paper also contains results from the work to verify the model without a pressure-flow 
net with the real process at Ngodwana mill. The verification was done with four different 
production rates. For these four production rates six months of data was collected to get 
an average value to use as an input to the model. The result from the simulation was 
compared to the average result from the collected data. Simulations were also done where 
the in-data of one production rate average was ramped into another production rate 
inputs. The results from the ramping were used to verify that the model reacted in the 
correct way. 
 
The paper was written by the author after discussion with the co-author Erik Dahlquist. 
The author’s contribution has been to build the digester model with a pressure net flow 
and the model without the pressure net flow and describe how they work. The author also 
contributed with the simulations and the explanations of the results of the simulations. 
Co-author Freddie Grobler contributed with mill data as input for the simulations. 
Grobler has also contributed with explanations of the equations that are described in the 
paper. 
 
The last paper, Paper no. 5 “On-Line Simulation of Continuous Pulp Digesters” describe 
two different pulping processes, single vessel Lo-Solids digester at Ngodwana and single 
ITC vessel digester at Usutu. The article shows the result and usage of the on-line 
modeling and simulation of the processes at Ngodwana and Usutu. The result from the 
simulation is plotted together with the real DCS (distributed control system) value from 
the process so that it is possible to compare the results and see how accurate the model is. 
The simulation result from the Ngodwana model was during a swing, when they changed 
from softwood to hardwood. During the swing there was a change in production, quality 
and wood species. The result from the simulation followed DCS (distributed control 
system) values well and it is possible to use the result to optimize the control of the 
swing. As example, a big dip in Kappa and a spike in alkali during the swing, to avoid the 
possibility to decrease the alkali charge earlier and also to decrease the temperature. The 
simulation results from the Usutu model was during a build-up of a channeling inside the 
digester. The simulated results follow the DCS (distributed control system) value well 
and prove that it is possible to use the model for the diagnosis of channeling. The trend 
shows that when channeling is starting to build up, the temperatures after the extraction 
screens changes while the simulated values stay unchanged. As an example, the 
simulated and the DCS (distributed control system) values are between 150 C and 155 C 
at the extraction flow and at the wash circulation it is between 115 C and 129 C. When 
the channeling starts, the simulated values stay between these values and the DCS 
(distributed control system) temperature value in the extraction flow decreases to 145 C 
and the temperature in the wash circulation increase to 145 C. If the extraction flow 
temperature decreases to under 150 C and the wash circulation liquor increases to more 
than 125 C without any process changes, this indicates that channeling is occuring. The 
paper also contains a short part on what software was used to do the on-line simulations. 
 
The paper was written by the author and the co-author Freddie Grobler after discussion 
with the co-author Erik Dahlquist. The author’s contribution was to run the on-line 
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digester simulations and tune the digester parameters so that the simulations fit the DCS 
(distributed control system) values. Other contributions have been to analyze and 
describe the results together with Freddie Grobler. Grobler has contributed by explaining 
the stirred tank reactors and the two different types of digesters that Usutu and Ngodwana 
have. Grobler has also contributed by explaining the different software that was used to 
run the on-line simulation. 
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3. Literature review 
3.1. Development of a continues digester model 

 
One of the pioneers of developing models for the pulping process was [Vroom, 1957] 
that developed a model based on an Arrhenius type expression, describing the reaction 
rate and temperature dependence for the dissolution of lignin. This expression has 
become commonly known as the H-factor, and is the most used measure to control the 
delignification reaction. The H-factor is only described by temperature and time. In the 
early seventies [Kerr, 1970] developed the H-factor model further by considering the 
concentration of cooking liquor and amount of lignin in the chips. This made the H-factor 
model more suitable for controlling the cooking process by controlling the amount of 
chemicals added to the process, in addition to temperature and time. 
 
[Kleppe, 1970] explained the delignification process by dividing delignification rates into 
three stages called initial, bulk and residual delignification. This made control of 
temperature in the different stages of the cooking process possible. [Johnsson, 1971] 
developed a steady state model that derives a dynamic mathematical model as a complex 
set of partial differential equations which describes heat and mass transfer. 
[Smith et al, 1974] started to develop the Purdue model that is until today widely used 
and validated. It is used as the basis for many digester models. The Purdue model is 
considered a continuous digester as a series of continuously stirred tanks reactors with 
external flows entering and exiting those stirred tanks reactors where the heaters and 
extractions screens are connected. Each stirred tank reactor contains three phases: a solid 
phase that is wood, an entrapped liquor phase that is the liquor inside the chips and a free 
liquor phase that is the liquor surrounding the chips. [Smith et al, 1975] also divided the 
wood component into five components, high reactive lignin, low reactive lignin, 
cellulose, galactoglucomannan and arabinoxylan. [Kerr et al, 1976] incorporated pulping 
variables like sulfide content, chip size and chip moister to Kerr’s original model. A 
decade after Smith and Williams started with the Purdue model, [Christensen, 1982] 
improved the model by dividing the wood into hardwood and softwood and a rate 
multiplier was used to adjust the kinetics for the different species. These developments 
made the model more accurate for the two different types of wood. Other improvements 
by Christensen were the determination of better lignin ratio, the inclusion of non-reactive 
concentration of some carbohydrates and improved methods for calculation of reactant 
consumption. 
 
[Harkonen, 1984 and 1987] created a model that contained momentum, heat and mass 
balances to describe the pressure and motion of the chips column inside the digester. An 
experimental apparatus that compressed and cooked wood chips was used to develop 
correlations for the chip compaction and the flow resistance of the free liquor, due to 
compaction. Harkonen also suggested that while the chips become softer during cooking, 
they change in shape but not significantly in volume. This model was only possible to run 
on steady state values. Harkonen’s research made it possible to simulate and understand 
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what happens inside the digester vessel during a cook. This is important to know so that 
there is a better understand of why channeling occurs in the digester. 
 
[Cho et al, 1985] added different activation energy for different wood species. [Fleming 
et al, 1985] added viscosity into the modeling to describe the reduction of average chain 
length. [Burazin, 1986] developed a very detailed kinetic model that contained diffusion 
in three dimensions depending on temperature, species, pH and yield.  
 
[Michaelsen et al, 1992] used a continuous digester model for model predictor control at 
SCA Nordliner in Sweden. The model Michaelsen used was a simplified version of the 
Purdue model. 
 
[Vanchinathan et al, 1993] developed a dynamic model for describing the delignification 
kinetics based on real time liquor data. [Vanchinathan et al, 1997] also developed a 
dynamic Kraft pulping model based on an on-line liquor analysis.  
 
[Saltin, 1992] developed a model based on the work from [Smith et al, 1975], 
[Christensen, 1982], [Harkonen, 1987] that predict the kappa number, rejects, residual 
alkali, dissolved solids and temperature. [Michelsen et al, 1995] combined and extended 
the research from [Harkonen, 1987] and [Christensen, 1982] to build a detailed digester 
model from mass momentum and energy balance. Michaelsen also added to the model 
that the packing of the chips become higher because of softening of the chips. This will 
give a better prediction of the retention time.  
 
[Wisnewski et al, 1997] improved the Purdue model with definitions of the mass 
concentration and volume fractions and a more detailed description of the mass and 
energy transport within the stirred tanks reactors. Some assumptions that were necessary 
in earlier Purdue model versions were removed. These improvements made the model’s 
ability to extrapolate over wider operating conditions. [Bhartiya, et al, 2001] continued to 
develop the Purdue model with a direct integration of the work of [Wisnewski et al, 
1997] and [Michelsen et al, 1995]. The developments made it possible to incorporate axis 
momentum transport, which is an immediate consequence of the ability to simulate chip 
level and its impact on the kappa number profile. 
 
[Kayihan, 2002] describes a model that each plug entering the digester system carries its 
own distinct set of physical, chemical and transport parameters, which makes it possible 
to simulate the swing between two types of wood. 
 
There have been a number of attempts to use statistical models for pulp digesters. One 
example of this is presented in the PhD thesis of [Funkquist, 1995]. There are some 
advantages with statistical models. It is not necessary to understand the process. The 
models are built from regression of the measured data. The disadvantage of statistical 
models is that it is very difficult to get reliable data from a process like this, and the 
dynamics are very complex. Another disadvantage is that the statistic models are only 
accurate in the range of the measured data. Due to this fact, the approach of a physical 
model has been selected for this thesis. 
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3.2. Use of models in the pulping industry 
 
Many different models have been used primarily for operator training. These training 
tools are advanced models implemented in advanced simulator tools with high level of 
functionality and interaction with a DCS (distributed control system) system. One 
example of this training simulator system is IDEAS that was originally developed by H. 
A. Simons and now is part of Andritz that have been used successfully at Aracruz 
cellulose’s fiber line C expansion project [Dahlquist, 2008]. The same simulator was used 
later at SAPPI Saiccor’s expansion project named Amakulu. Another example of a 
training simulator system is Simconx, which was developed by ABB that was installed at 
the green field mill at Visy pulp and paper, in Tumut Australia. These simulators have 
also been successfully used during the FAT (factory access test) of the DCS (distributed 
control system) system, [Dahlquist, 2008]. 
 
There are a number of simulation tools for engineering design of new processes or 
rebuilding of existing ones, like PulpMac and WinGems. These tools use less 
sophisticated models based on basic principles like energy and mass balances. WinGems 
was developed at Pacific Simulation, but now acquired by Metso Automation. PulpMac 
was developed by Lars Nyborg  in Sweden and was one of the first simulation tools that 
were developed for pulp and paper applications www.papermac.se . The less sophisticated 
model in combination with dynamic simulator and optimization algorithms are used for 
production planning and optimization. Examples of these are the European Union DOTS 
project, [Dhak et al, 2004] and [Ritala, 2005] and the Optimizer developed by ABB and 
installed at Gruvön mill in Sweden, [Pettersson et al, 2006]. The Optimizer at Gruvön 
mill is also used for sensor diagnostic, [Persson et al, 2003]. 
 
More advanced models that have been developed from basic chemical reaction equations 
but also including fluid dynamic aspects like the Purdue model that was further 
developed by Frank Doyle and his students [Bhartiya et al, 2001], are used for analysing 
the performance of a plant. [Walkush et al, 2002] developed a digester model in 
WinGems to investigate the performance of a low-solids and EMCC continuous digester 
with good results. [Mercangöz et al, 2006] used the developed Purdue model to analyze 
the performance of a plant wide pulp mill. The Purdue model has also been used for 
advanced control like model predicted control. [Michaelsen et al, 1992] was the first to 
simplify the Purdue model to use it for model predicted control. Later [Bhartiya et al, 
2001] used a dynamic simulation model based on the Purdue model to investigate the 
advantage of using model predicted control compared to more simple PI-controls for an 
entire fibre line. 
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4. Description of the pulping processes 
 
Figure 1 illustrates a schematic diagram of the craft (or sulfate) pulping process. The unit 
consists of a single-vessel hydraulic digester that chemically treats wood chips under 
increased temperature and pressure in order to reduce the lignin content of the processed 
pulp, making it suitable for papermaking. Wood chips arrive from the wood room to the 
chip bin on a conveyor from the chip yard.  Steam is introduced to the chip bin to provide 
preheat for and reduce air in the chips that will ultimately be charged to the digester. A 
chip-metering device that maintains a fixed discharge from the bin is controlled by the 
speed of a horizontal screw. The speed of that screw will control the pulp production in 
the digester. The steamed chips exiting the screw enter a vertical chute prior to being 
combined with top circulation white liquor as they are pumped to the high-pressure 
feeder.  Through sufficient contact with white liquor and under pressure, the void spaces 
of the chips become impregnated with white liquor ensuring a reasonable concentration 
of fresh cooking chemicals are available in contact with the wood to allow delignification 
to begin to occur. It is very important that the chip size is uniform so the impregnation 
will be the same in all chips. If the chips from the wood yard are non-uniform it will 
result in problems later in the process in the form of poor liquor flow and dad chip 
column movement inside the digester.  
 

 
Figure 1:  Schematic Picture over a Single Digester Vessel and the Surrounding Equipment [Borg, 
1989] 
 
The transport of chips to the top of the digester can be problematic because of the 
pressure differences, the chips are transported from atmospheric pressure to 11-13 bar 
pressure. This problem is solved by rotating low and  high-pressure feeders which move 
the chips from one pressure zone to the other. The chips are flushed with liquor in the 
chip shote before the high-pressure feeder transfers the chips to the top of the digester 
vessel.  At the top of the digester, a vertical screw and screen separates the transporting 
liquor from the chips and returns it to the inlet side of the high-pressure feeder.  The chips 
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are simultaneously discharged into the top of the digester.  Make-up liquor is also added 
to the top of the digester. 
 
After the chips enter the digester, the wood chips form a traveling bed and initially move 
co-current to the flow of liquor down the vessel.  The digester operates as a two-phase 
solid-liquid reaction system. The chips retain their original physical dimensions 
throughout the cooking process, except for the softening of the chips. The chips become 
pulp when the chips are blown out of the digester to atmospheric pressure. The solid mass 
making up the chips will decrease as pulping proceeds through delignification process 
becoming a water soluble solid that becomes dissolved in the entrapped liquor and is 
transferred by diffusion to the free liquor surrounding the pulp phase. 
 
The introduction of chips and make-up white liquor is made to the top of the digester, 
which is called the impregnation zone. Cooking chemicals continue to diffuse into the 
liquid entrapped in the void spaces of the chips.  The temperature in the impregnation 
zone is generally not high enough to cause an appreciable rate of delignification to occur.  
When the chips leave the impregnation zone, the chips and cooking liquor enter the next 
stage called heating zone where the temperature is raised by a cooking liquor circulation 
system. Liquor withdrawn from the digester is separated from the chips through screens. 
 
The heat circulation system pumps the liquor withdrawn from the digester through a 
heater and then returns the heated liquor to the vessel via a central pipe in the middle of 
the digester. In this way, the cooking liquor has time to react with the chips and the outlet 
flow from the screen is spent cooking liquor whish is called black liquor.   
 
After the heating zone in the digester, the heated pulp and liquor are introduced to the 
cooking zone where most of the delignification reactions occur. Upon reaching the next 
screen in the digester, the spent or weak black liquor is removed from the digester via a 
screen. The black liquor from both the cooking zone and wash zone are withdrawn 
separately and analyzed before being combined. 
 
The combined black liquor extracted from the vessel is cooled in a flash vessel and the 
steam that is generated in that process is returned to the chip bin.  Furthermore, it is 
subjected to a series of regenerative processes (including evaporation, recovery boiler, 
chemical regeneration, etc.) aimed at the reuse of the liquor in the digester operation. 
 
The chips continue to the high heat wash zone which marks the point in the vessel where 
countercurrent flow resumes. With the higher temperatures expected to be encountered in 
this zone, some degree of delignification will still continue to occur. 
 
The remaining operation of the digester now becomes devoted to washing spent liquor 
from the chips ensuring adequate removal of residual, unspent reactive inorganic 
components and dissolved organic solids resulting from the delignification reactions.  As 
the wash liquor cools the entrapped liquor and chips, the rate of delignification that 
occurs in this section will continue to decrease. 
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In the wash stage it is important that the temperature is high enough so that the dissolved 
lignin follows the wash liquor out through the screen and does not precipitate back to the 
chips. 
 
Chips continue to move downward against the counter-current up-flow of wash liquor.  
The counter flow then enters a high heat wash zone where chips are counter-currently 
washed as they proceed through the bottom section of the vessel.  The washing medium 
is cooled and filtered from the wash liquor feeder.  A wash heating circulation system is 
present near the bottom of the digester.  The bottom of the vessel is a chip blow dilution 
and cooling zone.  Within this zone, an interface forms between the liquor, flowing 
upward into the wash zone and that flowing downward into the blow line. The upward 
moving component of filtrate is heated in the wash circulation system to improve 
washing efficiency and to allow some delignification to continue in the high heat washing 
zone. 
 
The balance of the filtrate is added to the bottom of the digester dilutes and cools the 
cooked chips.  The resulting mixture of cooled chips and filtrate is then discharged from 
the bottom of the digester using a scraping device.  The chips are then blown from the 
digester to the brown stock washing section in the mill.  
 
It is important that the wash liquor flow is optimized, as too big a wash flow will result in 
very good washing efficiency but it will result in a lot of liquor requiring evaporation 
whish is expensive with respect to steam usage. In the worst case too big wash flow will 
lift the chip column and plug the digester. 
 

4.1. Process variables 
 
The most important factors in the pulping process is the achievement of a pulp product 
with good quality, (consistent kappa number) and a high wood to pulp yield. The quality 
is measured by the amount of lignin remaining in the pulp by the “kappa number”. The 
timber species that is being pulped decides the value of variables used to control the rate 
and extend of the delignification process i.e. temperature and the residence time. The 
removal of the lignin from the chips is a chemical reaction which depends on the 
concentration of the cooking liquor and has an influence on the removal of lignin. When 
the lignin has been dissolved from the chips it is important to remove the dissolved lignin 
from the pulp so that the lignin does not precipitate back onto the cellulose fiber. The 
precipitated lignin is much harder to remove from the pulp later in the fiber line processes 
of washing and bleaching. Another process variable that influences the removal of 
dissolved lignin is the temperature at the bottom of the digester (the washing zone), if the 
temperature is too low the dissolved lignin will precipitate back onto the fiber faster. The 
reason to measure the kappa number, as a quality index is that the lignin has negative 
affect on the bleaching of the pulp and hence the brightness of the finished paper. The 
residual lignin results in the paper will become yellow and be brittle. The residual lignin 
makes the paper brown. 
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The cooking process is controlled to not allow the delignification reaction to proceed to 
far, as when all the lignin is dissolved the process will start to dissolve the hemicelluloses 
and after that the cellulose. The hemicellulose is a fiber with poor quality and during that 
time the process will start to destroy the cellulose fiber. A damaged fiber will give a 
weaker paper and if the fibers break down and get screened away, the yield will increase. 
 
To control the cooking process a factor called H-factor is used. The H-factor is described 
in figure 2. There are two variables that control the H-factor, temperature and time. The 
result is the area under the graph, so if the temperature is low the residence time need to 
be longer. 

 
Figure 2:  Schematic Picture over H-factor, Connection between Time and Temperature [Borg, 1991] 
 
The two graphs in figure 2 will give the same result. 
 
In a continuous digester the time, residence time, is a function of the production rate. 
Depending on the mode of digestion. The process temperature should be between 165-
175 C, temperature over that damage the fiber and the steam consumption is too high. 
Temperature under 165 C is no use to have, the cook will take to long time. The 
connection between temperature and reaction speed is not linier, it is more like factor ten. 
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5. Description of the process model 
 
In a continuous digester, the wood chips are cooked in an aqueous solution of sodium 
hydroxide and sodium sulfide at elevated temperature and pressure. The objective is to 
degrade and dissolve away the lignin and leave behind most of the cellulose and 
hemicellulose in the form of intact fibers. In practice, the chemical pulping method is 
successful in removing most of the lignin; they also degrade and dissolve a certain 
amount of the hemicellulose and cellulose. The digester section model is used to describe 
the behavior of a lumped section of the digester. In other words, the entire digester model 
can be built through connecting a series of digester section models together like stirred 
tank reactors. See paper no. 2 Appendix 6.2. “Process Optimization and Model Based 
Control in Pulp Industry”, paper no. 4 Appendix 6.4. “Model Based Control and 
Optimization of Continuous Digester” and paper no. 5 Appendix 6.5. “On-Line 
Simulation of Continuous Pulp Digesters”.  
 
Each digester section contains two volumes, the volume occupied by the chips with the 
entrapped liquor, and the volume occupied by the free liquor.  Thus it can be divided into 
two regions: wood and free liquor. The volume of entrapped liquor will be determined by 
an epsilon factor. The volume of the chip remains unchanged during cooking. Mass, 
energy and momentum balances should be made for each region in the section. 
 
In each digester section, under a certain temperature, delignification occurs, and 
substantial amounts of carbohydrates also dissolve.   Since this is a heterogeneous solid-
liquid phase reaction system, complex mass transfer mechanisms also occur 
simultaneously with the chemical reactions. However, if the impregnation of chips is 
completed, the reaction system can be treated as a homogenous reaction system.  
 
There are three different models that have been developed and tested to see what fits our 
applications best. The three models are a simplified 2 dimensional model, a moderate 2 
dimensional model and an advanced 2 dimensional model. The three models are based on 
the same principles, but the differences in the models are the dynamics in the liquor and 
chips flow. The main difference in the dynamics between the simplified and the moderate 
model is that the moderate model carries the Arrhenius reaction rate constants and 
chemical consumption coefficients in the chips. They are not constants in the stirred tank 
reactors. This makes it possible to follow a change in the process during a swing. See 
paper no. 5 Appendix 6.5. “On-Line Simulation of Continuous Pulp Digesters”. The 
moderate model has also a compaction constant in each stirred tank reactors. The 
compaction constants give the correct retention time in each stirred tank reactor. A model 
like the simplified 2 dimensional model’s advantage is that it is smaller and it makes the 
model run faster during the simulations. The disadvantage with the simplified model is 
that the retention time for the chips and the liquor will not be correct. The main 
difference between the moderate 2 dimensional and the advanced 2 dimensional model is 
that the advanced 2 dimensional model includes a pressure net flow that calculates the 
flow distribution inside the digester and also the size of the extraction. The advanced 
model contain one extra component called chips flakes. The chips flow is divided into 
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two components, normal sized chips and under sized chips. The amount of under sized 
chips is used together with the amount of lignin left in the chips to calculate the pressure 
drops and the compaction constant. See Appendix 6.4. “Model Based Control and 
Optimization of Continuous Digester”. A model like the advanced 2 dimensional model 
is hard to get working well because it needs in-data which is hard or impossible to 
measure. Example of in-data that is not possible to measure is pressure inside the digester 
vessel. In-data that is hard to measure is for example, chips distribution of normal size 
and under-sized chips inside the digester. It is possible to measure the average size of the 
chips into the digester with a NIR (Near InfraRed) which measures the density of the 
chips that are transported on the conveyer to the chip bin. The pressure in-data that comes 
from the process to the model must be accurate. If the pressure gauges are poorly 
calibrated the model will became very unstable. The reason for this is the small pressure 
drops between the different stirred tank reactors, especially in the horizontal direction. To 
make the model more stable it is necessary to reduce the number of stirred tank reactors 
which makes the model less accurate. See paper no. 4 Appendix 6.4. “Model Based 
Control and Optimization of Continuous Digester”. The problem with the small pressure 
drops between the stirred tank reactors is that it is hard for the software to find an initial 
value at the beginning of the simulations; this makes the model very slow and unstable. If 
the pressure reading is too inaccurate and presents negative pressure drops this will give 
minus flows and minus concentrations, which the software cannot handle without “if” 
statements. 
 
A batch digester model was build from one stirred tanks reactors used verifying the 
kinetics in one stirred tanks reactors. This batch digester model is being tested to run on-
line at SAPPI Enstra mill in Springs, South Africa. The model is still in the tuning phase. 
Another version of the batch digester is under development to fit the process at SAPPI 
Saiccor mill in Kwa-Zulu Natal, South Africa. The process at Saiccor is very different 
from the other processes where the digester models have been tested. SAPPI Saiccor is 
one of the few pulp mills that produce chemical cellulose through the acid bisulphite 
process, using both calcium (Ca) and magnesium (Mg) as bases. The main difference 
between the digester models that are built for Enstra and for Saiccor are the chemicals 
and the reaction rate equations with constants for the process. 
 

5.1. Model assumptions 
 
An assumption that is made to simplify the simulation of the stirred tank reactors, are that 
the liquor flow can not change direction. Each stirred tank reactor has a declared flow 
direction. See Appendix 3.1.1 “Pulp Library Block”. It is also assumed that all liquor 
from the down-flow and up-flow that are mixed in the extraction are extracted out of the 
digester. In the stirred tank reactors, where the wash liquor is added, there is a split factor 
that split the wash flow into an up-flow and down-flow. This factor can be fixed or 
controlled with a PID (proportional integral derivative) controller by the blow flow or 
extraction flow. More assumptions include: 
 



 19

 Chips are well-steamed (in other words, there are no extractives in addition to 
lignin and carbohydrate) and fully penetrated with the white liquor before 
entering the digester; 

 Both chips and liquor in the digester move as plug flow; 
 The volume of the individual chips remains unchanged during the digestion; 
 The digester is adiabatic; 
 The wood chip is isothermal; 
 The free liquor is homogenous; 
 Radial gradients in temperature and concentration within phases can be ignored; 
 Chip pressure and flow resistance are isotropic; 
 Inertial forces can be neglected. 

5.2. Streams 
 
There are two different streams of data between the digesters section blocks, one that 
contains the data for the free liquor and another that contains data for the chips and the 
Connector chip.  
  Real chip_volumetric_flowrate; 
  Real chip_concentration[9]; 
  Real chip_temperature; 
  Real chip_pressure; 
  Real wood_density; 
  Real arrhenius_constant[10]; 
  Real stoic_OHL; 
  Real stoic_HSL; 
 
Connector free_liquor  
  Real free_liquor_volumetric_flowrate; 
  Real free_liquor_concentration[9]; 
  Real free_liquor_temperature; 
  Real chemicals_density; 
 
The models are built in different color codes for the connectors, as example the free 
liquor is red and the chip connector is blue see Appendix 3.1. “Pulp library block”, this 
will make it easy to build the model. The different streams have their own colors and it is 
only possible to connect the connectors with the same color to each other.  
 

5.3. Procedure for building a model 
 
The procedure for building a model is very simple. First it is necessary to collect digester 
physical data such as reactor dimensions, positions of the screens and the compaction 
factor inside the digester. It is also necessary to collect the tags from the historian or DCS 
(distributed control system) that will be inputs to the model and the tags that will be 
compared to the output of the model. The outputs are used for tuning and verifying the 
model. Once the data is collected, the model can then be structured according to the 
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drawings of the digester. This is made from a drag and drop library see Appendix 3.1. 
“Pulp library block” that contains the different digester sections. When the digester 
sections are connected the next step is to fill in the parameters such as height, diameter 
and compactions for each section. After the digester is built, all the blocks need to be 
connected to the digester, for examples the  liquor source and sinks, heat exchangers for 
the circulation loops and source of the make-up liquors for the liquor circulation. After 
the model is built it is connected to the historian or DCS (distributed control system). The 
model described is connected to the historian via excel, so it is necessary to connect the 
tags in the historian to excel. The procedure of building the model, after the collection of 
the necessary data, took two days at the Tugela mill.  The most time consuming part is 
tuning the model to reflect real time data. Tuning the model depends on the quality of the 
data collected for different production rates.  The more data that is available, the easier 
the tuning will be. Refer to Appendix 3.2. “Usutu model”, where the picture illustrates 
the end result of the digester model, which was developed for Usutu mill.  
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6. Results 
 
The results from the off-line simulations are described in more detail in paper no. 4 
Appendix 6.4. “Model Based Control and Optimization of Continuous Digester” and 
detailed results from on-line simulations can be seen in paper no. 5 Appendix 6.5. “On-
Line Simulation of Continuous Pulp Digesters”. 

6.1. Verification of the model for a continuous digester 
 
The model was first verified off-line with in-data for four different production rates. The 
amount of in-data was collected for an average of 1.5 years. The result from the model 
was compared to the same average data of the process. 
 
Table 1: The Tuning and Verification Result (Average Data from the Pi System) 

Production 
Rate (rpm) 

Trim circulation 
Residual Alkali (g 

Na2O/l) 

Extraction Residual 
Alkali  (g Na2O/l) Kappa Retention 

time (hrs)

 
Model 

Prediction 
Averaged

Data 
Model 

Prediction

Averaged
Data 
(C15) 

Model 
Prediction

Averaged 
Data 

Model 
Prediction

13 12.4 13 8.4 14 42.9 47.7 5.1 
14 11.4 12 8.3 13 46 48.1 4.7 
15 11.7 12 8.3 13 47.5 49.4 4.1 
16 11.2 12 8.3 13 49.8 49 3.7 

 
Sensitivity analyses of the model were done where step changes in the in-data were 
made. The response of the model was analyzed according to the expected values. 
Production rate changes with different time constants were made to see how the model 
responded to these changes. The results obtained from the off-line verification were 
sufficiently good to continue the development using real time on-line data. See paper no. 
4 Appendix 6.4. “Model Based Control and Optimization of Continuous Digester”. The 
big variance between the model and the actual data for the C15 can be explained as the 
extraction flow contains two extractions flows C15 and C16. The way the model is set up 
it will calculate the average value between the C15 and C16. The laboratory only 
measured the residual on the C15 extraction.  From experience it can be assumed that the 
C16 extraction residual will be a lot lower due to the wash water that is added at the 
bottom of the digester and this will reduce the average value between C15 and C16 
extractions. 
 
An on-line simulation during a swing from hardwood to softwood used in-data to the 
model from values obtained from the DCS (distributed control system) in the form of on-
line measurement of temperatures and flows, or from 2 hourly samples obtained from the 
laboratory for chemical charge. Some of the in-data are also constants that depend on the 
type of wood being pulped tor example the reaction rates constants. 
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In the simulation, the model runs at a speed twice of the actual time. The yellow lines in 
the result graphs are the measured value input from the DCS (distributed control system) 
and the pink lines are the predicted results from the model. 
 

6.1.1. Swing from hardwood to softwood at Ngodwana. 

 
Due to fiber requirements, Ngodwana swings between hardwood (Eucalyptus Grandis) 
and softwood (Pinus Patula, Pinus Eliotia, Pinus Tadea) on a regular basis. Because of 
the difference in wood species, the density, moisture and reaction rate constants between 
the two species differ requiring different cooking conditions to be used to obtain the 
required result. 
 
The input into the model was from real-time. The following graphs in figures 3 to 20 
indicate the comparison of the measured outputs from the DCS (distributed control 
system) and the predicted outputs from the model: 
 
The chemical balance across the digester is indicated by the pulp kappa number and the 
residual alkali concentration of the liquor. The figures 3 and 4 indicate the relationship 
between the measured and predicted values. 
 

 
Figure 3: Digester Kappa (Softwood to Hardwood Swing) during 24 hours simulation, (Yellow line = 
Measure value, Purple line = Predicted value). 

 
Figure 4: Extraction Residual Alkali (Softwood to Hardwood Swing) during 24 hours simulation, 
(Yellow line = Measure value, Purple line = Predicted value). 

The kappa target for the softwood cook is 50 and for hardwood is 20. As can be seen in 
figure 3 and 4, there is a good correlation between the measured value and the predicted 
value of the model. The off-set between the model and the actual, indicates that the 
model is not yet optimally tuned. 
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The residual alkali shows how much cooking chemicals are left in the digester after the 
cook is completed.  It is important to control the alkali profile in the digester to always 
have excess chemical available to prevent too high a kappa and lignin re-precipitation. It 
can also be seen that a good correlation between the measured value and predicted values 
exist.    
 
The energy balance is indicative of the measured temperature input. The figures 5, 6 and 
7 show the relation between the modeled and actual values as measured at the top and 
bottom extractions in the digester.  
 

 
Figure 5: Extraction Temperature in the Trim Circulation (Softwood to Hardwood Swing) during 24 
hours simulation, (Yellow line = Measure value, Purple line = Predicted value).  
 

 
Figure 6: Extraction Temperature in the Heating Circulation (Softwood to Hardwood Swing) during 24 
hours simulation, (Yellow line = Measure value, Purple line = Predicted value).  
 

 
Figure 7: Extraction Temperature (Softwood to Hardwood Swing) during 24 hours simulation, (Yellow 
line = Measure value, Purple line = Predicted value).  
 
By evaluating these graphs it is clear that there is a very good correlation between the 
heating circulation measured and modeled temperatures as well as on the extraction 
measured and modeled temperatures. Although there is a big offset in the trim circulation 
results they still show a correlation.  The offset here is most likely due to an imbalance in 
the mass balance across the digester (evident) or certain assumptions that were made with 
regards to the tuning values used in the impregnation zone.  The fact that the temperature 
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from the model does not cross over that of the plant, indicates that no internal liquid 
channeling is present. 
 
The figures 8 and 9 are indicative of the mass balance across the digester. 
 

 
Figure 8: Bottom Extraction Flow (Softwood to Hardwood Swing) during 24 hours simulation, (Yellow 
line = Measure value, Purple line = Predicted value).  
 

 
Figure 9: Blow Flow (Softwood to Hardwood Swing) during 24 hours simulation, (Yellow line = 
Measure value, Purple line = Predicted value).  
 
As was mentioned in the previous paragraph, there is an imbalance in the mass balance.  
Current indications show, that on softwood, the model is predicting about 1000 l/min less 
than the actual value and for hardwood the model is predicting about 200 l/min less than 
the actual value.   This is still under investigation but can possibly be due to assumptions 
made with regards to the wood feed (moisture), inaccurate measurements in the plant or 
flows not taken into account.  
 
For control purposes the following can be noted from the results obtained: 
 
Simulation results of the kappa and alkali during a swing from softwood to hardwood 
show that the alkali charge can be reduced earlier in the cook to avoid the peak in the 
residual alkali and the big drop in kappa number.  
The simulation results show that the temperature could be decreased earlier to avoid the 
peak in kappa number before the kappa starts to decrease. The simulations also show that 
it is necessary to ramp the temperature decrease faster to avoid the dip in the kappa that is 
caused by the difference in velocity and reaction rate between hardwood and softwood 
due to differences in density. 
 

6.2. Upsets and faults in a continuous digester 
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6.2.1. Channeling in the digester at Usutu 

 
At Usutu one of the most important parameters in their pulp quality is brightness.  Kappa 
excursions have a big influence on the brightness of the pulp.  A high kappa produces a 
darker pulp relative to a low kappa.  It was found that one of the contributors to kappa 
variations is channeling in the digester. Channeling occurs when the chip column inside 
the digester has a different diagonal chip packing density. This will create a channel of 
liquor, that flows where the packing density of the chips are lowest. The channels create a 
bad distribution of liquor and cause some liquor to only flow through the digester where 
there is less contact with the chips. This causes the chips and the liquor to not react with 
each other and exchange heat as it should. This results in big kappa and alkali variations.  
 
It is relatively easy to detect channeling in the digester.  If the cold circulation liquor 
wash temperature increases above 125ºC and at the same time the extraction temperature 
decreases to below 150ºC, it is indicative of channeling taking place.  In the following 
figure 10 and 11 it can clearly be seen that the temperatures from the model and DCS 
(distributed control system) follow each other and then suddenly the DCS value for the 
cold wash circulation starts to increase and at the same time the DCS value for the 
extraction flow temperature starts to decrease (see the red rings). This is an indication of 
channeling. 
 

 
Figure 10: Extraction Cold Temperature (channeling start) during 14 hours simulation, (Yellow line = 
Measure value, Purple line = Predicted value). 

 
Figure 11: Wash Extraction Cold Temperature (channeling start) during 14 hours simulation, (Yellow 
line = Measure value, Purple line = Predicted value). 

The influence of the channeling can also be seen on the kappa and wash residual alkali. 
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Figure 12: Kappa (channeling start) during 14 hours simulation, (Yellow line = Measure value, Purple 
line = Predicted value) 
.

 
Figure 13: Wash Extraction Residual Alkali (channeling start) during 14 hours simulation, (Yellow line 
= Measure value, Purple line = Predicted value). 

As channeling started the kappa and the residual alkali increased.  
 
In the figures 14 and 15 it can clearly be seen that when the channeling stops (see the red 
rings).  The DCS (distributed control system) temperature for the extraction starts to 
increase and the wash circulation temperature starts to decrease resulting in the DCS 
value and the model values start to run closer to each other again. 
 

 
Figure 14: Extraction Cold Temperature (channeling stop) during 18 hours simulation, (Yellow line = 
Measure value, Purple line = Predicted value). 

 
Figure 15: Wash Extraction Cold Temperature (channeling stop) during 18 hours simulation, (Yellow 
line = Measure value, Purple line = Predicted value). 

As soon as the channeling has stopped the kappa and the residual decreases again. 
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Figure 16: Kappa (channeling stop) during 18 hours simulation, (Yellow line = Measure value, Purple 
line = Predicted value). 
 

 
Figure 17: Wash Extraction Residual Alkali  (channeling start) during 18 hours simulation, (Yellow line 
= Measure value, Purple line = Predicted value). 

Sometimes it can be difficult to see if there are problems in the process or if other 
problems such as mistakes in the laboratory analysis or other human errors are the cause 
of the digester upsets. Figure 18 and 19 are good examples of where it can be either 
channeling or problems with the laboratory that gave rise to upsets. Figure 18 shows that 
there are big changes in the laboratory results for the residual alkali when the model is 
calculating a stable result of the residual alkali. As can be seen in Appendix 5.4. “In-data 
from Usutu” there are no changes in the alkali charge or the strength of the alkali into the 
process. The big variations in the residual alkali may come from channeling or mistakes 
during laboratory work. 
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Figure 18: Wash Extraction Residual Alkali (channeling start) during 16 hours simulation, (Yellow line 
= Measure value, Purple line = Predicted value). 

In this case it is more realistic to believe in laboratory error because as it is shown in 
Figure 19, there are no variations in temperature between the process and the simulated 
results. If there is channeling in the example it should look more like Figures 10 to 16. 
 
A third problem that can make the process unpredictable is changes in the unmeasured in-
data variables. An example of this is wood variables like density that changes with were 
the trees have been grooving or with age of the trees [Clarke et al, 2003]. This is probably 
what is seen at the Kappa number in Figure 18, thus it should be due to when the model 
calculates that the kappa is staying constant with. There are no major changes in the in-
data to the process that should decrease the kappa number, as can be seen in Appendix 
5.4. “In-data from Usutu”. 
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Figure 19: Wash Extraction Residual Alkali (channeling start) during 16 hours simulation, (Yellow line 
= Measure value, Purple line = Predicted value). 

6.3. Batch digester simulation 
 
The continuous digester model can also converted to a batch digester model. The only 
difference between the continuous and the batch digester is the mass balance. In the 
continuous model there is no accumulation of liquor and chips, (in is equal to out). The 
batch digester model is developed to study the kinetics in a digester section block stirred 
tanks reactors. The results from the simulations are compared to [Grace, 1983] and can be 
seen in Figure 20 and in Appendix 4 “Result from batch digester model simulation”. 
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Figure 20: Simulated Values Compared to Theoretical Values during a Batch Cook [Grace, 1983],  (Top 
graph: Blue line = Temperature, Red line = Lignin Concentration, Middle graph: Blue line = Effective 
Alkali inside the chips , Red line = Effective alkali in the cooking liquor). 

In Figure 20 the two top graphs are results from the simulations and are compared with 
the lower graph that is from [Grace, 1983]. The blue curve is the simulated temperature 
and the red is the simulated kappa number in the top graph, this should be compared to 
the curve that is called Temp respective Lignin in the lowest graph. The blue curve is the 
simulated effective alkali in the chips and the red is the simulated effective alkali in the 
liqour in the middle graph, this should be compared to the curve that is called EA in chips 
respective EA in liquor in the lowest graph.   

6.4. Test of an on-line continuous digester model with 
calculations of the deviation between process data and the 
simulation data 

 
To get an accurate calculation of the deviation between the model and the process it is 
necessary to simulate the process during normal operating conditions. The pulping 
process is a very unstable process, which is dependent on a number of variables like chip 
quality and size distribution. A stable process is not normal. The standard deviations are 
calculated from simulations that were made for Usutu and Ngodwana mills. The results 
from the simulations are presented in Appendix 5.5. “In-data for Calculation of Standard 
Deviation”. The results from these calculations of the standard deviation are used to give 
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an indication of how accurate the models are. It is sometimes difficult to get an idea of 
how accurate the simulations are, because of different factors like, the time difference 
between when the laboratory sample was taken and when the results are written into the 
systems. The laboratory samples are only taken every hour and inserted into the DCS 
(distributed control system) system 1 hour later. 
 
Table 2: Data and Calculations of the Standard Deviation and T-test for Usutu model 
* Assumptions that there is an error from laboratory and the kappa is 48.5 at time 7 and 8  

Time 
Kappa 
DCS 

Kappa 
Sim 

Alkali 
DCS 

Alkali 
Sim 

Blow 
Conc 
DCS 

Blow 
Conc 
Sim 

Trim 
Temp 
DCS 

Trim 
Temp 
Sim 

Heat 
Temp 
DCS 

Heat 
Temp 
Sim 

2 46 46.5 12 9.5 9 9 132 126 154 152 
3 48 48.5 10.5 10.5 8.5 9.5 132 131 155 155 
4 48 48.5 10.5 11 8.5 10 131 134 153 155 
5 49 49 9.5 9.5 9 9 132 131 154 154 
6 49 48 9.5 10 8.5 10 132 135 153 156 
7 39 48 9.5 8 8.5 9.5 133 135 153 155 
8 39 48 9.5 8.5 8.5 9 134 135 154 155 
9 49 48 8 8.5 9 9 135 134.5 153 155 

10 52 51 8 10 8.5 10.5 133 133 153 155 
                      

Average 46.56 48.39 9.67 9.50 8.67 9.50 132.67 132.72 153.56 154.67 
Standard deviation 

(SD) 4.56 1.19 1.25 1.00 0.25 0.56 1.22 2.99 0.73 1.12 
Average * 48.70 48.39 9.67 9.50 8.67 9.50 132.67 132.72 153.56 154.67 

Standard deviation * 1.58 1.19 1.25 1.00 0.25 0.56 1.22 2.99 0.73 1.12 
(SD) between DCS 

and simulation    1.43   0.42   0.36   0.87   0.61 
(SD)  between DCS 

and simulation *   0.24   0.31   0.36   0.56   0.57 
T-test  between DCS 

and simulation    0.27   0.76   0.00   0.96   0.03 
T-test  between DCS 

and simulation *   0.68   0.76   0.00   0.96   0.03 

 
Another problem is human error that occurs in the laboratory work as has been discussed 
in Chapter 7.3 “Upsets and Faults”. If there is an operational error from the laboratory or 
an up-set in the process of the kappa result during time period 7 and 8 where the kappa 
number should be around 48 and 49, (as the other kappa results). A result of 0.24 instead 
of 1.43 in the standard deviation and a T-test of 0.68 instead of 0.27 should be obtained 
rather than the result obtained as it is shown. The standard deviation that is calculated for 
the temperature and concentration are more accurate as they are measured on-line. The 
results from the deviation calculations in Table 2 of Usutu mill show that the deviation 
values are in a good range if it is assumed that the two very low kappa values are 
incorrect or due to upsets in the process like hang-ups or channeling. There were no 
changes in the inputs to the process that can cause the kappa to change dramatically as 
illustrated in position 7 and 8 in Table 2. The only up-set that can create a kappa drop like 
position 7 and 8 except for a laboratory error is a chip hang-ups. The results of the 
deviation calculations for the other variables in the simulations and DCS (distributed 
control system) are very good.  
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Table 3: Data and Calculations of the Standard Deviation and T-test for the Ngodwana model 

Time 

Kapp
a 

DCS 

Kapp
a 

Sim 

Trim 
Alka

li 
DC
S 

Trim 
Alka

li 
Sim 

Was
h 

Alkal
i 

DCS 

Was
h 

Alkal
i 

Sim 

Trim 
Tem

p 
DCS 

Trim 
Tem

p 
Sim 

Extr 
Tem

p 
DCS 

Extr 
Tem

p 
Sim 

ICT 
Tem

p 
DCS 

ICT 
Tem

p 
Sim 

Was
h 

Tem
p 

DCS 

Was
h 

Tem
p 

Sim 

1 33 30.5 19.8 18.5 11.1 12.7 152 152 153 152 150 150 115 115 
2 32 37 19.8 18.3 11.1 12.7 150 152 152 151 150 148 115 112 
3 34 37 19.8 19.1 11.1 12.7 152 152 152 151 147 147 118 111 
4 33 33 18 19 11.9 12.7 152 152 152 150 146 144 116 108 
5 33 33 18.8 18.8 11.9 12.7 150 152 152 150 147 145 119 108 
6 33 32.5 19.8 18.5 12.1 12.7 152 152 151 150 145 144 112 109 
7 33 27 18.7 18.1 11.7 12.7 151 152 152 151 149 145 117 108 
8 33 26 18.7 18.1 11.7 12.7 150 152 152 152 150 150 118 114 
9 35 27 19.7 18.2 11.9 12.7 152 152 152 152 150 151 119 118 

10 36 30 19.7 19 11.9 12.7 153 152 153 152 150 150 119 118 
11 37 30 19.7 19 11.9 12.7 153 152 152 151 150 147 117 110 
12 37 29 19.7 18.4 11.9 12.7 152 152 152 152 150 150 121 115 
13 37 29 19.7 18.4 11.9 12.7 152 152 152 151 150 149 120 115 
14 34.5 29 19.7 18.4 11.9 12.7 150 152 152 151 151 148 118 110 
15 34.5 27 19.8 19.8 12.7 12.7 152 152 152 151 150 149 119 115 
16 36 29 19.8 18.1 12.7 12.7 152 152 153 152 151 150 114 118 

17 36 29 19.8 18.1 12.7 12.7 151 152 153 152 151 152 120 120 
Averag

e 34.5 30.3 19.5 18.6 11.9 12.7 152 152 152 151 149 148 117 113 

STD 1.69 3.25 0.55 0.47 0.50 0.00 1.01 0.00 0.53 0.75 1.82 2.48 2.40 3.99 

STD,   
DCS 

vs Sim   1.10   0.06   0.35   0.71   0.16   0.47   1.12 

T-test, 
DCS 

vs Sim   
7E-
04   

1E-
04   

5E-
06   0.07   0   0.01   

3E-
04 

 
The results from the deviation calculations in Table 3 for Ngodwana mill show that the 
deviation values are in a very good range except for the kappa value. The deviation 
between the model and the process can be explained by channeling. An analyses of the 
inputs and the output of the process and the simulations in Appendix 5.5. “In-data for 
Calculation of Standard Deviation” is an indication of a small scale channeling in the 
lower half of the digester. The simulation reacts to the temperature increase of about 10 C 
in the wash circulation and a small increase in the temperature in the top of the digester. 
There is also a small increase in strong white liquor flow in the upper part of the digester. 
The response to the simulations of those changes can be seen in the Appendix 5.5. “In-
data for Calculation of Standard Deviation” The main decrease in kappa is below the 
extraction screens because of the temperature increase in the wash circulation. The 
process does not react to the process change that is made in the lower part of the digester. 
The kappa number is increasing instead of decreasing, which is an indication of 
channeling and is discussed in 7.3 “Upsets and Faults in a Continuous Digester”. 
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7. Discussion
 
This research was aimed at developing a general digester model for various pulp and 
paper mills.  It describes the research and details regarding the possibility of building 
such a model that is dynamic and is used on-line. This model would furthermore be 
suitable for all kinds of continuous digesters like MCC, ITC, low solids etc. It is 
important to understand that the success of this model largely depend on the quality of 
the in-data as well as the data used to tune the model. In this research different versions 
of digester models have been tested to determine what best suites our applications and to 
get a general digester model that is possible to implement in different plants without the 
need of programming knowledge. 
 
What has been developed and tested for our applications is a simplified 2 dimensional 
model, a moderate 2 dimensional model and an advanced 2 dimensional model. The main 
difference between the simplified and the moderate model is that the moderate model 
includes more dynamics with respect to the compaction of the chips and the constants for 
the Arrhenius reaction rate expression that follow the chips. The main difference between 
the moderate 2 dimensional and the advanced 2 dimensional model is that the advanced 
model includes a pressure net flow that calculates the flow distribution inside the digester 
and also the size of the extraction. The simplified 2 dimensional model’s advantage is 
that it is smaller and it makes the model run faster during the simulations, but with the 
computer power available today, the execution time is not a problem compared to the 
moderate model. The disadvantage with the simplified model is that the retention time for 
the chips and the liquor will not be correct. The cooking time for the chips will be too 
short in the lower part of the digester where the most compaction occurs. It also gives the 
liquor too long retention time in the lower parts. The moderate 2 dimensional model 
works very well for the application we intend it for. The execution time is good 
depending on the hardware.  It is possible to run the simulations on-line with a PC that is 
8 to 9 years old with an execution time 5 times faster than the real time. That makes the 
model fast enough for control purposes. The model is also detailed and accurate, which 
makes it possible to use it for diagnostics. The advanced 2 dimensional model did not 
work very well because the pressure in-data that came from the DCS (distributed control 
system) to the model was inaccurate and was poorly calibrated. Because of the small 
pressure drops between the different stirred tanks reactors, especially in the horizontal 
direction, the model became very unstable and if the number of stirred tanks reactors 
were reduced the model became inaccurate. See paper no. 4 Appendix 6.4. “Model Based 
Control and Optimization of Continuous Digester”. The problem with the small pressure 
drops between the stirred tanks reactors was that it was hard for the software to find an 
initial value when it should start to execute the code that made the model very slow and 
unstable. It often happened that the pressure reading was too inaccurate and then 
presented negative pressure drops which gave negative flows, which the software could 
not handle without “if” statements. The problem with the turnings flow is that it made the 
model too unstable and slow when the calculated flow was turning direction. That made 
it impossible to run the model on-line with the process data from the plants.  
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With a general moderate 2 dimensional model that was built from the first order 
equations with interaction with an empirical model will create a robust mathematical 
model. The use of a dynamic physical digester model that is adapted to real time process 
data input makes it possible to increase the knowledge level of the operating personnel in 
the pulp mill. It can furthermore be used for the development of new and old processes. 
Different possibilities for utilizing the model data are listed below: 

 Teaching and training of mill personnel of how the digester reacts to operator 
parameter changes; 

 Preparation of operating manuals and determining realistic operating conditions; 
 Trouble-shooting and mill research; 
 Planning new equipment configurations in an old mill; 
 Examining new investments, comparing different digester configurations; 
 Planning of automation and process control loops for optimization purposes; 
 On-line and off-line monitoring and alarm systems for process operation; 
 Development of pulp quality, optimizing fiber quality and minimizing fiber 

damage. 
The utilization of the model can also be seen in more detail in paper no. 3 Appendix 6.3. 
“Model Based Control and Optimization in Pulp Industry”. 
 
Teaching and training is one possibility for wider use of the model.  The model can be 
used to examine how different process parameters will affect the quality of the pulp 
produced.  This increases the awareness of how different phenomena and situations affect 
digester run ability. 
 
On the other hand, the model can be used as part of a mill’s operating manual, illustrating 
realistic options to solving particular operating conditions, thus making the users more 
familiar with the process conditions in the mill.  The model can also be used to determine 
the critical limits for different operating parameters to smooth and stabilize digester 
operation. 
 
Alternatively, the model can also be used as a planning tool for retrofits, especially where 
cooking protocols are to be changed.  Critical process loops, (heat exchange loops, wash 
flows etc.), can be simulated on-line with the model to predict and optimize current 
parameter settings. 
   
Measurement data, (both mill data and model data), can be compared to produce 
information that can better predict digester outcomes to control product quality data.   
 
The experience from the implementation of the model at the three SAPPI mill’s showed 
that the model work very well for diagnostic purposes. During the tuning phase it was 
found that the temperature and flow sensors were poorly calibrated, which caused the 
reading to be inaccurate. The poorly calibrated flow sensors were possible to discover 
due to a miss match between the DCS (distributed control system) and the simulated 
values in the blow flow out from the digester. The poorly calibrated temperature sensors 
were identified because of a miss match between DCS (distributed control system) and 
the model in the extraction flow temperatures. The use of the model as an on-line 
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diagnostic tool at Usutu worked good as can be seen in Chapter 6.3.1. “Channeling in the 
Digester at Usutu”. 
 
The model has been tested at three SAPPI plants and is accurate enough to be used for 
control purposes. The model has not yet been tested to run as a closed loop control 
because of software license problems and commercial down time. The model has been 
used for an open loop control tool with good results. An example of where the model has 
been used for open loop control is at Usutu where the model was used for control of the 
alkali charge in the three different circulations loop. The model was used as a soft sensor 
to calculate the alkali concentrations inside the digester and from that results, the alkali 
charge was increased. Some of the alkali charge was moved from trim circulation to the 
ITC circulation so that the alkali did not get to low below the extraction screens, which 
will give lignin precipitation back to the fiber. Before the model is used for closed loop 
control it is necessary to look at the in-data, the accuracy of the in-data and the frequency 
that the in-data is fed into the system. This is especially important for the chips variables 
like moistures that are measured every 4 to 8 hours. The control will not be more accurate 
than the data that is used as input into the model. The optimal should be to use an on-line 
near infrared sensor to measure the chip- moister, density and the concentrations like 
lignin and hemicelluloses [Axrup et.al. 2000]. This is under development at SAPPI 
Enstra to use as in-data for control of the batch digester model that is presented in 
Chapter 6.3 “Batch digester simulation”.            
 
The work with the model has broadened our knowledge and understanding of the process 
and what happens inside the digester vessel. It has also given us a good exercise in 
playing with different parameters to see what impacts they might have on the process.   
 
It is difficult to make a good deviation calculation on a digester model because the 
process is unstable most of the time. Assumed that the two low kappa values at position 7 
and 8 in Table 2 are due to hang-ups and the kappa difference in Table 3 is because of 
channeling, the deviation calculations show an accurate result. 
 
In future, a standardized pulp model library needs to be developed that is easy to use and 
which can build up process sections for example a mass balance for soft sensor for a flow 
or to improve the process by conducting tests. The aim should be to be able to use open 
software like Modelica and Scilab, so that it is accessible for as many possible people 
without being limited by licensing costs.  
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8. Conclusion
 

8.1. Summary 
 
The main objective of this thesis has been to show that it is possible to build a general 
dynamical model for on-line simulations of a continuous digester for multiple purposes 
like diagnostics, decision support and control. This model should be simple to implement 
in different types of digesters like hydraulic or vapor phase, ITC or Lo-solids.  
 
The steps in the developing of an on-line model can be summarized as follows. Firstly, a 
model was formulated based on first order equations. Next, the model was tested with 
off-line average data from the mill to establish how accurate and stable the model was. 
This step also included some tuning of the parameters and confirming that the variables 
like height and diameter was correct. This was made to measure the retention time inside 
the digester during a step change in the feed. When the results from the tests were good, 
it was time to start developing the dynamics inside the digester with a pressure-flow net 
and calculations for the compactions inside. During the off-line tests with average data 
from the process it became apparent that the model was unstable because it was difficult 
to get accurate in-data into the model. The last step in the development of the model was 
to adapt the model to fit our purposes and test it off-line. When the results from the tests 
were good, the work with the on-line connection started. Thereafter the model was 
running on-line and the last tuning work was done. 
 
After the model was running on-line and tuned at the first plant, implementation of the 
model started at two other SAPPI plants. The implementation of the model at the other 
two plant’s digesters was relatively expeditious. Tuning the reaction rate constants and 
the chemical consumption constants were the only processes that were time consuming.    
 
The moderate 2 dimensional model is adapted for the in-data that is normally available 
and trustable. The 2 dimensional model works very well for the application we intended 
it for. The execution time is good, depending on the hardware. It is possible to run the 
simulations on-line with a PC that is 8 to 9 years old with an execution time of 5 times 
faster than the real time. That makes the model fast enough for control purposes. The 
model is also detailed and accurate, which makes it possible to use for diagnostics.  
 

8.2. Conclusion 
 
The main conclusion from the building of a general dynamic model for on-line 
simulations of a continuous digester for multiple purposes like diagnostics, decision 
support and control may be summarized as follow: 

 A general dynamic model for on-line simulations has been built and tested, which 
can be used for diagnostics, decision support and control. 
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 The model is easy to implement into different plants with different types of 
digesters and processes. 

 Results from simulations and real applications show that the model works very 
well for diagnostics of the process and instrumentations.  

 The model has been used as a decision support with good results and has also 
helped to give a better understanding of the process. 

 The model has not been used for closed loop control yet, but it has been used as 
an open loop control.     
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9. Future work 
 
Future work with reference to the development of the model can be seen in two parts.  
Firstly, continuing with the pulp and paper library to develop models for other process 
units like recovery boiler, evaporators and slakers in a mill. However, it is important to 
first create a standard in the programming to make it possible to connect the different 
model sections together so that the whole integrated plant can be simulated.  
 
To this day models for continuous and batch digesters, slaker, evaporators, heat 
exchanger, flash tanks and tanks are being developed and are in the process of being 
tested.  
 
The second step in the modeling process is to make the model run on open source 
software for example Open Modelica instead of Dymola and replace Mathlab with 
Scilab, and build an interface/bridge between the simulation tool and the DCS 
(distributed control system). 
Work on this has already started, but needs to be continued and expanded. Thus, the goal 
is to build up a library that includes all process sections in an integrated pulp and paper 
plant and run this on open source software. The open software will make it possible for 
more mills and many more to access and use the model. 
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Appendix



 

Appendix 1: Parameters and variables in the model 
 

1.1. Parameters 
 
Table4: List of Parameters that are Used in the Digester Model. 
Symbol Definition Units Dymola Name 

N Number of components in 
streams – no_components 

Nrp Number of reaction parameters – no_rxn_parameters 
R Ideal gas constant J/ Kg-K ideal_gas_constant 
h Height of the digester section m height 
r Radie of the digester section m width 

RH  Heat of reaction J/kg Reaction_energy 
 Free space between the chips  Free_space  

m  Mass transfer coefficient  mass_transfer_coefficient 

NaOHM  Molecular weight of NaOH kg / kmol Sodium_hydroxide 

Na2SM  Molecular weight of Na2S kg / kmol Sodium_sulfide 

Liq  Density of liquor  kg/ m3 water_density 
RT  Reference temperature K reference_temperature 

1ligI  ID number of component – fast_reacting_lignin_reference 

       2ligI  ID number of component – slow_reacting_lignin_reference 

       1ceI  ID number of component – cellulose_chips_reference 

        
orgdsI  

ID number of component sum all 
dissolved organic components: ID 
1+2+3+5) 
 

– Dissolved_organics_reference 
 

        hceI  ID number of component – hemicellulose_reference 

        OHI  ID number of component – sodium_hydroxide_reference 

HSI  ID number of component – sodium_sulfide_reference 

inorgdsI  
ID number of component sum of 
Na2CO3+ Na2SO4 + nonproces 
elements 

– Dissolved_inorganics_reference 
 

OHI 2  ID number of component – water_reference 
 Pi –- pi 

AE  
arrhenius constant for reaction 
rate m/s2 arrhenius_constant_A 

BE  
arrhenius constant for reaction 
rate m/s2 arrhenius_constant_B 

0 zero – zero 

woodCp  
Specific heat capacity for wood 
and  free liqour J/Kg-K Chip_Cp 

 



 

LiqCp  
Specific heat capacity for wood 
and  free liqour J/Kg-K Free_liqour_Cp 

 
 
Other important parameters in the utilities blocks 
 
Chips source  
 
Table5: List of Parameters that are Used in the Chips Source Block. 
Symbol Definition Units Dymola Name 

N Number of components in 
streams – no_components 

Nrp Number of reaction parameters – no_rxn_parameters 
Wood  Density of Wood kg/ m3 wood_density 

1ligI  ID number of component – fast_reacting_lignin_reference 

       2ligI  ID number of component – slow_reacting_lignin_reference 

       1ceI  ID number of component – cellulose_chips_reference 

        
orgdsI  

ID number of component sum all 
dissolved organic components: ID 
1+2+3+5) 
 

– Dissolved_organics_reference 
 

        hceI  ID number of component – hemicellulose_reference 

        OHI  ID number of component – sodium_hydroxide_reference 

HSI  ID number of component – sodium_sulfide_reference 

inorgdsI  
ID number of component sum of 
Na2CO3+ Na2SO4 + nonproces 
elements 

– Dissolved_inorganics_reference 
 

OHI 2  ID number of component – water_reference 

1,1 ligi  
Index number of reaction 
arrhenius constant  – fast_reacting_lignin_rxn1 

       
2,1 ligi  

Index number of reaction 
arrhenius constant – slow_reacting_lignin_rxn1 

       1,1 cei  
Index number of reaction 
arrhenius constant – cellulose_chips_ rxn1 

        
2,1 cei  

Index number of reaction 
arrhenius constant – Dissolved_organics_reference_ 

rxn1 
        

hcei ,1  
Index number of reaction 
arrhenius constant – hemicellulose_ rxn1 

1,2 ligi  
Index number of reaction 
arrhenius constant – fast_reacting_lignin_rxn2 

2,2 ligi  
Index number of reaction 
arrhenius constant – slow_reacting_lignin_rxn2 

       1,2 cei  Index number of reaction – cellulose_chips_ rxn2 



 

arrhenius constant 
        

2,2 cei  
Index number of reaction 
arrhenius constant – Dissolved_organics_reference_ 

rxn2 
        

hcei ,2  
Index number of reaction 
arrhenius constant – hemicellulose_ rxn2 

OHL  Stoichiometric coefficient - stoic_OHL 

HSL  Stoichiometric coefficient - stoic_HSL 
in
cF  

Volumetric flow of chip rpm chip_volumetric_flowrate 
 
Free liquor source 
 
 Table6: List of Parameters that are Used in the Free Liquor Source Block. 
Symbol Definition Units Dymola Name 
N Number of components in 

streams 
– no_components 

1ligI  ID number of component – fast_reacting_lignin_reference 

2ligI  ID number of component – slow_reacting_lignin_reference 

1ceI  ID number of component – cellulose_chips_reference 

orgdsI  
ID number of component sum all 
dissolved organic components: ID 
1+2+3+5) 
 

– Dissolved_organics_reference 
 

hceI  ID number of component – hemicellulose_reference 

OHI  ID number of component – sodium_hydroxide_reference 

HSI  ID number of component – sodium_sulfide_reference 

inorgdsI  
ID number of component sum of 
Na2CO3+ Na2SO4 + nonproces 
elements 

– Dissolved_inorganics_reference 
 

OHI 2  ID number of component – water_reference 
VA Active alkali in the white liqour g/l VA 
Sulf Sulfiditet of the white liqour  Sulfiditet 

in
lF  

Volumetric flow of free liquor M3/ s volumetric_flowrate 
in
lT  

Temperature of free liquor  K temperature 
 



 

 
Free liquor source circulation  
 
Table7: List of Parameters that are Used in the Free Liquor Source circulation Block. 

in
lT  

Temperature of free liquor after 
the heat exchanger in the 
circulation 

K temperature 

 
Free liquor sink 
 
Table8: List of Parameters that are Used in the Free Liquor Sink Block. 

out
lF  

Volumetric flow of outlet free 
liquor  

m3/ s volumetric_flowrate 

 
Free liquor sink circulation 
 
Table9: List of Parameters that are Used in the Free Liquor Sink circulation Block. 

out
lF  

Volumetric flow of outlet free 
liquor  

m3/ s volumetric_flowrate 

 
1.2. Variables  

 
Digester section block 
 
Table 10: List of Variables that are Used in the Digester Model. 
Symbol Definition Units Dymola Name 

in
cF  

Volumetric flowrate of inlet chip 
stream 

m3/s inlet_ chip_volumetric_flowrate 

out
cF  

Volumetric flowrate of outlet chip m3/ s outlet_chip_volumetric_flowrate 
in
lF  

Volumetric flowrate of inlet free 
liquor  

m3/ s Inlet_upper_free_liquor_volumet
ric_flowrate 

out
lF  

Volumetric flowrate of outlet free 
liquor 

m3/ s Outlet_lower_free_liquor_volum
etric_flowrate 

in
icZ ,  

Concentration of inlet chip kg/ m3 inlet_ chip_concentration 
out

icZ ,  
Concentration of outlet chip kg/ m3 outlet_ chip_concentration 

in
ilZ ,  

Concentration of inlet  free liquor kg/ m3 Inlet_upper_free_liquor_concent
ration 

out
ilZ ,  

Concentration of outlet  free 
liquor 

kg/ m3 Outlet_lower_free_liquor_conce
ntration 

in
cT  Temperature of inlet chip K inlet_chip_ temperature 
out
cT  Temperature of outlet chip K outlet_chip_ temperature 
in
lT  Temperature of inlet free liquor K Inlet_upper_free_liquor_tempera

ture 



 

out
lT  

Temperature of outlet free liquor K Outlet_lower_free_liquor_ 
temperature 

add
actionReT  Temperature from reaction K temperature_increase_reaction 

outT  
Temperature of outlet  K Temp_out 

in
cP  

Pressure of inlet chip stream Pa inlet_ chip_pressure 
out
cP  

Pressure of outlet  chip stream Pa outlet_ chip_pressure 

iR  Reaction rate Kg/s reaction_rate 

DR  Diffusion rate m3/s diffusion_rate 

iA  Arrhenius constant m3/kg-s arrhenius_constant 

outiA _  
Arrhenius constant out going m3/kg-s arrhenius_constant_out 

OHL  Stoichiometric coefficient - stoic_OHL 

HSL  Stoichiometric coefficient - stoic_HSL 

outOHL _  
Stoichiometric coefficient out 
going 

- stoic_OHL_out 

outHSL _  Stoichiometric coefficient out 
going 

- stoic_HSL_out 

icW ,  
Chip volume inventory m3 chip_inventory 

ilW ,  
Free liquor volume inventory m3 free_liquor_inventory 

V  
Volume in section m3 volume 

wV  Wood volume in section m3 wood_volume 

elV  Entrapped liquor volume in 
section 

m3 entrapped_liquor_volume 

cV  
Chip volume in section m3 chip_volume 

flV  
Free liquor volume in section m3 free_liquor_volume 

wM  
Wood mass in section m3 wood_mass_per_volume 

liqelM _  
Entrapped liquor and liquor mass 
in section 

m3 entrapped_liquor_liquor_mass_p
er_volume 

elM  
Entrapped liquor mass in section m3 entrapped_liquor_mass_per_vol

ume 
dselM _  

Entrapped liquor and dissolved 
solids mass in section 

m3 entrapped_liquor_dissolved_soli
ds_mass_per_volume 

flM  
Free liquor mass in section m3 free_liquor_ mass_per_volume 

liqflM _  
Free liquor and liqour mass in 
section 

m3 free_liquor_liqour_mass_per_vo
lume 

dsflM _  
Free liquor and dissolved solids 
mass in section 

m3 free_liquor_dissolved_solids_ma
ss_per_volume 

 Ratio of entrapped liquor volume 
to chip volume in section  

- porosity 



 

in

 
Chip porosity at section inlet - Porosity_in 

Kappa  Kappa_number - Kappa_number 
EA Rest alkali - Rest_alkali 

Liq  Density of liquor going out kg/ m3 chemicals_density 

Wood  Density of Wood kg/ m3 wood_density 

Liq  Density of liquor coming in kg/ m3 upper_chemicals_density 

 
Other important variables in the utility blocks 
Free liquor sink 
 
Table 11: List of Variables that are Used in the Free Liquor sink Block. 
EA Rest alkali - Rest_alkali_EA 

outT  
Temperature of outlet liquor K temperature 

out
ilZ ,  

Concentration of outlet  free 
liquor 

kg/ m3 concentration 

 
Free liquor sink extraction 
 
Table 12: List of Variables that are Used in the Free Liquor Extraction Block. 

out
lF  Volumetric flow out of the 

extraction total sum of up and 
down flow 

m3/ s volumetric_flowrate 

EA Rest alkali - Rest_alkali_EA 
outT  

Temperature of outlet liquor K temperature 
out
ilZ ,  

Concentration of outlet  free 
liquor 

kg/ m3 concentration 

 
Chips_sink 
 
Table 13: List of Variables that are Used in the Chip Sink Block. 

out
cF  

Volumetric flow of outlet pulp m3/ s chip_volumetric_flowrate 
Kappa  Kappa_number - Kappa_number 

outT  
Temperature of outlet pulp K temperature 

out
icZ ,  

Concentration of outlet pulp kg/ m3 outlet_ chip_concentration 

 
Mix free liquor temperature 
 
Table 14: List of Variables that are Used in the Mix Free Liquor Temperature Block. 

out
lF  

Sum of the two volumetric flows  m3/ s outlet_lower_free_liquor_volum
etric_flowrate 

outT  
New temperature out of the mix K temperature_lower 



 

out
ilZ ,  

New concentration out of the mix kg/ m3 concentration 

 



 

Appendix 2: Equations used in the model 
 

2.1. Equations used in the digester model 
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Momentum Balance 
 
      Chip phase: 



 

 
 
 
Kappa Number Calculation  
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Pressure calculations for the pressure 
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Appendix 3: Simulation model library 
 

3.1. Pulp library block  
 
Description of the blocks from the pulp library that is used in the digester model 
Digester section 
The Digester_Section model is represented by the following symbols from the pulp 
library,  
 

 
 
There is one connection for free liquor (red) and one for the chips with entrapped liquor 
(blue) inlet at the top level, one connection for free liquor (red) and one for the chips with 
entrapped liquor (blue) outlet at the bottom. The liquor and the chips have the same flow 
direction in the block. The blue arrow input connections at the left are from top to bottom 
constants for sodium hydroxide consumption, sodium sulfide consumption, fast lignin 
reaction, slow lignin reaction and exothermic reaction energy. The difference except for 
flow direction between the digester section and the other digester blocks are that the 
digester section block has an exothermic reaction heat included. The block has also 
constants that make it possible to tune different reaction rates and chemical consumptions 
in the top than the bottom. These constants are for the impregnation phase. The white 
output connections are from top to bottom kappa number, residual alkali and temperature 
inside the block.  
 
Digester section inlet flow 
The Digester_Section_inlet model is represented by the following symbols from the pulp 
library,  
 

 
 
There is one connection for free liquor (red) and one for the chips with entrapped liquor 
(blue) inlet at the top level, one connection for free liquor (red) and one for the chips with 
entrapped liquor (blue) outlet at the bottom. At the left is one inlet connection for free 
liquor (red). This block work as the digester section block but have one extra inlet flow of 
free liquor. This block is used where the central pipe have the opening. 
Digester section outlet flow 
 
The Digester_Section_outlet model is represented by the following symbols from the 
pulp library,  
 



 

 
 
There is one connection for free liquor (red) and one for the chips with entrapped liquor 
(blue) inlet at the top level, one connection for free liquor (red) and one for the chips with 
entrapped liquor (blue) outlet at the bottom. At the right is one outlet connection for free 
liquor (red). This block work as the digester section block but have one extra outlet flow 
of free liquor. This block is used where there are screens at the digester. 
 
Digester section top 
The Digester_Section_top model is represented by the following symbols from the pulp 
library, 
 

 
 
There is one connection for free liquor (red) and one for the chips with entrapped liquor 
(blue) inlet at the top level, one connection for free liquor (red) and one for the chips with 
entrapped liquor (blue) outlet at the bottom. At the left is one inlet connection for the chip 
level. The chip level is used for simulating the changes in retention time for the chips 
inside the digester. 
 
Digester section extraction flow 
The Digester_Section_extraction_flow model is represented by the following symbols 
from the pulp library, 
 

 
 
There is one connection for free liquor (red) and one for the chips with entrapped liquor 
(blue) inlet at the top level, one inlet connection for free liquor (red) and one outlet for 
the chips with entrapped liquor (blue) at the bottom. At the right it is one outlet 
connection for free liquor (red). In this block the down stream cooking liquor from the 
top meets up with the up stream wash liquor or cooking liquor. All this liquor is added to 
the outlet stream to the right. This block is used where the extraction from the up steam 
meets the down stream.  
 
Digester section wash 
The Digester_Section_wash model is represented by the following symbols from the pulp 
library,  
 



 

 
 
There is one output connection for free liquor (red) and one inlet connection for the chips 
with entrapped liquor (blue) at the top, one input connection for free liquor (red) and one 
output for the chips with entrapped liquor (blue) outlet at the bottom. The liquor and the 
chips have the same flow direction in the block. The blue arrow input connections at the 
left are from top to bottom constants for sodium hydroxide consumption, sodium sulfide 
consumption, fast lignin reaction, slow lignin reaction. This block is used where there is 
an up stream flow of free liquor. 
 
Digester section wash inlet flow 
The Digester_Section_wash_inlet model is represented by the following symbols from 
the pulp library. 
 

 
 
There is one output connection for free liquor (red) and one inlet connection for the chips 
with entrapped liquor (blue) at the top, one input connection for free liquor (red) and one 
output for the chips with entrapped liquor (blue) outlet at the bottom. At the left is one 
inlet connection for free liquor (red). This block works as the digester section wash block 
but have one extra inlet flow of free liquor. This block is used where the central pipe have 
the opening. 
 
Digester section wash outlet flow 
The Digester_Section_wash_outlet model is represented by the following symbols from 
the pulp library. 
 

 
 
There is one output connection for free liquor (red) and one inlet connection for the chips 
with entrapped liquor (blue) at the top, one input connection for free liquor (red) and one 
output for the chips with entrapped liquor (blue) outlet at the bottom. At the right is one 
outlet connection for free liquor (red). This block works as the digester section wash 
block but have one extra outlet flow of free liquor. This block is used where the screens 
are situated. 
 
Digester section wash flow split  



 

The Digester_Section_wash_flow_split model is represented by the following symbols 
from the pulp library. 
 

 
 
There is one output connection for free liquor (red) and one inlet connection for the chips 
with entrapped liquor (blue) at the top, one input connection for free liquor (red) and one 
output for the chips with entrapped liquor (blue) outlet at the bottom. At the left is one 
inlet connection for the split factor (blue). This block work as the digester section wash 
inlet flow block but have a split factor that split the incoming liquor from the inlet flow to 
two streams. One of the streams is flowing up as the normal digester section wash block. 
The other stream is added into the chips and will follow the chips down to the blow line. 
This block is used in the bottom of the digester where you have the wash liquor nozzles 
and the blow line. The outlet chips flow will be the pulp flow so this block is adding the 
free liquor flow that is going in the same direction as the chips to the entrapped liquor 
that make it possible to calculate the concentration in the blow line. 
  
Model blocks that are used for the applications as accessories to the digester sections. 
There are a few blocks in the library that are models for different tanks and heat 
exchangers. 
 
Chips source  
The Digester_Section_wash_flow_split model is represented by the following symbols 
from the pulp library. 
 

 
 
The chip source is the block where all the data for the chips into the digester has its input. 
There are 14 input blue arrows and one output connector blue square. The inputs are from 
the left top to the left bottom concentrations of Fast lignin, Slow lignin, Cellulose, Hemi 
Cellulose and Moister. The inputs from right top to right bottom are Arrhenius constants 
for fast lignin reaction rate, Arrhenius constants for slow lignin reaction rate, Reaction 
rate constant for sodium hydroxide and Reaction rate constant for sodium sulfide. The top 
inputs from left to right are Wood density, chips temperature in to the digester and chips 
flow. The two inputs inside the block are from top to bottom concentration of the last for 
components inside the wood and Arrhenius constants for the last seven components 
reaction rate. The output is chips with entrapped liquor that is going into the digester. 
   
 
 
Free liquor source 



 

The Digester_Section_wash_flow_split model is represented by the following symbols 
from the pulp library. 
 

 
 
The chip source is the block where all the data for the free liquor into the digester has its 
input. There are 5 input blue arrows and one output connector red square. The inputs are 
from the left to the right Concentrations of the components except for position 6 (sodium 
hydroxide) and 7 (sodium sulfide), Effective alkali, Sulfidity, Liquors temperature into 
the digester and Liquor flow into the digester. The output is free liquor that is going into 
the digester. 
 
Free liquor circulation source 
The free liquor circulation source model is represented by the following symbols from 
the pulp library. 
 

 
 
The free liquor circulation source block is the block where you give the temperature in 
the circulation flow after the heat exchangers. The block contains two inputs, one free 
liquor connector without temperature grey square and one input blue arrow temperature 
after heat exchangers. The block also contains one output for free liquor connector red 
square. 
 
Chips sink 
The chip sink model is represented by the following symbols from the pulp library. 
 

 
 
The chip sink block is where the pulp comes out from the digester and contains one inlet 
chips connector blue square and four outputs white arrows. The outputs are from top to 
bottom Blow line temperature, Blow line concentration, Blow line Kappa and blow line 
flow.  
 
Free liquor sink 
The free liquor sink model is represented by the following symbols from the pulp library. 
 



 

 
 
The free liquor sink block is where the free liquor comes out from the screens but is not 
circulated. The block contains two inlets, one inlet free liquor connector red square and 
one input for the extracted flow out of the digester. The block also contains two outputs 
white arrows, the outputs are from left to right and are extracted residual alkali and 
extraction liquor temperature. 
Free liquor extraction sink  
 
The Free liquor extraction sink model is represented by the following symbols from the 
pulp library. 
 

 
 
The Free liquor extraction sink block is where the extraction liquor, down flow and up 
flow meets in the digester and extracts out from the digester. The block contains one inlet 
free liquor connector red square and four outputs. The outputs white arrows are from top 
to bottom Extraction flow solids, Extraction flow, Extraction temperature and extraction 
residual EA. 
 
Free liquor circulation sink 
The Free liquor circulation sink model is represented by the following symbols from the 
pulp library. 
 

 
 
The free liquor circulation sink block is where the free liquor comes out from the screens 
and is circulated through a Heat exchanger back to the digester. The block contains two 
inlets, one inlet free liquor connector red square and one input for the extracted flow out 
of the digester. The block also contains three outputs, one free liquor connector without 
temperature grey square and two outputs white arrows are from top to bottom and are 
extraction liquor temperature and extracted residual EA. 
 
Mix free liquor temperature 
The mix free liquor temperature model is represented by the following symbols from the 
pulp library. 
 



 

 
 
The mix free liquor temperature block is where two free liquor flows mixes and comes 
out as one flow. The block contains two inlet free liquor connector red square and one 
output free liquor connector red square. 
 
Mix free liquor 
The mix free liquor model is represented by the following symbols from the pulp library. 
 

 
 
The mix free liquor block is where one free liquor flow plus a free liquor flow without 
temperature mixes and comes out as one flow without a temperature. That flow will go to 
the free liquor circulation source block. The block contains one inlet free liquor connector 
red square and one inlet free liquor connector without temperature grey square. It also 
contains one output free liquor connector without temperature grey square. 
 

3.2. Usutu model 
 
The Usutu model is built from the library blocks and looks like the picture below. What 
can be done in Dymola is to use blocks from the standard library like the blue arrows that 
is an analog signal input block together with blocks that is custom made like the pulp 
library, which is described above.   
 

 



 

Appendix 4: Result from batch digester model 
simulation
 
 



 

Appendix 5: In-data 
 
In-data for the simulation result. 
 

5.1. Off-line simulation in-data 
 
Table 15: List of In-data that was  Used to Tune the Digester Model Off-line. 

  Pine 

Rate (rpm) 13.0 14.0 15.0 16.0 

Kappa 47.7 48.1 49.4 49.0 

Diffusion liqour to top of Digester (lpm) 11.4 21.8 8.7 0.0 

Filtrate to lo solids circulation (lpm) 223.4 254.7 266.1 289.1 

SWL EA (g Na2O / l) 90.3 90.1 90.5 90.7 

SWL Flow - M5 sealing liqour  (lpm) 65.3 62.5 55.8 63.0 

SWL Flow - C2 pump  (lpm) 376.3 358.3 402.6 422.6 

SWL Flow - Lo solids (lpm) 352.9 374.1 405.4 438.1 

Filtrate Bottom Nozzle  (lpm) 999.2 1036.2 1110.7 1190.9 

Filtrate Cold Blow  (lpm) 908.9 971.5 1058.8 1136.2 

Blow line temp  (°C) 66.3 64.8 65.7 67.6 

Blow Flow (lpm) 2385.9 2465.0 2641.8 2826.0 

LP Steam Flow (kg/hr) 7313.8 7433.7 7900.7 7930.8 

Steaming Vessel Pressure (kPa) 115.5 118.6 119.0 119.6 

Steaming Vessel Bleed off (kg/hr) 82.4 113.5 120.2 103.0 

SWL CE (%) 81.1 81.7 81.2 81.7 

SWL Sulphidity (%) 34.5 35.2 35.3 35.4 

5 Screen Residual EA (g/l) 9.0 7.8 7.7 8.0 

15 Screen Residual EA (g/l) 13.0 12.6 12.8 12.4 

HP Make up Liquor to Digester (lpm) 1939.7 2004.6 2098.2 2170.9 

Top Circulation Temp (°C) 112.7 114.1 113.5 113.5 

5 Screen Cold Temp (°C) 132.0 131.0 130.2 129.6 

5 Screen Hot Temp (°C) 130.6 128.2 127.4 127.0 

5 Screen Flow (lpm) 1142.2 1116.8 1162.7 1150.1 

6 Screen Cold Temp (°C) 154.7 154.2 154.6 154.1 

6 Screen Hot Temp (°C) 164.0 163.4 164.7 165.2 

6 Screen Flow (lpm) 3416.2 3388.0 3423.0 3459.5 

15 Screen Extraction Flow (lpm) 981.8 939.8 1078.3 1241.7 

15 Screen Extraction Temp (°C)) 135.1 138.0 141.4 142.8 

16 Screen Extraction Flow (lpm) 1299.8 1432.6 1462.4 1480.6 

16 Screen Extraction Temp (°C)) 119.1 132.0 131.8 132.3 

5 Screen Extraction Flow (lpm) 691.9 692.0 780.3 839.5 

Cold Blow Cooler Temp. (°C) 61.4 62.6 66.4 67.0 

Digester solids (%) 14.0 13.9 14.2 14.2 

 
 

5.2. In-data swing between hardwood and softwood at Ngodwana. 
 



 

 
Figure 21: Flows as In-Data for the Simulation of Softwood to Hardwood Swing at Ngodwana. 
 

 
Figure 22: Temperatures and Flow In-Data for the Simulation of Softwood to Hardwood Swing at 
Ngodwana. 



 

 
Figure 23: Concentrations, Wood Density and Moisture In-Data for the Simulation of Softwood to 
Hardwood Swing at Ngodwana. 
 

 
Figure 24: Production Rate and Wood Variables In-Data for the Simulation of Softwood to Hardwood 
Swing at Ngodwana. 



 

 
Figure 25: Wood Variables In-Data for the Simulation of Softwood to Hardwood Swing at Ngodwana. 

 
Figure 26: Wood Variables In-Data for the Simulation of Softwood to Hardwood Swing at Ngodwana. 



 

5.3. In-data for the simulation during the channeling at Usutu 
 

 
Figure 27: Flows, Concentrations and Temperature In-Data for the Channeling Simulations at Usutu. 

 
Figure 28: Flows, Concentrations and Temperature In-Data for the Channeling Simulations at Usutu. 



 

 
Figure 29: Flows, Production Rate and Temperature In-Data for the Channeling Simulations at Usutu. 

 
Figure 30: Flows, Moisture and Temperature In-Data for the Channeling Simulations at Usutu. 



 

5.4. In-data from Usutu 
 

 
Figure 31: Flows, Concentration and Temperature In-Data during an Upset in the Usutu Digester. 

 
Figure 32: Flows, Concentration and Temperature In-Data during an Upset in the Usutu Digester. 



 

 
Figure 33: Flows, Production Rate and Temperature In-Data during an Upset in the Usutu Digester. 

5.5. Data used for calculation of standard deviation 

5.5.1. Data from Usutu mill 

 
Figure 34: Data used for the Calculation of Standard Deviation for the Usutu Model. 



 

 
Figure 35: Data used for the Calculation of Standard Deviation for the Usutu Model. 
 

5.5.2. Data from Ngodwana mill 
 

 
Figure 36: Data used for the  Calculation of Standard Deviation for the Ngodwana Model. 



 

 
Figure 37: Data used for the Calculation of Standard Deviation for the Ngodwana Model. 
 

 
Figure 38: Data used for the Calculation of Standard Deviation for the Ngodwana Model. 



 

 
Figure 39: Data used for the Calculation of Standard Deviation for the Ngodwana Model. 
 

 
Figure 40: Data used for the Calculation of Standard Deviation for the Ngodwana Model. 



 

 
Figure 41: Data used for the Calculation of Standard Deviation for the Ngodwana Model. 
 

 
Figure 42: Data used for the Calculation of Standard Deviation for the Ngodwana Model. 



 

 
Figure 43: Data used for the Calculation of Standard Deviation for the Ngodwana Model. 
 

 
Figure 44: Data used for the Calculation of Standard Deviation for the Ngodwana Model. 




