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I. Abstract 
 
Working towards sustainable development within the forest industry, the dewatering 
of pulp and paper must be fully understood along with the dewatering of other 
cellulose-based materials. Huge amounts of energy are used during paper 
manufacturing so there is a potential for making the processes more energy-efficient. 
This thesis attempts to gain understanding of vacuum dewatering in the forming 
section of the conventional papermaking process and its connection with energy 
consumption in order to suggest actions that may be taken not only to improve 
energy efficiency but also facilitate the introduction of new materials into existing 
processes.  
 
The main objective of this thesis is to develop a deeper understanding of the vacuum 
dewatering of forest-based cellulosic materials in existing paper manufacturing 
processes. Aspects of how rewetting, the structure of the forming fabric and 
additives of cellulosic materials affect vacuum dewatering are discussed in detail 
throughout. There is also a large section discussing the use of numerical models and 
software simulations of dewatering in the forming section of a papermaking 
machine. A brief background of the papermaking process is presented, along with 
useful numerical models used previously in that particular context. Three sets of 
experiments, including rewetting, forming fabrics and additions of cellulosic 
materials, compose the bulk of the thesis’ method along with two sets of simulations 
regarding fabrics and additives.   
 
This thesis shows how rewetting is both rapid and substantial after high vacuum 
suction boxes, the way in which the structure of the forming fabrics affects vacuum 
dewatering and how additions of micro-fibrillated cellulose and dialcohol cellulose 
affect vacuum dewatering. The results of the simulations and numerical models 
show how they can be used to explore ways of saving energy in the process as well 
as to facilitate the introduction of cellulosic additives into existing papermaking 
processes. 
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The content of this thesis is divided into three parts, where chapters 1-2 and 9-11 
are introduction, objectives, conclusions and proposed future work, chapters 3-6 
consist of a literature study providing the reader with a relevant background, and 

chapters 7-8 present the author’s scientific contribution. 
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1. Introduction 
 
The climate on Earth is changing all the more rapidly due to human activities. The 
release of fossil-based carbon into the atmosphere, emissions of greenhouse gases, 
conversion of atmospheric nitrogen to ammonia from fertilizers, conversion of land-
use to produce crops and the general extinction of countless species since the start 
of the industrial revolution, have already created irreversible changes. Greenhouse 
emissions are now at such high levels that a total stop of such emissions, combined 
with new technologies to remove atmospheric carbon, is crucial (Crutzen 2002; 
Lewis and Maslin 2015; Ramanathan and Feng 2008; Rockström et al. 2009; 
Steffen et al. 2007; Steffen et al. 2011, Masson-Delmotte et al. 2018).  
 
According to Agenda 2030 and the sustainable development goals presented by the 
United Nations (2015) it is evident that we humans must work together on a global 
scale to begin to solve the issues presented in the previous paragraph. Of the 17 
goals presented in Agenda 2030, the research in this thesis is connected strongest to 
Goal 12: Ensure sustainable consumption and production patterns (United Nations 
2015). Goal 12 alludes, among other things, to reducing the use of fossil fuels, 
reducing emissions and human impact on the environment and reducing waste 
through recycling.  
 
One significant approach to working towards sustainable development is to use the 
biodegradable and renewable products of the forest industry (IEA 2017). Paper 
products and processes must be developed and understood further if we are to reduce 
emissions and the amount of fossil fuels used, as well as to minimize waste on a 
global scale (IEA 2017). Introducing new applications for forest-based materials, 
and making the processes even more effective and environmentally friendly, is a 
great step in the right direction regarding materials with biodegradable and 
renewable properties, and is the underlying objective of this thesis.  
 
Making forest-based materials perform as well as fossil-based materials, at the same 
production cost and availability, is believed by the author to be an important 
challenge for the forest industry. In 2014, this industry used about 5.6 % of the total 
energy available globally, although a large portion of this was produced in-house 
using biomass residues from its own production (IEA 2017). CEPI (2017) shows 
that the European pulp and paper industry has increased production since the year 
2000 but simultaneously decreased both energy use and emissions, such as COD 
(chemical oxygen demand) and AOX (adsorbable organic halides) to water, and 
CO2, SO2 and NOX to air.  
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Huge amounts of energy are used in the paper manufacturing process. Whilst about 
half of the energy is produced in-house by the mills using biomass residues 
(IEA 2017), there is still potential for making the processes more energy efficient. 
About 20 % of the electrical energy is used in the forming section, where dewatering 
with vacuum is the highest energy consumer (Håkansson 2010). This thesis attempts 
to gain understanding of the vacuum dewatering and the forming section of the 
conventional papermaking process, and their connections with energy consumption 
in order to suggest actions for improving energy efficiency as well as to facilitate 
the introduction of new materials into existing processes.  
 
In working towards sustainable development within the forest industry, the 
dewatering of pulp and paper must be fully understood, along with the dewatering 
of cellulose-based materials such as Micro-Fibrillated Cellulose (MFC), Nano-
Fibrillated Cellulose (NFC), Dialcohol Cellulose (DAC) and Fines-enriched pulps 
(Fines). These materials can be additives to regular pulp and can, for example, 
increase strength and barrier properties (Ahola et al. 2008; Eriksen et al. 2008; 
Taipale et al. 2010; Lindqvist et al. 2011; Hii et al. 2012; González et al. 2013; 
Hellström et al. 2014; Merayo et al. 2017). However, NFC, MFC and Fines retain 
water even better than regular pulps, and can thereby potentially decrease their 
dewatering abilities (Taipale et al. 2010; Lindqvist et al. . 2011; Hii et al. 2012; 
González et al. 2013; Rantanen and Maloney 2013; Hellström et al. 2014; 
Brodin et al. 2014; Koponen et al. 2015). Vacuum dewatering of pulps with 
additions of cellulose-based materials is one of the issues addressed in this thesis. 
 
The transition from production on a laboratory-scale to full-scale on a paper 
machine, with additions of cellulose materials being made, requires experimentation 
that is both difficult and expensive. Numerical models of dewatering and air 
penetration are therefore developed in this thesis, both to investigate the influence 
of the forming fabric on dewatering and to develop a tool to assist with the 
experimentation of new materials, and also to suggest alterations that may be made 
to improve the energy efficiency of existing processes. Without disturbing 
production, and with the possibility of adjusting and studying numerous parameters 
simultaneously, the numerical models can hopefully increase the pace for 
introducing MFC and NFC as additives into existing papermaking processes. Whilst 
numerical models cannot replace pilot or full-scale trials, they provide important 
information that can make trials fewer and more effective. 
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2. Objectives 
 
The work in the articles included is focused on rewetting after high vacuum suction 
boxes, the influence of the forming fabric on dewatering and how additions of new 
forest-based cellulose materials affect vacuum dewatering. Both experiments and 
the use of numerical models to investigate vacuum dewatering are included.  
 
The main objective of this work is to develop deeper understanding of the vacuum 
dewatering of forest-based cellulosic materials in existing paper manufacturing 
processes by addressing the following questions: 
 

1. How does rewetting affect dewatering by high vacuum suction boxes? 
2. How does the structure of the forming fabric affect vacuum dewatering? 
3. How is vacuum dewatering affected by the addition of cellulosic additives? 
4. Can numerical models be used to predict the dewatering behaviour of 

vacuum dewatering? 
5. Can numerical models for vacuum dewatering be used, in combination with 

numerical models for pressing, to describe dewatering in a papermaking 
machine? 
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3. Forest-based Cellulosic Materials 
 

3.1. Traditional raw materials used in paper production  
 
Writing materials have been around for several thousands of years in the form, for 
example, of parchment and papyrus. Traditional paper was invented in China, with 
the earliest record of the invention being from 105 A.D. (Lindberg 2000). The 
traditional raw material used to make modern paper is wood, starting in the 1800s 
when the previous main raw material of cloth rags began to be all the difficult to 
procure in the quantities required (Sundholm 1999). The wood was made into 
groundwood pulp by pressing a piece of wood against a revolving sandstone 
immersed in water (Sundholm 1999). Nowadays, wood often undergoes chemical 
treatment whereby its lignin and hemicellulose components are partially removed, 
and its tracheid cells (fibres) are subsequently separated from each other 
(Gullichsen 2000). For some applications, wood is treated mechanically, which 
gives a higher yield because the wood components are almost all still present. The 
properties of the pulp produced differ, depending on the process employed: chemical 
or mechanical (Sundholm 1999; Clark 1985). Another raw material, recycled fibres, 
is increasing its share on the global pulp market (IEA 2017). Recycled fibres from 
chemical pulps are often weaker than their counterparts originating from mechanical 
pulps due to the harsher treatment they have undergone. Wood fibres are affected 
less by the mechanical process than by the chemical process, so the recycling of 
mechanical fibres results in stronger paper products (Ackermann et al. 2000).   
 
Different types of fibres are used for different applications, depending on the desired 
properties of the end-product. The two types of wood fibres are hardwood and 
softwood, and are classified according to species: hardwoods include birch, aspen, 
eucalyptus and acacia, whilst softwoods include spruce and pine. Hardwood and 
softwood have different structures, mainly manifested in the length of their fibres: 
hardwood has short fibres and softwood has long (Gullichsen 2000). The number of 
potential bond locations per fibre increases with fibre length, which is why softwood 
fibres are more commonly used in paper applications where tensile strength is 
important, i.e. packaging and board (Karlsson 2006). A paper sheet magnified using 
Scanning Electron Microscopy (SEM) is shown in Figure 1, in which the unbeaten 
softwood fibres are clearly visible.  
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Figure 1. SEM image of a sheet of paper made from unrefined softwood Kraft pulp. 
 

3.2. Forest-based cellulosic materials 
 
In order to improve product performance by, for example, increasing strength 
properties, additives can be used to enhance regular pulp. Introducing forest-based 
cellulosic materials, such as NFC and MFC, as additives can allow less raw material 
to be used per amount of material produced. Reports of improved strengths via 
MFC, NFC and/or Fines has been shown in previous research (Ahola et al. 2008; 
Eriksen et al. 2008; Taipale et al. 2010; Lindqvist et al. 2011; Hii et al. 2012; 
González et al. 2013; Hellström et al. 2014; Merayo et al. 2017).  
 
MFC, NFC and Fines, which can all be made from the same forest-based raw 
materials as regular pulp, are distinguished from ordinary wood fibres by their 
smaller particle size. Adding small particles to pulp increases its strength by 
providing more fibre-fibre bonds and a larger bonded area (Taipale et al. 2010; 
Lindqvist et al. 2011). Figure 2 illustrates a sheet of softwood kraft pulp without 
(left) and with (right) the addition of 10 % MFC. 
 

100 μm 
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Figure 2. SEM image of a sheet of paper made from softwood kraft pulp, without (left) and 
with (right) the addition of 10% micro-fibrillated cellulose. 
 
The interaction that arises between wood fibres and small-particle additives can 
differ depending on how they attach to each other. Ahola et al. (2008) showed that 
the addition of NFC can increase both dry and wet strength, but only when it attaches 
in one of two possible ways. Eriksen et al. (2008) evaluated the increase in strength 
of two different MFCs: both increased the strength, although not by the same 
amount. The difference is explained by different particle sizes, which could give rise 
to different mechanisms for adhesion and thereby increase the strength by different 
amounts.  
 
The bonding mechanisms and particle sizes of the additives have been shown to be 
important for the increase in strength, although neither Eriksen et al. (2008) nor 
Ahola et al. (2008) evaluated the dewatering aspects of their respective additives. 
However, the additives that have strength-enhancing effects often decrease the 
dewatering capacity of the pulp due to their excellent water retention capabilities 
(Taipale et al. 2010; Lindqvist et al. 2011; Hii et al. 2012; González et al. 2013; 
Rantanen and Maloney 2013; Hellström et al. 2014; Brodin et al. 2014; Koponen et 
al. 2015).  
 
In some cases, additions of MFC can result in an unchanged dewatering capacity, 
depending on the attaching mechanisms (Taipale et al. 2010; Hii et al. 2012; 
Koponen et al. 2015; Bousfield et al. 2017). The attaching mechanisms can be 
affected by different retention aids that are used to retain the small-particle additives. 
Hubbe (2002) and Merayo et al. (2017) showed that the presence of a retention aid 
can interact with Fines and NFC to make drainage occur faster, which is the case for 
certain concentrations of retention aid. 
 
In addition to different additives, pulp fibres can also be modified by various 
chemical reactions to change their properties. Aracri et al. (2012) introduced 
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aldehyde and carboxyl groups to pulp fibres, with the addition of the enzyme laccase 
and 2,2,6,6- tetramethylpiperidine-1-oxyl (Laccase-TEMPO). The resulting 
aldehyde groups produced increased the number of fibre-fibre bonds in sheets made 
from the pulp, which increased the sheet tensile strength in both wet and dry 
conditions. Larsson et al. (2014) developed this theory further by adding the 
oxidation of C2-C3 bonds, followed by reduction of the aldehydes: the product of 
this modification is known as dialcohol cellulose (DAC). Sheets made using DAC 
fibres have a high density and become more transparent and more ductile compared 
to non-treated fibres. The DAC properties depend on the degree of oxidization, 
which is the percentage of C2-C3 bonds that are affected by the modification. 
Larsson and Wågberg (2016) developed DAC further through a combination of 
adding another oxidation set together with hot pressing; they could then show sheets 
with both increased transparency and improved oxygen barrier properties.  
 
The properties of transparency, gas barriers, strength and ductility are like those of 
plastic products made from fossil-based raw materials. The renewable and 
biodegradable properties of cellulose-based materials, such as DAC, combined with 
the potential these properties offer, are a huge step in the right direction regarding 
sustainable development. Some interest has been shown in using DAC in 
combination with more traditional fibres, for example as part of the layered structure 
of paperboard (Jonasson and Neagu 2018). Although minimal experimental data has 
been published so far on the dewatering of pulp containing DAC, 
Larsson and Wågberg (2016) mention that dewatering and processing such pulp in 
a paper machine is presumably good. 
 
Rahman et al. (2017) describe the additions of sodium borohydride (NaBH4) and 
polysulphide (PS) during kraft pulp cooking of softwood. These additions are shown 
to increase the hemicellulose content in the pulp, thereby increasing not only the 
yield of the cook but also the tensile strength of paper sheets. The porosity of the 
sheets is also reported to increase due to the fact that each fibre becomes heavier. 
This leads to modified pulp sheets of a certain basis weight having fewer fibres in 
total than their counterparts of untreated pulp sheets: modified pulps thus form 
sheets of higher porosity (Rahman et al. 2017).  
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4. The Paper Machine  
 

4.1. The water paradox 
 
Cellulose fibres in wood are not only very prone to flocculation and forming lumps, 
they are also very efficient at retaining water. When producing paper, the fibres are 
often diluted with huge amounts of water to prevent flocculation, which will give a 
non-satisfactory product. The main purpose of a papermaking machine (Figure 3) is 
to distribute the cellulose fibres evenly in order to avoid flocculation, and then to 
remove the water (Kuhasalo et al. 2000; Norman 2000). Therein lies the paradox: 
the fibres must first be diluted with water to form acceptably homogenous sheets, 
and then a massive amount of energy expended to remove it.  
 

 
Figure 3. Schematic diagram of a paper machine showing its three main sections: forming, 
pressing and drying. (Courtesy of BillerudKorsnäs AB.) 
 
The water content of the sheet in this thesis is described either by dryness (Equation 1) or 
moisture ratio (Equation 2) thus: 
 
  (1) 

 
  (2) 

 
where D = dryness (%), MR = moisture ratio (g/g), md = dry mass (g) and mw = mass of 
water (g). 
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4.2. The three main sections of the paper machine 
 
The paper machine is comprised of three major parts, namely the forming, press and 
drying sections, and are presented briefly below. In this thesis, much more focus is 
placed on the forming section than the other two parts, given that the objectives 
mainly involve the vacuum system, which is located here. 
  
It becomes gradually more difficult to remove water along the paper machine and 
also within each of the dewatering sections, so the cost of its removal therefore 
increases in the machine direction (Ramaswamy 2003). The placement of water 
within the sheet’s structure is the reason why it becomes increasingly difficult to 
dewater. Water is removed in the following order: from in between fibres, from the 
lumen and, lastly, from the fibre walls (Stenström and Nilsson 2015; 
Paulapuro 2000).  
 

4.2.1. Forming 
 
The forming section (Figure 4) is where the paper sheet is formed, and where most 
of the water is removed from it. The main goal is to form a sheet that is as uniform 
as possible and has the desired specifications regarding, for example, weight of raw 
material per unit area, fibre orientation, etc.. 
 

 
Figure 4. Schematic diagram of a forming section showing its main components. 

 
The layout of the forming section can vary greatly from machine to machine, and 
also depends on the kind of paper grade being produced. It starts with a headbox 
that distributes the raw material onto a forming fabric and is followed by several 
dewatering steps, including vacuum-assisted dewatering. The typical consistency of 
the stock prior to the forming section is 0.2-1.0 %. After the forming section, when 
the sheet has been formed and partially dewatered, it has a dryness of approx. 
15-25 % (Kuhasalo et al. 2000). The forming section and the vacuum dewatering in 
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particular, which is located here, will be discussed in detail in the next chapter, and 
throughout this thesis. 
 

4.2.2. Pressing 
 
After the forming section, the water that is present in the lumen and wall of the fibres 
remains in the paper sheet (Stenström and Nilsson 2015), and some of it is removed 
by mechanical pressing. The press section has a typical outgoing dryness of about 
33-55 % (Kuhasalo et al. 2000). Pressing influences both dewatering of the sheet 
and the quality of the end product, the latter of which can be affected by, for 
example, increasing the density and smoothening the surface (Paulapuro 2000). The 
pressing operation occurs traditionally in a roll press, which uses two cylinders 
pressing against each other with the paper sheet in between. The cylinders press 
inwards onto the sheet, which is supported by a press felt that also accepts water 
from the sheet. Pressing can be described by the “press impulse”, which is defined 
as the integral of the press force over press time (Wahlström 2001). The roll press 
produces a short and aggressive press impulse that can result in the paper sheet being 
crushed when the water has no place to go in the given time period and, 
consequently, lead to web breaks. Higher press impulses, without too high a press 
force being produced, can be obtained by using extended press nips (shoe press), 
e.g. using a cylinder and a shoe. The materials that compose the cylinder, press felts 
and fabrics, along with the temperature, press impulse, ingoing moisture levels and 
properties of the sheet all affect wet pressing; they can all be adjusted to provide an 
end product with the qualities desired (Wahlström 2001; Paulapuro 2000).   
 

4.2.3. Drying 
 
The water remaining in the paper sheet after the press section is removed thermally 
to give a dryness of around 93-95 %, which is the dryness of a paper sheet in 
equilibrium with air in normal temperature and moisture conditions. This is 
performed by leading the sheet around a large number of cylinders (Multicylinder 
drying), or a single large cylinder (Yankee drying), all of which are heated from 
within, or a combination of the two (Kuhasalo et al. 2000; Klerelid 2000). The 
impingement of hot air in large hoods over the Yankee cylinder can also be 
employed. Multicylinder drying is used most commonly for printing and packaging 
paper and board grades whilst Yankee drying is used mainly for ordinary tissue 
grades and machine-glazed (MG) papers. There is also another type of drying, 
known as Through Air Drying (TAD), where hot air is blown through the sheet, i.e. 
the sheet is not pressed. TAD is used for tissue grades that require an extra high bulk 
(Kuhasalo et al. 2000; Klerelid 2000).  
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4.3. Electrical energy demand and friction 
 
The electrical consumption of a paper machine ranges from about 500 kWh/t for 
newsprint and up to 3000 kWh/t for certain tissue paper grades and specialty papers. 
A typical paper machine uses 500-850 kWh/t (IEA 2007), energy that is consumed 
by equipment such as pumps, motors, transmissions, presses, etc.. 
 
Håkansson (2010) has shown that about 20 % of the electrical energy is used in the 
vacuum system. There is therefore potential for applying new technology to improve 
the energy efficiency of the forming section in a paper machine (Håkansson 2010; 
Lahtinen and Karvinen 2010; Holmberg et al. 2013) by, for example, redesigning 
the vacuum system without the safety margins described by 
Lathinen and Karvinen (2010). One example of new technology is to promote 
energy-efficient dewatering (Wochenblatt für Papierfabrikation 2019): this could 
redefine the design of the forming section in the future because steam hoods can be 
utilized to make vacuum dewatering more energy efficient. 
 
About 32 % of the total electrical energy consumed in a paper machine is lost due 
to various sources of friction; 7 % is lost due to friction between the fabric and the 
static components in the forming section (Holmberg et al. 2013). The fabric 
material and weave pattern can be designed to minimize friction and thereby save 
as much as 25 % of the electrical energy otherwise wasted on friction, although the 
increased wear of fabrics made by new materials must be considered carefully 
(Danielsson 2014). Baumann and Ernst (2011) showed that improved the fabric’s 
design can lower friction by using new fabric materials. They also showed that new 
fabric designs can reduce the vacuum level by improving dewatering which, in turn, 
lowers the degree of friction significantly. Friction is directly proportional to the 
drag load and thus also to the electrical energy demand in the forming section. 
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5. Forming and Initial Dewatering 
 

5.1. The headbox  
 
Prior to the paper machine, the pulp is diluted to a stock concentration of around 
0.2-1.0 %. The headbox introduces the stock to the forming section of the paper 
machine. The main challenge faced here is to distribute the stock evenly over the 
width of the paper machine which, in some cases, can be up to 10 meters. The 
headbox and other elements in the forming section should prevent the fibres from 
flocculating (self-attraction) and generating small-scale variations in the basis 
weight of the sheet. This is achieved by creating turbulence on a local scale that 
pulls the fibres apart but also matches the desired grammage of the paper being 
produced (Norman 2000). Formation, which is the term used to describe the 
distribution of fibres, can be measured in several different ways.  
 
Norman (2000) accounts for four main means of obtaining successful fibre 
distribution early in the forming section: turbulence, elongational flow, self-healing 
dewatering and oriented shear. Turbulence is positive in the earliest stages of 
forming, for example inside the headbox, in that it breaks down fibre flocs. Too 
much turbulence after the headbox can have a negative effect on formation by 
disrupting dewatering and thus causing uneven sheets. Fibre flocs can also be broken 
due to stretching during elongational flow, in the accelerated flow of the headbox 
nozzle. The high dewatering rates of an industrial-scale paper machine cause the 
sheet to self-heal. Local holes in the sheet increase the local rate of dewatering 
which, in turn, increases the amount of fibre suspension able to permeate it. The 
holes will therefore be evened out, as the fibres that do not pass through remain and 
fill them instead. Oriented shear occurs when the impingement velocity of the fibre 
suspension from the headbox differs from the fabric velocity. The shear can tear 
fibre flocs apart and thereby lead to better formation; it can also affect the orientation 
of the fibres in the sheet (Norman 2000). 
 
Paper is often formed in layers, allowing the benefits of multiple fibre types to 
enhance the performance of the whole structure depending, of course, on the 
application and product specifications in question. The technique of layering is used 
in both tissue and board applications. There are two ways of obtaining layers: using 
headboxes with more than one outlet channel (common in tissue grades) or using 
several headboxes at different locations in the forming section and then couching 
the layers together (common for board grades and papers of higher basis weights) 
(Gavelin 1998).  
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5.2. Gravitational dewatering  
 
The headbox distributes the stock, which is comprised of water, fibres and additives, 
onto a woven structure called a forming fabric. This is designed so that water flows 
through it while the fibres and additives are retained: a network that is the paper 
sheet is thus formed. The initial stage of dewatering at the forming section is usually 
called “gravitational dewatering” because traditional paper machines were designed 
so that most of the initial dewatering process was simply the result of gravity. 
Nowadays, although the design of forming sections does not dictate that are 
exclusively built horizontally, the first dewatering is basically the same regardless 
of whether the underlying force is gravitational or, for example, centrifugal 
(Norman 2000).  
 

5.3. Foils  
 
A paper machine usually has a number of dewatering elements, called foils 
(Figure 5), after the initial gravitational dewatering stage. These foils, which are 
fixed blades located beneath the forming fabric, have a small expansion angle away 
from the fabric. This creates a pressure drop immediately after the blade which, in 
turn, redirects some of the water away from both the sheet and the fabric 
(Norman 2000). 
 

 
Figure 5. Schematic diagram of a foil element with an illustration of obtained suction pulse, 
redrawn. (Gavelin 1998) 
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5.4. Vacuum dewatering in the forming section 
 
A number of vacuum suction boxes, with varying degrees of vacuum, dewater the 
sheet further after the foils. The vacuum levels increase in the machine direction: 
the sheet, which is easier to dewater when its water content is high, becomes all the 
more reluctant to release water as it dries. It is more energy efficient to use low 
vacuum (less energy) when the sheet is relatively easy to dewater and gradually 
increase the vacuum level used as the sheet becomes harder to dewater 
(Attwood 1962; Baldwin 1997). The amount of water that can be removed by 
vacuum dewatering depends on the vacuum level in each suction box: a higher 
vacuum level gives a higher outgoing dryness. The dryness of the sheet increases 
with its dwell time in vacuum but becomes all the more difficult to dewater as the 
dwell time increases (Attwood 1962; Neun 1994; Räisänen et al. 1996; 
Baldwin 1997; Räisänen 2000; Ramaswamy 2003; Åslund and Vomhoff 2008b). 
 
The behaviour of vacuum dewatering can be expressed in different ways, e.g. by 
Equation 3 (Neun 1994) or Equation 4 (Räisänen et al. 1996): these two 
equations give the typical dewatering profile, with a higher rate of dewatering at the 
beginning and a lower rate at high dwell times, see Figure 6. Equation 3 
(Neun 1994) provides a dewatering behaviour that levels out to a fixed value, which 
is true for vacuum suction of conventional short dwell times. Equation 4 
(Räisänen et al. 1996) includes a long-term drying behaviour which becomes 
significant if the suction continues for a longer time, and air continue to pass through 
the sheet. 
 
  (3) 
 
  (4) 

 
where D = sheet dryness (%), a = dryness before vacuum box (%), b = constant regulating 
the total increase in sheet dryness (%), t = dwell time (ms), c = constant regulating how 
rapidly the total increase in sheet dryness is reached (ms-1), d = time necessary for a change 
in dryness of 63 % and e = constant providing the long-term drying behaviour. 
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Figure 6. Typical dewatering profile, in two different versions, of how dryness changes 
with vacuum dwell time. Eq. 3: converges to a constant value. Eq. 4: converges to a slightly 
increasing slope due to drying. 
 
Understanding the vacuum dewatering behaviour of different pulps, for example the 
rewetting phenomenon and also the connection to press dewatering, can lead to less 
vacuum being used. A press section that is insensitive to the ingoing moisture will 
benefit from lower vacuum levels, if this is possible from a runnability perspective. 
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5.5. Dewatering mechanisms 
 
Åslund and Vomhoff (2008b) account for three mechanisms of vacuum dewatering: 
(i) compression dewatering, where vacuum compresses the sheet and causes 
dewatering, (ii) displacement dewatering, where the flow of air, driven by a drop in 
pressure, removes water and (iii) rewetting, where water flows back into the sheet 
(and is obviously undesirable). Vacuum dewatering compresses the sheet 
(Åslund et al. 2008) in much the same fashion as pressing does (Paulapuro 2000; 
Vomhoff 1998) and shows similar diminishing returns (Attwood 1962; Neun 1994; 
Räisänen et al. 1996; Baldwin 1997; Ramaswamy 2003; Åslund and Vomhoff 
2008b) (Paulapuro 2000; Wahlström 2001). Displacement dewatering occurs when 
air starts to flow through the paper sheet and the viscous drag exerted by the air on 
the water causes it to dewater (Åslund and Vomhoff 2008b). The phenomenon of 
rewetting is also well-known in wet pressing (Sweet 1961; Wahlström 1969; 
Wahlström 2001; Rantanen and Maloney 2013; McDonald and Kerekes 2017, 
2018) and will be investigated further in this thesis, but only with respect to vacuum 
dewatering.  
 
Prevented or reducing rewetting allows the same outgoing moisture to be achieved 
at lower vacuum levels. Lower levels of vacuum are, of course, advantageous: they 
not only reduce the amount of electrical energy used in the vacuum system but also 
decrease friction, and thereby the drag load and energy demand, all of which are 
significant in the forming section. 
 

5.6. Rewetting in the forming section 
 
Rewetting is defined as water that flows in a negative direction, i.e. back into the 
paper sheet, due to capillary forces (Sweet 1961). There are two different types 
rewetting: external and separation. The former is the flow of water, after a vacuum 
pulse, that flows from the forming fabric back into the paper sheet; the latter is the 
flow of water from the interface between the sheet and the fabric that arises at the 
point of separation of sheet and fabric (Åslund and Vomhoff 2008b). 
 
Following a vacuum pulse, the paper sheet will expand after it has been compressed. 
This expansion benefits the rewetting that is driven by capillary forces 
(Sweet 1961). Granevald et al. (2004) suggest that the water available in the 
forming fabric affects rewetting, therefore a fabric with much water available should 
give higher external rewetting. It is possible that separation rewetting also depends 
on the fabric’s design.  
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Åslund et al. (2008) lifted the sheet from the fabric at desired points in time in a 
laboratory study that allowed the degree of rewetting to be measured. Studying 
relatively long suction pulses of 50-400 ms, they observed significant rewetting with 
a 3-6 % point decrease in sheet dryness. Rewetting has the same typical behaviour 
as dewatering (Figure 6), but in the opposite direction. McDonald (1999) reviewed 
pilot data and found that separation rewetting occurs when the sheet and fabric 
became separated in the couch roll at the end of the forming section. Separation 
rewetting occurs as a result of film splitting, and was estimated as having a rewetting 
magnitude of around 55 g/m2. Previous research does not show magnitudes and 
velocities of external rewetting after vacuum dewatering, and is one of the topics 
studied in this thesis [Paper I]. 
 
Further understanding of external and separation rewetting could make it possible 
to develop methods for impeding the phenomenon: thoughts on the subject have 
been around since Attwood (1962) expressed the importance of reducing the 
distance between vacuum suction boxes because of the tendency water has of re-
entering the sheet. Åslund et al. (2008) also suggested that rewetting could be 
impeded by reducing the contact time between the sheet and the fabric after suction. 
Reduced contact time between fabric and sheet could be achieved by lifting the sheet 
from the fabric directly at the last suction box, as described by Leinonen (2001), 
instead of waiting for separation to occur at the couch roll. Åslund et al. (2008) also 
suggested that reducing the amount of water available in the forming fabric and/or 
using fabrics that only allow the unidirectional flow of water would lessen the 
effects of rewetting. 
 

5.7. Forming Fabrics 
 
The forming fabric (Figure 7) plays a vital role during the initial stage of paper 
production: it should retain fibres and other components and let water flow through. 
The fabric also moves the fibre mat towards the press section because the network 
is too wet to hold itself together this early in the process. Whilst the fabric should 
be inexpensive and lightweight, it should also be sturdy and not deteriorate too 
rapidly. It should also be designed to minimize impact on the sheet surface 
(Norman 1990; Kilpeläinen et al. 2000). Fabrics leave a topological mark on the 
sheet that originates during dewatering and remains in the finished paper product. 
This phenomenon, called a “wire mark”, is reduced by using yarns of smaller 
diameter on the sheet side of the forming fabric (Kilpeläinen et al. 2000). 
Li and Green (2012), who studied wire marks numerically, concluded that 50 % 
originated from the structure of the fabric and 50 % from crooked fibres. In the case 
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of tissue grades, Granevald et al. (2004) concluded that the fabric caliper, void 
volume and air permeability affected dewatering the most. 
 
In order to fulfil all these requirements simultaneously, the fabric weave design is 
quite intricate, with multiple yarns of varying diameters woven in several layers. 
Common weave designs include: Single Layer (SL), Double Layer (DL), Double 
Layer extra weft added (DL EWA), Triple Layer (TL), Triple Weft (TW) and Self 
Support Binding (SSB), the latter of which displayed in Figure 7 
(Kilpeläinen et al. 2000).  
 

 
Figure 7. SEM image of an SSB forming fabric.  

  

200 μm 
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6. Flow models 
 

6.1. Flow through porous media 
 
The flow of air and water through beds of granular solids was described by 
Ergun (1952), who combined theories for a large interval of Reynolds numbers 
(Equation 5). By combining different theories of flow, creating a model and fitting 
it to a wide variety of experimental data, the Ergun equation (Equation 5) is able to 
describe all kinds of flow through porous media. 
 

  (5) 

 
where ΔP = pressure difference (Pa), L = caliper (m), ge = gravitational constant 
(kg×m/N×s2), ∈ = volume fraction solid, μ = dynamic viscosity (Pa×s), Um = fluid 
velocity (m/s), Dp = effective diameter of particles (m) and G = mass flow rate 
(kg/s×m2). 
 

6.1.1. Flow through paper sheets and forming fabrics  
 
Rezk et al. (2013, 2015) described models for flow through forming fabrics and 
paper sheets with two-phase flow numerical models that showed good agreement 
with experimental data. 
 
Moreover, Rezk et al. (2013) simulated dewatering using high vacuum suction 
boxes in a two-dimensional numerical model. It shows a two-phase flow of the 
dewatering of a paper sheet at high speed, thus mimicking the conditions of a full-
scale paper machine, with some water being left in the sheet after dewatering and a 
steady state air flow. The models agreed with the experimental values in the case of 
the simulated air flow, even though the predictions of the dewatering rate exceeded 
the experiments by a factor of 2. After improving the description of the fabric in the 
numerical models, Rezk et al. (2015) simulated the dewatering rate to a better 
agreement than before. This was achieved by adding solid yarns to the fabric 
description in addition to the flow resistance. The flows of air and water then had to 
pass solid yarn structures, and thereby partly flow perpendicular to the path desired. 
 
Stenström and Nilsson (2015) predicted the amount of water that was possible to 
remove by vacuum dewatering. By using fibre characterization data (fibre width and 
fibre length density), they could predict where the water could be removed from 
within the sheet. Reasonable agreement was achieved compared with several 
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different sets of experimental data when the assumption that a fibre is elliptical in 
shape in cross-section was coupled with the fact that water could not be removed 
from its wall and lumen.  
 

6.1.2. Pressing model 
 
Substantial work has been carried out by Richard Kerekes and David McDonald on 
pressing models (Kerekes and McDonald 1991; McDonald and Kerekes 1995, 
2017, 2018; McDonald et al. 2000, 2019; Kerekes et al. 2013).  
 
The starting point of Kerekes and McDonald (1991) was the assumption that the 
press impulse affects the properties of the sheet, such as thickness, porosity and fibre 
hydrodynamic specific surface, as well as its moisture content. Equation 6 gives the 
non-linear proportionality of the sheet’s thickness (L) and moisture ratio (m); the 
same relationships were postulated as being accurate for its porosity and 
hydrodynamic specific surface, too. 
 

  (6) 

 
where L = depth of fibre bed (m) and m = sheet moisture ratio (g/g). The ingoing 
state is marked 0 and a is a constant. 
 
Using Equation 6 and Darcy’s Law (Equation 7) as a foundation, several 
publications (Kerekes and McDonald 1991; McDonald and Kerekes 1995; 
McDonald et al. 2000; Kerekes et al. 2013; McDonald and Kerekes 2017) lead to 
the model for dewatering during pressing used in this work (Equation 8), thus: 
 
  (7) 

 
where ν = flow velocity (m/s), K = permeability (m2), P = pressure (Pa), μ = 
dynamic viscosity of water (Pa*s) and z = thickness direction (m). 
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  (8) 

 
where m = outgoing moisture ratio (-), m0 = ingoing moisture ratio (-), me = moisture 
equilibrium (-), W = grammage (kg/m2), R = rewetting (kg/m2), ν = kinematic 
viscosity (m2/s), I = press impulse (kPa×s), A = specific permeability (kg/m) and n 
= compressibility factor (-). 
 
After the model for dewatering during pressing was developed 
(McDonald and Kerekes 2017), a separate model for rewetting was developed and 
added to the first model (McDonald and Kerekes 2018). The rewetting term used in 
the present work is not calculated using a version of the rewetting model. 
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7. Vacuum Dewatering Experiments 
 

7.1. Pilot study of rewetting [Paper I] 
 
A large pilot study was undertaken on the pilot machine FEX, RISE Bioeconomy, 
Stockholm, Sweden, to gain further understanding of the magnitude and velocity of 
rewetting after high vacuum suction boxes. The pilot machine trials were performed 
using unrefined bleached softwood kraft pulp sourced from BillerudKorsnäs’ 
Gruvön Mill in Sweden. The forming section of the pilot machine was set up with 
only one high vacuum suction box at the beginning and multiple measurement points 
for evaluating dryness over time (Figure 8).  
 
The pulp was recirculated twice to maximize cost efficiency. The morphology of 
the pulp was later tested in a FibreTester (ISO 16065-1:2012) to ensure that the 
recirculation did not affect the fibres too much. The FibreTester was used before 
any trials were made, as well as after one and two recirculations. The fibre length 
and width were stable during the trials at 1.9 +/- 0.09 mm and 29 +/- 0.4 μm, 
respectively. The fines content showed a slight decrease with the recirculations: 
from measurements of 7.8 (before recirculation) to 7.6 (one recirculation) and 7.4 % 
(two recirculations), respectively.  
 
Rewetting was studied of two sheets with different basis weights: 20 and 100 g/m2. 
Three machine speed settings were used, namely 400, 800 and 1600 m/min, with the 
purpose of discovering how the machine speed affects rewetting. Measurements 
could also be performed closer to the suction box with respect to dwell time, which 
was important since the rewetting was expected to have an exponential time 
dependence. The vacuum level varied between 5 and 32 kPa and was dependent on 
both the machine speed and the basis weight of the sheet. Having the solitaire 
suction box placed about 4 m prior to the couch roll enabled dryness measurements 
to be made according to Figure 8. 
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Figure 8. Experimental set-up of the pilot paper machine used in the rewetting experiments 
showing the dryness measurement points. The locations indicated by broken arrows were 
not used in all of the runs. 

 
The high vacuum suction box (Figure 9) was equipped with detachable lids of 
different sizes, which enabled a stepwise increase in dwell time when 1, 2, 3, 6 and 
8 slits were opened. Dwell time was defined as the total width of the opened slits 
divided by the machine speed. Table 1 shows the complete set-up which, combined 
in all its different variations, provides 40 different sets of data.  
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Figure 9. A high vacuum suction box, shown from above, equipped with (under) and 
without (over) the detachable plastic lid used to adjust the dwell time. 

 
Table 1. Experimental set-up data for the pilot trials. 

Basis weight (g/m2) Pressure drop Machine speed 
(m/min) 

Number of slits opened  

20 High / Low 400 / 1600 1, 2, 3, 6, 8 
100 High / Low 400 / 800 1, 2, 3, 6, 8 

 
The dryness measurements were performed by lowering a spoon, with the convex 
side facing down, towards the sheet (Figure 10). The sheet was lifted from the fabric 
due to the pressure drop created on the machine direction side of the spoon, and the 
sample thus collected was placed in a jar. Dryness was determined according to 
ISO 287:2009.  
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Figure 10. Schematic diagram of how a sample was collected for dryness measurements. 

 

The objectives of this study included investigating the magnitude and velocity of 
rewetting. Dryness measurements were performed in triplet at certain intervals after 
the suction box according to Figure 8. Additionally, an NDC Paper moisture 
analyser was used to measure the water available in the fabric indirectly; it gives the 
total mass of the fabric, sheet and water all of which can be modified to the water 
available by subtracting the known weights of fibres and fabric.    
 
The dryness data obtained from the experiment was used together with Equation 3, 
which is based on Neun (1994), and fitted to the data points using the “least squares 
method” to discover optimal values for the constants a, b and c. 
 
Equation 3 was extrapolated back to the moment the sheet leaves the vacuum 
suction, using the calculated constant values, to estimate the total amount of water 
rewetted since the first measurement was made 0.05 m after the suction box. τ63 was 
calculated for all sets of data corresponding to the time until 63 % of the total amount 
of water was rewetted. τ63 was used by Räisänen et al. (1996) to describe the time 
dependence of vacuum dewatering.  
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7.1.1. Rewetting results 
 
The results obtained from the rewetting pilot study do not provide any clear 
indication of which factors affect the degree of rewetting after high vacuum suction. 
Figures 11-13 show that the magnitude of rewetting depends on different 
parameters: no clear trends are distinguishable. The results indicate that using higher 
levels of vacuum in suction boxes will result in a higher dryness and a greater 
potential for rewetting. 
 

 
Figure 11. Rewetting plotted against dwell time (ms) and vacuum level (kPa). 
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Figure 12. Rewetting plotted against initial dryness (%) and vacuum level (kPa). 

 
Figure 13. Rewetting plotted against dwell time (ms) and initial dryness (%). 
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Figure 13. Rewetting plotted against dwell time (ms) and initial dryness (%). 

 



 31 

Dryness measurements, along with the extrapolated curve fitted to Equation 3, are 
shown in Figure 14. Substantial rewetting is proposed to have occurred directly after 
suction, before the first dryness measurement was made.  
 
The rewetting progress, according to the hypothesis, involves an exponential 
decrease in dryness since the driving forces behind rewetting, i.e. capillary pressure 
and sheet expansion, both decrease with increasing rewetting. This behaviour is also 
shown in the results (Figure 14). 
 

 
Figure 14. Rewetting results and extrapolated curve fitted to Equation 3. The total 
decreases in dryness and τ63 are shown. 

 
In general, the results show low τ63 values, which indicates fast rewetting; more 
details of this are given in Table 2. 
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Table 2. Results of the rewetting experiments. 

Extrapolated 
initial 
dryness (%) 

τ63 (ms) Basis 
weight 
(g/m2) 

Water in sheet (g/m2) Rewetting 
(g/m2) 

Rewetting 
(%) 

20 14 20 80 44 55 
19 25 100 426 42 10 
15 26 100 567 60 11 
16 14 100 525 82 16 
20 3 20 80 21 26 
16 4 20 105 10 10 
21 3 100 376 180 48 
13 13 100 669 120 18 

 
Rewetting might be dependent on the basis weight of the sheet, causing rewetting 
problems to be much more prominent when dewatering thinner sheets 
(Wahlström 1969; McDonald 1999; McDonald and Kerekes 2018). Samples of 
sheets of different basis weights but similar initial dryness taken from the same 
machine speed (400 m/min) are compared in Table 3 to evaluate this. 
 
Table 3. Selected results for sheets of basis weights 20 g/m2 and 100 g/m2 with a similar 
initial dryness. 

Basis weight (g/m2) 20 100 100 100 20 100 
Extrapolated initial dryness (%) 17.8 18.6 18.5 17.7 13.9 14.2 
Water in sheet (g/m2) 92 438 441 465 124 604 
Rewetting (g/m2) 32 31 34 30 12 54 
Rewetting (%) 35 7 8 6 10 9 

 
There are some indications of the behaviour expected of the samples with an initial 
dryness of around 18 %, but not for those of around 14 %. This indicates that the 
thinner sheets are indeed more sensitive to rewetting, but also that rewetting seems 
to require a certain initial dryness to be effective. This is in line with the proposed 
mechanisms behind rewetting discussed in Åslund et al. (2008). Capillary forces 
and sheet expansion will only be present after a certain dryness, and this will also 
be dependent on the basis weight. With only a few layers of fibres being present (as 
for 20 g/m2 sheets), the network they form cannot expand sufficiently, and they do 
not have the number of evacuated pores necessary for rewetting to be prominent.  
 
Figure 15 shows that the quantity of available water surmounts the rewetting, even 
though no correlation is noticeable. The available water is calculated at the end of 
the forming section and is therefore the minimum amount available for rewetting; it 
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could possibly be even greater closer to the suction box, where the actual rewetting 
occurs.  
 

 
Figure 15. Rewetting (g/m2) plotted against available water (g/m2). 

 
Rewetting takes place due to capillary forces, for which the sheet has to become 
sufficiently dry during vacuum dewatering (Attwood 1962). There must also be 
water available in the forming fabric and the interface between sheet and fabric for 
rewetting to occur (Granevald et al. 2004; McDonald 1999): sufficiently dry sheets 
combined with available water are the criteria for rewetting to happen.  
If sheet expansion is to be considered as a possible cause for rewetting as opposed 
to capillary forces, the time frames for both must be compared. The time frame for 
sheet expansion is, however, longer (Åslund and Vomhoff 2008a) than that for 
rewetting in most cases, although there is little doubt that the two are linked. 
Rewetting seems rather to be one of the causes of sheet expansion. 
 
The τ63 values obtained, and displayed in Table 2, are based on a sensitive method, 
with deviations in both dryness and time that are not shown in the table. The main 
result obtained regarding rewetting velocity is that the time for the bulk of rewetting 
(τ63) is usually less than 30 ms. 
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The pulp used in the pilot study was unbeaten for practical reasons, the main one 
being the desire to recirculate it. This, of course, affects dewatering 
(Kullander et al. 2012) and probably rewetting in the same way. Beaten pulp has 
generally more collapsed fibres, which leads to narrower pores and possibly to more 
effective rewetting due to the capillary pressure being accordingly higher. There 
might therefore be greater rewetting magnitudes and velocities in full-scale 
production using beaten pulp. 
 
Being such a rapid phenomenon, rewetting is difficult to impede on an industrial 
scale. One idea (Leinonen 2001) of how this may be done is to remove the sheet 
from the fabric as soon as possible after dewatering is complete. Whilst 
Leinonen (2001) suggested a couch pick-up directly after the vacuum, 
McDonald (1999) argued that significant separation rewetting also occurs at couch 
separation. Åslund et al. (2008) suggested that a possible development towards 
minimizing rewetting would be to design a fabric that obstructs water flowing in the 
direction of the sheet. Since the time frame of rewetting is so short, it is likely that 
much of the rewetting water originates from the interface between sheet and fabric. 
In that case, the fabric with unidirectional flow would not impede rewetting 
completely, but it would be very interesting to investigate.   
 

7.2. Forming fabric experiment [Paper II] 
 
Granevald et al. (2004) have investigated the influence the forming fabric has on 
dewatering. Building on that study, an experimental study of the influence of the 
fabric structure was performed here, the main idea of which was to keep constant 
the most important parameters that Granevald et al. (2004) concluded affected 
dewatering. Using three commercial fabrics of similar void volume, caliper and air 
permeability, dryness and air flow during vacuum dewatering were tested in a 
custom-built high vacuum suction box on laboratory scale. The apparatus used in 
the present study is as described by Granevald et al. (2004), with the exception that 
a plate with a single 5 mm opening was used. The fabrics, which varied in structure, 
were tested for differences in dewatering behaviour and air penetration.  
 
In the present experiment, the fabric structures were defined by an open area profile 
through the thickness direction. The three structures tested can be summarized as: 
one being relatively more open on the wear side and closed on the sheet side (A), 
one being the opposite (V), and one that is equally open on both the sheet and wear 
side (I). This information was provided by the fabric manufacturer and is shown in 
Figure 16; further information relating to the fabrics is given in Table 4. All fabrics 
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are woven in the traditional manner, with the yarn diameters being thinner on the 
sheet side than on the wear side. 
 

 
Figure 16. Open area curves for the three fabrics studied (A, V and I). 
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The dewatering performance of the three fabrics was evaluated by forming 80 g/m2 
paper sheets and subjecting them to vacuum dewatering. The machine was run with 
two pressure drops: 10 and 40 kPa. The pulp used was a bleached softwood kraft 
pulp with two different drainabilities, 23 and 15 °SR (ISO 5267-1), respectively. 
After the sheet was formed, its dryness was approximately 6-7 %. The sample was 
then subjected, in triplet, to five different dwell times: 1.0, 2.5, 5, 10 and 20 ms, 
respectively. After each test, the dryness was measured according to ISO 638:2008 
and the change in pressure was recorded during vacuum exposure. The change in 
pressure was used to calculate the air volume that passed through the sheet using 
Equation 9. 
 
  (9) 

 
where Vair = volume of air flowing through the sheet (dm3), Vtank = tank volume 
(dm3), Patm = atmospheric pressure (Pa) and ΔP = change in pressure over the sample 
during the test (Pa). 
 
All dryness measurements were made after a considerably longer time than 
rewetting took to occur [Paper I], which was why all dryness values are considered 
to represent dryness after full rewetting. The initial dewatering rate (MR/ms) and a 
modified surface roughness were determined for the samples; the initial moisture 
rate was calculated as being the slope of the line between the moisture ratio 
measurements made at 0 ms and 2.5 ms. 
 

7.2.1. Forming fabric results 
 
The results obtained for the forming fabrics, as shown in Figures 17-26, include 
those for the moisture ratio and penetrated air volume depending on dwell time, 
surface roughness and initial dewatering rates.  
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Figure 17. The moisture ratios and dwell times obtained for the three fabrics A, V and I, at 
a vacuum level of 40 kPa and pulp drainability 23 °SR. 

 

 
Figure 18. The moisture ratios and dwell times obtained for the three fabrics A, V and I, at 
a vacuum level of 10 kPa and pulp drainability 23 °SR. 
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Figure 19. The moisture ratios and dwell times obtained for the three fabrics A, V and I, at 
a vacuum level of 40 kPa and pulp drainability 15 °SR. 

 

 
Figure 20. The moisture ratios and dwell times obtained for the three fabrics A, V and I, at 
a vacuum level of 10 kPa and pulp drainability 15 °SR. 

 

0

2

4

6

8

10

12

14

16

0 5 10 15 20 25

M
oi

st
ur

e 
ra

tio
 (g

/g
)

Dwell time (ms)

A
I
V

2

4

6

8

10

12

14

16

0 5 10 15 20 25

M
oi

st
ur

e 
ra

tio
 (g

/g
)

Dwell time (ms)

A
I
V

 38 
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Figure 21. The volume of air penetrated during the vacuum dewatering of Fabrics A, V and 
I, at a vacuum level of 40 kPa and pulp drainability 23 °SR. 

 

 

Figure 22. The volume of air penetrated during the vacuum dewatering of Fabrics A, V and 
I, at a vacuum level of 10 kPa and pulp drainability 23 °SR. 
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Figure 23. The volume of air penetrated during the vacuum dewatering of Fabrics A, V and 
I, at a vacuum level of 40 kPa and pulp drainability 15 °SR. 
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Figure 23. The volume of air penetrated during the vacuum dewatering of Fabrics A, V and 
I, at a vacuum level of 40 kPa and pulp drainability 15 °SR. 
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Figure 25. Measurements of the surface roughness of paper sheets made on Fabrics A, V 
and I using different levels of vacuum and beating.  

 
Figure 26. Initial rates of dewatering measured in the vacuum dewatering experiments 
for Fabrics A, V and I. 
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the fabrics, so these small differences in fabric structure do not seem to make any 
major difference to the dewatering behaviour. 
 
At 40 kPa and 23 °SR a small difference in initial dewatering rate can be observed 
for Fabrics A and I, both of which are slightly faster than Fabric V. This is believed 
to be caused by differences in fibre penetration of the fabric surface and/or the 
different in-plane flow resistances of the three fabric structures. The more flexible 
fibres are able to penetrate the surface of Fabric V to a larger extent than Fabrics A 
and I. This, in turn, could cause clogging of the surface of Fabric V and therefore 
result in a slower start of the dewatering process. This is supported by the 
measurements of surface roughness made in the 40 kPa tests: sheets formed on 
Fabric V had a rougher surface than those made on the other fabrics, believed to be 
caused by the difference in fibre penetration. This cannot be observed in the 10 kPa 
tests: the surface roughness results show that, for 23 °SR and 10 kPa, the wire-side 
of sheets formed on Fabric V have a significantly smoother surface. There is no clear 
indication why this happened, since the dewatering results show no significant 
difference in either dryness or volume of penetrated air. 
 

7.3. Vacuum dewatering with cellulosic additives [Paper IV] 
 

7.3.1. Experiment with MFC and DAC 
 
Another study was performed using the laboratory-scale vacuum suction box. The 
aim was to investigate the vacuum dewatering properties of selected additives that 
are used to enhance and/or change product properties, most often the strength of the 
paper. 
 
Three different additives and one reference pulp were used in the study. The latter, 
which was a beaten and bleached commercial softwood kraft pulp, was also used as 
the base pulp to which the additives were mixed. The reference pulp was extracted 
from the mill, after the refiners of a paper machine, and therefore also contained 
fines. The three additives were two MFCs (one fine and one coarse) and one DAC 
(all pulps and additives were provided by BillerudKorsnäs). 
 
The compositions of the pulp and additives are reported in Table 5. The oxidization 
degree of DAC was 24 % which can also be expressed in the form of 
3 mmol aldehyde/g fibre (Larsson et al. 2014). The total charges of MFC1 and 
MFC2 were 36 and 70.1 μeq/g, respectively. 
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Table 5. Compositions and denotations of the pulps used. 

Denotation  Pulp Composition  

Ref. B  Beaten, bleached softwood Kraft 
pulp  

D-10  90% Ref B + 10% DAC  

D-33  67% Ref. B + 33% DAC  

D-66  34% Ref. B + 66% DAC  

D-100  100% DAC  

M1-2  98% Ref. B + 2% MFC1  

M1-6  94% Ref. B + 6% MFC1  

M1-10  90% Ref. B + 10% MFC1  

M2-2  98% Ref. B + 2% MFC2  

M2-6  94% Ref. B + 6% MFC2  

M2-10  90% Ref. B + 10% MFC2  

 
The samples were produced in a hand-sheet former, using a commercial forming 
fabric (also provided by BillerudKorsnäs), into round isotropic sheets 18.4 cm in 
diameter. The forming fabric, with the sheet on it, was then transferred to the sample 
holder in the vacuum dewatering machine. The vacuum level was set to 40 kPa, and 
five different dwell times (1, 2.5, 5, 10 and 20 ms, respectively) were obtained by 
running the moving plate at different speeds. All of the tests were performed in 
triplet. Although the pulps had varying dewatering resistances and were formed in 
the same fashion, their initial dryness differed prior to vacuum dewatering. Since 
the vacuum dewatering equipment, together with the hand-sheet former, represent 
the forming section of a paper machine, the differences in initial dryness were both 
expected and accepted in the experiments. After vacuum dewatering, dryness was 
measured according to ISO 638:2008. Rewetting was established as being very 
rapid in the pilot trials [Paper I], which means that all of the dryness measurements 
made in this study, as in the previous experiments, were measured at full rewetting. 
The penetrated air volume was calculated using measured pressure drop as 
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previously (Equation 9). Drainability (°SR) and the water retention value (WRV), 
which are standard laboratory methods commonly used to characterise the 
dewatering of pulps, were measured according to ISO 5267-1:1999 and 
ISO 23714:2014, respectively.  
 
Some of the pulps (M1-2, M1-6, M1-10, D-10, D-33, D-66, D-100) were used to 
make sheets in a Rapid Köthen machine according to ISO 5269-2:2004. These 
Rapid Köthen sheets were used for image analysis in a scanning electron microscope 
as well as for pore size distribution measurements using capillary flow porometry 
(Jena and Gupta 2010). The latter involves measuring the flow rates of an inert gas 
through a dry and a wet sample at a variety of different pressures, which are 
proportional to the number density of pores of different radii. The samples are 
wetted with a liquid with low surface tension (Jena and Gupta 2010). 
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7.3.1.1. MFC and DAC results 
 
The drainability and WRV are shown in Figures 27 and 28 for all pulps used. As 
can be seen, the drainability was found to be lower for the pulps with DAC and the 
coarser MFC1. Water retention is also more efficient in these pulps compared to the 
reference and MFC2 pulps: the coarse MFC2 only showed minor changes in 
drainability and water retention when compared with the reference. 
 

 
Figure 27. Drainability (°SR) and WRV (g/g) of the pulps with DAC. 

 

 
Figure 28. Drainability (°SR) and WRV (g/g) of the pulps with MFC. 

 

The retention aid added did alter the dewatering properties, with a significant 
increase in drainability and decrease in WRV (Figure 28). The dewatering properties 
changed with the addition of retention aid in a way that was expected; Hubbe (2002) 
and Merayo et al. (2017) both showed similar behaviours. 
  
Fine materials, such as MFC for example, can block the pores between fibres 
through which water would otherwise use to evacuate the material in question. The 
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term for this is the “choke point mechanism” and is reported by 
Hubbe and Heitmann (2007). The choke point mechanism can be abated by 
retention aids when fine materials start binding to fibre surfaces rather than blocking 
inter-fibre pores. Dewatering without retention aid leads inevitably to decreased 
drainability. The results shown in Figure 28 seem to indicate that C-PAM interacts 
with the fine materials in this fashion, where even WRV seems to be affected by the 
presence of retention aid. The initial hypothesis regarding this was that MFC would 
hold equal amounts of water regardless of its position in the sheet: either between 
fibres or adhering to fibre surfaces. The results indicate that WRV is affected by 
retention aid, which could be because the water retaining capacity of MFC being 
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been carried out by other researchers regarding dewatering, but not specifically in a 
high vacuum suction box with realistic dwell times that compare to industrial paper 
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vacuum dewatering, which means that it retains more water from the sheet formation 
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before the largest pores are evacuated and air can penetrate the sheet. MFC2 behaves 
almost identically to the reference pulp during vacuum dewatering, with regards to 
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Figure 29. Results of dewatering plotted against dwell time during the vacuum dewatering 
of different percentages of DAC. 
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Figure 31. Results of dewatering plotted against dwell time during the vacuum dewatering 

of different percentages of MFC2. 

Figure 32. Results of volume of penetrated air plotted against dwell time during the vacuum 

dewatering of different percentages of DAC. 
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Figure 33. Results of volume of penetrated air plotted against dwell time during the vacuum 

dewatering of different percentages of MFC1. 
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Figure 33. Results of volume of penetrated air plotted against dwell time during the vacuum 

dewatering of different percentages of MFC1. 
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The initial moisture contents of the pulps with DAC were the same as those of the 
reference pulp. In spite of this, the dewatering magnitudes were smaller, i.e. the 
outgoing moistures of the DAC pulps were higher. There was also a clear difference 
in the onset of air permeation for the higher concentration DAC pulps (D-66 and 
D-100) compared to the reference. The lesser ability to dewater and allow air to flow 
through, despite the similar initial moisture content, can depend on the higher 
compressibility of the DAC sheets. Koponen et al. (2016) show that dewatering 
depends on compressibility; Larsson et al. (2014) mention the DAC sheets being of 
extra high density due to the added flexibility of the fibres. Compared to the higher 
percentages of MFC1, however, the DAC mixtures seem to dewater quite effectively 
and could probably be introduced to existing paper machines. 
 
No air penetration occurs during the first millisecond of dewatering, of course, since 
the sheet’s inter-fibre pores are all filled with water (Figure 32-34). As soon as 
dewatering starts, however, the water in the pores begin to evacuate. One by one, 
they allow air to start flowing through the sheet; very soon, after around 
1-2.5 milliseconds, a steady-state flow of air commences, with the volume of air 
increasing linearly with respect to dwell time in the vacuum box.  
 
The only water that can be removed from the sheet by means of vacuum is located 
within inter-fibre pores: the water in the walls and lumen of the fibres cannot be 
removed in this way (Stenström and Nilsson 2015). The DAC sheets are composed 
of chemically-modified fibres; they are more flexible and have a higher density and 
higher degree of collapsed fibres. The collapsed structure of DAC sheets means that 
the lumen, being flattened out, cannot hold as much water after vacuum dewatering 
as regular fibres can. The result is lower volumes of air flowing through the sheets, 
which is also observed in the results obtained. The higher concentrations of MFC1 
also show lower air volumes during vacuum dewatering. This is believed to be 
caused by the fine materials lodging between the pores, making connective bonds 
between fibres and generally closing up the large pores. 
 
There is potential for using MFC1, MFC2 and DAC in existing papermaking 
processes, based on the vacuum dewatering curves given in Figure 29-31. The 
additives do not, on the whole, deviate too far from the dewatering behaviour of the 
reference pulp. Implementing the higher percentages should be performed with 
caution, however, as there are also other aspects of papermaking to be considered. 
Dewatering during pressing and drying, for example, which has not been studied in 
this work, also affects runnability. 
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WRV, which is a common test method that is relatively easy to perform, is a measure 
of how much water can be held by a pulp and is connected to vacuum dewatering. 
Figure 35 shows how the WRV (g/g) and moisture ratio after 20 ms of vacuum 
dewatering are related. 
 

 
Figure 35. WRV (g/g) plotted against the outgoing moisture ratio (g/g) for all the pulps 
tested. The linear behaviour of each type of additive has its own slope. 

 
The moisture ratio obtained from vacuum dewatering is linearly dependent on 
WRV, even though the different types of pulp produce a slope of their own 
(Figure 35). This could be useful information for papermakers who use WRV to 
determine whether a particular pulp is suitable or not for a full-scale trial. It appears 
important to determine just how a particular additive behaves during vacuum 
dewatering before drawing conclusions based solely on WRV values. In essence, 
two pulps can have the same WRV value but quite a different outgoing moisture 
ratio in the same vacuum system. 
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This difference in dewatering mechanisms between vacuum dewatering and WRV 
may be explained by the collapsed DAC fibres, which have smaller amounts of 
water in the fibre lumen than non-collapsed fibres. WRV measurements remove the 
water from fibre lumen and vacuum dewatering does not (Stenström and 
Nilsson 2015), the collapsed fibres of DAC will therefore affect any comparison 
made with MFC pulps. 
 
The SEM images of the pulps (Figure 36) show the major differences between the 
pulps and the additives. M1-10 have 10 % of fine materials, which is clearly shown 
to be located on and between the fibres. D-10, D-33, D-66 and D-100 are comprised 
of reference pulp plus 10 %, 33 %, 66 % and 100 % of DAC and, since the DAC 
fibres have about the same dimensions as the reference pulp, no fine materials are 
lodged between the fibres. The flexibility of the DAC fibres can, instead, be 
observed clearly, especially D-66 and D-100, both of which have prominent wire 
marks. 
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Figure 36. SEM images of Rapid Köthen sheets made from pulps with different percentages 
of MFC1(left) and DAC (right). 
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Figure 36. SEM images of Rapid Köthen sheets made from pulps with different percentages 
of MFC1(left) and DAC (right). 
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Measurements of pore size distributions could not be performed at all for MFC1, 
since the sheets were too closed. The DAC sheets were more open and the results 
are shown in Figure 37. The equivalent pore radius of the DAC sheets is shown to 
be larger than for the reference pulp. This is in contrast to how the DAC sheets 
behave during vacuum dewatering, where the results are the opposite. The pore size 
distribution is performed using a wetting liquid other than water; it seems that, 
during this test, the DAC structure was open due to its long fibres and absence of 
small particles, which explains the high porosity shown in Figure 37. 
 

 
Figure 37. Equivalent pore radii (μm) of the reference pulp and percentages of DAC. 
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7.4. Assessment of dewatering of new pulping processes [Paper III] 
 
Dewatering experiments were performed using the laboratory-scale high vacuum 
suction box employed in previous studies [Paper II and IV]. Sheets of 20 g/m2 were 
formed with a reference kraft pulp: a sodium borohydride kraft pulp and a 
polysulphide kraft pulp. The pulps were refined to three different beating levels 
using a PFI mill (ISO 5264-2:2004) at 0, 500, 1000 and 2000 revolutions, 
respectively. These pulps were then dewatered using a vacuum level of 27 kPa and 
six dwell times: 0, 1, 2.5, 5, 10 and 20 ms. Dryness at full rewetting was measured 
according to ISO 638:2008 and the pressure drop during dewatering was measured 
for calculations of penetrated air volume (Equation 9). 
 
The results indicate that beating influences the vacuum dewatering, with lower 
outgoing dryness for higher levels of beating, in accordance with the literature 
(Kullander et al. 2012), [Figure 2, Paper III]. They also show that additions of 
sodium borohydride and polysulphide affect dewatering slightly, [Figure 3, Paper 
III]. There are some significant differences in dewatering, where the higher porosity 
(Rahman et al. 2017) of polysulphide and sodium borohydride kraft pulps gives 
slightly a higher outgoing dryness and penetrated air volume [Figure 4, Paper III] 
than that of the reference kraft pulp. Since adding polysulphide and sodium 
borohydrate have other benefits, such as higher yields and tensile strengths, the 
almost unchanged dewatering properties support their use and their further 
development. 
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8. Numerical Models and Simulations 
 

8.1. Sheet and fabric simulations [Paper II] 
 
Figures 17 and 21 show the results of the dewatering and air penetration 
experiments performed on the three different fabric structures described in Figure 16 
and Table 4, for a vacuum level of 40 kPa and pulp drainability of 23 °SR. The flows 
through the fabrics were simulated in different ways using COMSOL Multiphysics. 
Three different models were evaluated for the single-phase flow of air; the one with 
best agreement was used for the two-phase flow with water added. Work on the 
model was an extension of the work of Rezk et al. (2013; 2015), and used mainly 
more specific experimental data with respect to both the initial dewatering rates and 
the different fabric structures with small-scale dissimilarities. 
 

8.1.1. Single-phase numerical model  
 
The single-phase models were based on Equation 5 (Ergun 1952) and compared to 
the experimental data of air flow measured by the manufacturer of the fabric. The 
air velocity through Fabric I was measured for a range of vacuum levels, ranging 
between 30 and 500 Pa, at room temperature. Three different models for the single-
phase flow of air were then proposed: Models 1 and 2 (Figure 38) were based on the 
open area curves of the fabric (Figure 16) whilst Model 3 was based on the porosity 
and average yarn diameter of Fabric I, obtained using Equation 5 (Ergun 1952). 
Model 1 was a combination of solid yarns in the sheet and wear side of the fabric, 
with an average flow resistance in between them; the average resistance was 
calculated from Figure 16. Model 2 was based on 20 average flow resistances taken 
from Figure 16, with no solid elements. The air velocity in Models 1 and 2 was 
computed in COMSOL Multiphysics whilst that in Model 3 was solved analytically. 
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Figure 38. Models 1 and 2 (single-phase numerical models) shown together with the 
corresponding open area curve. 

 
8.1.2. Results of the single-phase numerical model  

 
The resulting air velocities and vacuum levels of Models 1-3 are shown in Figure 39 
together with the experimental values obtained. Models 1 and 3 are in good 
agreement, with Model 1 being closest to the experimental values. Although Model 
2 has the same shape as the others, it predicts air velocities of about half the size of 
those in the experiments. 
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Figure 38. Models 1 and 2 (single-phase numerical models) shown together with the 
corresponding open area curve. 
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Figure 39. Results of air velocity versus pressure drop found in the single-phase models 
(1, 2 and 3) and corresponding experimental values. 

 
The fact that Model 3 made a more accurate prediction than Model 2 was somewhat 
unexpected. The 20-part average flow resistance appears to generate a worse image 
of the fabric flow resistance than a 1-part average. This can be explained, however, 
by the mechanics of the flow equation (Equation 5). The flow in the work by 
Ergun (1952) is defined by two key parameters, namely the characteristic diameter 
of the pores and the volume fraction of solids. The constants in the equation were 
established by using a wide range of experimental data, where the thickness of the 
material was supposedly several times thicker than the characteristic diameter of the 
pores. Making the model work for each of the 20 layers at a time, each one will 
operate with a material caliper thinner than the characteristic diameter; the sum of 
these will generate an error that does not occur when predicting the flow for only 
one layer, as in Model 3.  
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Figure 39. Results of air velocity versus pressure drop found in the single-phase models 
(1, 2 and 3) and corresponding experimental values. 
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8.1.3. Two-phase numerical model  
 
Based on the results of the single-phase model, with predictions from Model 1 being 
closest to the experimental values, the model that combined solid yarns and flow 
resistance was used for the two-phase simulations. The sheet was added on top of 
Model 1, as depicted in Figure 40. The three different forming fabrics used in the 
dewatering experiments, with structures A, I and V, were built in COMSOL 
according to Table 6. 
 
Table 6. Dimensions of the fabrics and their corresponding models. 

Dimension Fabric A Fabric V Fabric I 

Real Model Real Model Real Model 
Sheet side: yarn diameter (mm) 0.11 0.11 0.13 0.13 0.11 0.11 
Sheet side: openness (%) 30.5 30.5 37.7 37.7 32.4 32.4 
Wear side: yarn diameter (mm) 0.18 0.18 0.21 0.16 0.18 0.21 
Wear side: openness (%) 39.5 43.1 24.4 23.3 34.1 35.5 

 
The models were run in COMSOL as time-dependent laminar two-phase flow, with 
the structures being filled initially with water. Pressure corresponding to a 40 kPa 
vacuum level pulled water and air through the structures.  
 
The flow resistance used for the sheet was based on L&W FibreTester 
measurements of a fibre width of 31 μm, and an estimated volume fraction of solids 
that was set to 0.45 to fit the experiments.  
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Figure 40. The sheet and fabric geometry used for the two-phase flow numerical model. 

 
The moisture in the sheet was monitored for the time it took to complete the 
evacuation of water by integrating the volume fraction of water over time in the 
sheet for all three models corresponding to Fabrics A, V and I. A compressible 
single-phase air flow of steady state was also simulated and compared with the 
experiments. The models were not very mesh sensitive (Figure 41) and, given the 
longer computational times for fine mesh, the coarsest mesh was chosen for use in 
the simulations. 
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Figure 41. Sensitivity of the mesh in the two-phase models. The number of mesh elements 
in the top rectangle of the model geometry range from 12 – 514, with almost no difference 
between them. 

 
The differences between the dimensions of the fabrics and the model displayed in 
Table 6 were created due to the need for symmetric models. Models with perfectly 
vertical sides (Figure 40) meant that the structure could be repeated on both sides to 
simulate a continuum of sheet and fabric. The alternative was to create a model that 
was sufficiently large to minimize edge effects, but this would have considerably 
increased both the time taken to build it and, more importantly, the computational 
time it would demand. The alterations needed were made on the wear side of the 
models because the structures on this side are not as close as those on the sheet side, 
and thus affects the flow to a higher degree (Helmer et al. 2006). The geometry of 
the wear side mainly influences the wear resistance of fabrics, along with friction 
forces acting on stationary elements in the machine (Räisänen 2000).  
 
The dewatering velocities of the experimental values (Figure 17) form the initial 
slope of the curve between the moisture ratio values of 0 ms and 2.5 ms. The 
dewatering rates of the models were calculated as the mean velocity of the entire 
dewatering process, which was approximately 2.5 ms.  
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8.1.4. Results of the two-phase numerical models  
 
The results of the models are shown together with the experimental results in 
Figures 42-44.  
 

 
Figure 42. Dewatering and dwell times of the two-phase models and corresponding 
experimental values. 
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8.1.4. Results of the two-phase numerical models  
 
The results of the models are shown together with the experimental results in 
Figures 42-44.  
 

 
Figure 42. Dewatering and dwell times of the two-phase models and corresponding 
experimental values. 
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Figure 43. Dewatering velocities of the models and experiments for Fabrics A, V and I. 

 
Figure 44. Air velocities of the models and experiments for Fabrics A, V and I. 

 
The main concern with the model results (Figure 42) is that the shape of the curves 
is inverted compared to the experimental values. The dewatering in the models starts 
slowly and speeds up, whereas the dewatering of actual paper sheets is the opposite, 
being fast at the beginning and becomes successively slower. The models have a 
water column that is stationary and needs to be accelerated, which explains the initial 
slow rate of dewatering. At the same time, there are no opposing forces for the 
dewatering in the models: there is nothing to slow the water down and the 
dewatering rate will therefore continue to increase until the sheet is completely 
evacuated. In a real paper sheet, however, the capillary forces and hydrogen bonds 
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present between the water molecules and fibre surfaces try to retain water in the 
sheet. This discrepancy between models and reality makes it difficult to compare 
the models with reality, even when the dewatering velocities and steady state air 
flows are of the same order of magnitude. 
 

8.2. Models for vacuum dewatering [Paper V] 
 

8.2.1. Moisture ratio model 
 
Based on the results of the COMSOL models reported in the previous chapter 
(Ch. 8.1.), a new approach to simulating vacuum dewatering was tested. The most 
recent dewatering model for pressing (McDonald and Kerekes 2017) was adjusted 
slightly for use in vacuum dewatering and new fitting parameters, based on several 
different sets of experimental data, presented in Table 7. The press impulse of the 
press model was replaced by the vacuum impulse (Equation 10). 
 
  (10) 
 
where Ivac = vacuum impulse (kPa×ms), Pvac = vacuum level (kPa) and tvac = dwell 
time (ms). 
 
Different values of rewetting were tested early in the work, namely 100, 70 and 
55 g/m2, and were based on the rewetting pilot study described in Chapter 7.1. All 
the rewetting did was to change the fitting parameters, so it was therefore set to half 
the grammage to avoid changing it for every simulation. The updated model for 
vacuum dewatering is shown below (Equation 11):  
 

  (11) 

 
where m = outgoing moisture ratio (g/g), m0 = ingoing moisture ratio (g/g), me = 
moisture equilibrium (g/g), W = grammage (kg/m2), R = rewetting (kg/m2), ν = 
kinematic viscosity (m2/s), P = vacuum level (kPa), t = time (s), AMR = specific 
permeability (kg/m) and nMR = compressibility factor (-). 
 
The greatest difference between the pressing model and the updated version for 
vacuum dewatering may be the equilibrium moisture (me). In the case of pressing, 
me can be determined for long press times. It is a little more complex for vacuum 
dewatering because a dwell time that becomes too large results in vacuum 
dewatering turning into drying instead (going from Equation 3 to Equation 4). In 
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this work, a dwell time of 20 ms was chosen, which corresponds to a dwell time 
sufficiently short enough to avoid drying but long enough to have a dewatering rate 
of almost zero. Furthermore, me depends on both the type of pulp and the vacuum 
level. This prompted the design of Equation 12 to determine the me value of the 
models, and was fitted to experimental data obtained from the laboratory suction 
box described earlier (Granevald et al. 2004). The experimental data used was for 
20 ms dwell times, different vacuum levels and different pulp WRV. 
 
  (12) 

 
where me = moisture equilibrium (g/g), W = grammage (kg/m2), R = 
rewetting (kg/m2), P = vacuum level (kPa), k1 and k2 are constants and WRV = 
water retention value (g/g). 
 
Table 7. List of published experimental data used for fitting the moisture ratio model. 

Publication Pulp type Machine Vacuum 
level 

Neun 1994 Kraft pulp Pilot paper 
machine 

10, 21, 
41 kPa 

Nilsson 2014 Softwood kraft pulp, beaten Laboratory 
suction 
box 

20, 40, 
60 kPa 

Sjöstrand et al. 2017 
[Paper II] 

Softwood kraft pulp, beaten Laboratory 
suction 
box 

10, 40 
kPa 

Sjöstrand et al. 2019 
[Paper IV] 

Kraft pulp; two kinds of 
microfibrillated cellulose (MFC1 and 
MFC2); dialcohol cellulose (DAC) 

Laboratory 
suction 
box 

40 kPa 

 
With the numerical model adjusted for vacuum dewatering and including the new 
definition of moisture equilibrium, several sets of literature data (Table 7) were used 
to determine new values for the fitting parameters (AMR and nMR). Based on the 
experimental study (Ch. 7.3.) including MFC and DAC, the most extreme 
compositions of pulp were not included in the model fitting: the dewatering curves 
and/or WRV results obtained from these pulps deviated from the typical behaviour 
and would not contribute to a meaningful model. 
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Other data of vacuum dewatering is available in the literature but are not included 
in the model fitting. This was decided upon for several different reasons: some data 
sets lacked essential data (Pujara et al. 2008; Attwood 1962), some used much 
shorter (Kullander et al. 2012) or longer dwell times (Åslund et al. 2008; 
Räisänen et al. 1996) and others used pre-dewatering prior to vacuum suction 
(Granevald et al. 2004). 
 

8.2.2. Results of the moisture ratio model  
 
The fitting parameters used in the numerical model are given in Table 8. The model 
predictions for the dependence of the moisture ratio on dwell time, and the 
corresponding experimental data points, are shown in Figure 45.  
 
Table 8. Fitting parameters of all the numerical models used. 

Fitting parameter values Units 
k1 5.80 (-) 
k2 -0.26 (-) 
AMR 3.00e-11 kg/m 
nMR 0.61 (-) 
AAIR  3.60e-10 kg/m 
nAIR  1.00 (-) 
AAIR (updated model) 6.50e-12 kg/m 
nAIR (updated model) 1.90 (-) 
α 1.40 (-) 
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Figure 45. The fit of the model for moisture ratio and the corresponding experimental data, 
with a linear fit of the R2 value and 95 % prediction interval. The slope of the linear fit is 
1.01. 

 
The numerical model presented for vacuum dewatering successfully predicts the 
dewatering behaviour for different origins of data, types of pulp, temperatures and 
equipment (Figures 45-51). The model can be used as a tool for predicting the 
vacuum dewatering of realistic industrial time frames for regular pulps. Some of the 
dewatering curves, including high percentages of MFC, cannot be predicted 
accurately by the model (Figure 47). The predictions for DAC are heavily dependent 
on the relatively high WRV, which means that the model predicts outgoing 
moistures that are significantly higher than the experimental values. Another set of 
experimental data would probably have to be used to find new fitting parameters for 
pulps with high percentages (>5 %) of fine MFC and DAC added. 
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Figure 45. The fit of the model for moisture ratio and the corresponding experimental data, 
with a linear fit of the R2 value and 95 % prediction interval. The slope of the linear fit is 
1.01. 
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Figure 46. Model predictions for moisture ratio are shown together with the corresponding 
experimental values (*). The experimental values are from [Paper IV]. 

 
Figure 47. Model predictions for moisture ratio are shown together with the corresponding 

experimental values (*). The experimental values are from [Paper IV]. 
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Figure 46. Model predictions for moisture ratio are shown together with the corresponding 
experimental values (*). The experimental values are from [Paper IV]. 

 
Figure 47. Model predictions for moisture ratio are shown together with the corresponding 

experimental values (*). The experimental values are from [Paper IV]. 

0 5 10 15 20
Dwell time (ms)

0

5

10

15

20

25

M
oi

stu
re

 ra
tio

 (g
/g

)

Paper IV

Ref B
D-10
D-33
D-66
D-100

0 5 10 15 20
Dwell time (ms)

0

5

10

15

20

25

M
oi

stu
re

 ra
tio

 (g
/g

)

Paper IV

Ref B
M1-2
M1-6
M1-10



70 

 
Figure 48. Model predictions for moisture ratio are shown together with the corresponding 

experimental values (*). The experimental values are from [Paper IV]. 

 
Figure 49. Model predictions for moisture ratio are shown together with the corresponding 

experimental values (*). The experimental values are from [Paper II]. 
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Figure 48. Model predictions for moisture ratio are shown together with the corresponding 

experimental values (*). The experimental values are from [Paper IV]. 

 
Figure 49. Model predictions for moisture ratio are shown together with the corresponding 

experimental values (*). The experimental values are from [Paper II]. 
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Figure 50. Model predictions for moisture ratio are shown together with the corresponding 

experimental values (*). The experimental values are from Neun (1994). 

 
Figure 51. Model predictions for moisture ratio are shown together with the corresponding 

experimental values (*). The experimental values are from Nilsson (2014). 

0 5 10 15 20
Dwell time (ms)

0

5

10

15

20

25

M
oi

stu
re

 ra
tio

 (g
/g

)

Neun 1994

41kPa
21kPa
10kPa

0 5 10 15 20
Dwell time (ms)

0

5

10

15

20

25

M
oi

stu
re

 ra
tio

 (g
/g

)

Nilsson 2014

20kPa
40kPa
60kPa

71 

 
Figure 50. Model predictions for moisture ratio are shown together with the corresponding 

experimental values (*). The experimental values are from Neun (1994). 

 
Figure 51. Model predictions for moisture ratio are shown together with the corresponding 

experimental values (*). The experimental values are from Nilsson (2014). 
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8.2.3. Air volume model 
 
A corresponding model for the volume of air penetrated through the sheet and fabric 
structure was developed in addition to the numerical model for predicting the 
development of the moisture ratio during vacuum dewatering. The air volume model 
was also built on the model work carried out mainly by Kerekes and McDonald 
(Kerekes and McDonald 1991; McDonald and Kerekes 1995; McDonald et al. 
2000; Kerekes et al. 2013; McDonald and Kerekes 2017).  
 
Air is a compressible fluid, so Equation 7 was integrated over the thickness of the 
sheet and air treated as being an ideal gas (Equations 13-16). Permeability over the 
length of the flow path depends on the moisture content during pressing 
(Kerekes et al. 2013), as shown in Equation 16. For the air model, Equation 16 was 
adjusted by changing  to , which corresponds to the part of the 
sheet where air is actually penetrating the structure. 
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  (17) 

 
where νair= volumetric flow (m3/s), Aair = specific permeability (kg/m), nair = 
compressibility factor (-), area = sheet area subjected to vacuum (m2), P = vacuum 
level (kPa), W = grammage (kg/m2), m0 = initial moisture ratio (g/g), mbr = moisture 
ratio after dwell time t prior to rewetting (g/g) and t = dwell time (s).  
 
Air flow through a sheet made of fibres with Reynolds numbers larger than 
approximately 1-2 is not valid with Darcy’s law (Ramaswamy 2003; 
Pettersson et al. 2006). In order for the air model to work for a larger range of 
Reynolds numbers, the model was adjusted, Equation 7 was modified into 
Equation 18. This addition was based on the non-linear term introduced by 
Ergun (1952) to cover a wider range of flow data and Reynolds numbers. The 
updated air model for both high and low Reynolds numbers is shown in Equation 19. 
 
  (18) 

 

  (19) 

 
where α is a fitting parameter (-), νair= volumetric flow (m3/s), Aair = specific 
permeability (kg/m), nair = compressibility factor (-), area = sheet area subjected to 
vacuum (m2), P = vacuum level (kPa), W = grammage (kg/m2), m0 = initial moisture 
ratio (g/g), mbr = moisture ratio after dwell time t prior to rewetting (g/g) and t = 
dwell time (s). 
 
The models were integrated numerically in MATLAB both with and without 
adjustment for the Reynolds number range. The fitting parameters (Aair, nair, and α), 
Table 8, were determined by using a single set of experimental data (Nilsson 2014). 
The data sets available for penetrated air volumes not only showed signs of operator 
dependence but also deviated significantly, so the decision was taken to fit the model 
to a single set of data. 
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8.2.4. Results of the air volume model  
 
The accuracy of air model predictions is shown in Figures 52 and 53, while the 
predictions and experimental data are shown in Figures 54-61. The updated air 
model for a wider range of Reynolds numbers is slightly more accurate than the first 
model. The first model was based on Darcy’s law (Equation 7) without the extension 
and differs most for high flow rates of 20 g/m2 and 60 kPa (Figure 54); the Reynolds 
numbers ranged between 10-100. It is the most accurate when the flow rates and 
Reynolds numbers are lower. 
 
The Reynolds numbers in the experiments carried out by Nilsson (2014) were 
estimated as being approximately in the range 0.6-8. These calculations were based 
on the equivalent pore radius for beaten softwood pulp with fibres of a characteristic 
length; if the width of a fibre is used instead, the Reynolds numbers will be around 
5-100. There are different opinions in the literature as to which Reynolds numbers 
hold for Darcy’s law for a fibre mat: Nilsson (2014) reports less than 5, 
Pettersson et al. (2006) less than 2 and Ramaswamy (2003) less than 1. Depending 
on what is used as the characteristic length in the calculations, the first model can 
be valid for predicting some of the experiments, especially those with low flow rates. 
The updated model has a higher R2 value and a narrower 95 % prediction interval, 
although both have the same degree of magnitude and are successful in many 
predictions. 
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Figure 52. The fit of the model for air volumes and the corresponding experimental data, 
with a linear fit of the R2 value and 95 % prediction interval. The slope of the linear fit is 
0.97. 

 

 
Figure 53. The fit of the updated model for air volumes and the corresponding experimental 
data, with a linear fit of R2 value and 95 % prediction interval. The slope of the linear fit 
is 0.96. 
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Figure 54. Model predictions for penetrated air volumes shown with corresponding 
experimental values. 
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Figure 56. Model predictions for penetrated air volumes shown with corresponding 

experimental values. 

 
Figure 57. Model predictions for penetrated air volumes shown with corresponding 

experimental values. 
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Figure 56. Model predictions for penetrated air volumes shown with corresponding 

experimental values. 
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Figure 58. Updated model predictions for penetrated air volumes shown with 
corresponding experimental values. 
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Figure 58. Updated model predictions for penetrated air volumes shown with 
corresponding experimental values. 
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Figure 60. Updated model predictions for penetrated air volumes shown with 

corresponding experimental values. 

 
Figure 61. Updated model predictions for penetrated air volumes shown with 

corresponding experimental values. 
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Figure 60. Updated model predictions for penetrated air volumes shown with 

corresponding experimental values. 

 
Figure 61. Updated model predictions for penetrated air volumes shown with 

corresponding experimental values. 
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8.3. Evaluating the models [Previously unpublished work] 
 
The moisture ratio model was compared with some of the data available in the 
literature (Granevald et al. 2004; Åslund et al. 2008) that was excluded from the 
model fitting process. The aims of this were twofold: to discover whether the model 
could also predict those cases and to ascertain the range of the model. The model’s 
predictions and the experimental data of Granevald et al. (2004) are shown in 
Figure 62. 
 

 
Figure 62. Model predictions for the moisture ratio applied to the dewatering data of 
Granevald et al. (2004).  

 
The data of Granevald et al. (2004) was originally excluded because the sheets had 
been pre-dewatered prior to vacuum suction, since it implies that the water in the 
sheets that is easiest to remove already has been. This is reflected in Figure 62, 
where the model prediction is far too fast in the initial stage, although in the latter 
part of dewatering, i.e. from 3 ms onwards, the model prediction is quite accurate. 
 
The model predictions and the experimental data of Åslund et al. (2008) are shown 
in Figures 63-66. 
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Figure 63. Model predictions for the dewatering data of the 100 g/m2 TMP sheets of 
Åslund et al. (2008). 

 

 
Figure 64. Model predictions for the dewatering data of the 200 g/m2 SBK sheets of 
Åslund et al. (2008).   
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Figure 63. Model predictions for the dewatering data of the 100 g/m2 TMP sheets of 
Åslund et al. (2008). 
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Figure 65. Model predictions for the dewatering data of the 50 g/m2 TMP sheets of 
Åslund et al. (2008). 
 

 
Figure 66. Model predictions for the dewatering data of the 100 g/m2 SBK sheets of 
Åslund et al. (2008). 
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Figure 65. Model predictions for the dewatering data of the 50 g/m2 TMP sheets of 
Åslund et al. (2008). 
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The predictions and experimental data in Figures 63-66 do not always show a good 
match. There are most deviations in Figure 64, in which the model predicts that the 
basis weight has a larger impact on dewatering, and that it would be much slower 
than the experimental results show. Åslund et al. (2008) used laboratory equipment 
designed to evaluate what occurs with the moisture after suction in order to evaluate 
rewetting. The model predictions are compared with what actually happens during 
the suction pulse in the equipment, which is not that dependent on either the vacuum 
level or basis weight, to experimental data taken from other laboratory equipment 
(Nilsson 2014; Paper II) or pilot studies (Neun 1994). 
 

8.4. Energy analysis [Previously unpublished work] 
 
Both of the models used for vacuum dewatering, i.e. calculating the outgoing 
moisture ratio and the penetrated air volume, were applied in a greater context where 
an estimated energy analysis was attempted for the papermaking process.  
 
The idea was to use existing models (Equation 8) for pressing 
(McDonald and Kerekes 2017) together with the vacuum model for moisture ratio, 
add friction losses from the forming section and then compare how much drying 
energy would be required for various vacuum system settings. The main goal of this 
energy analysis was to gain a deeper understanding of how the use of energy over 
the entire papermaking process is affected by changes in the vacuum system. This 
was done by combining existing computational models and calculations for the 
separate unit operations: vacuum dewatering, wet pressing and drying.  
 
The vacuum models that were used are described in Chapter 8.2., and in 
Equations 11 and 19 for the moisture ratio and penetrated air volume, respectively. 
A base setting was selected, with a vacuum level of 40 kPa in three high vacuum 
suction boxes, 100 g/m2 sheets of beaten softwood kraft pulp with a WRV of 1.6 
and a machine speed of 800 m/min, corresponding to the pilot trials in Chapter 7.1. 
The rewetting was set to half the basis weight, as in the work described in 
Chapter 8.2. The ingoing dryness to the vacuum boxes was set to 7 %. The 
calculated penetrated air volume (m3/min) was inserted in a vacuum pump diagram 
(Figure 67) to convert it into the electricity used by the vacuum pumps. Since this 
value represents only one part of the capacity of a vacuum pump in a conventional 
forming section of a paper machine, the value obtained was adjusted by a factor of 
4 for each open suction box so that it would fall within the interval described by 
Räisänen (2000).   
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Figure 67. Vacuum pump diagram, redrawn. Vooner FloGard Corporation (2018). 

The temperature of the stock was set to 50 °C. The hourly production in this analysis 
was calculated using Equation 20 as being 33.6 t/h when the machine width was set 
to 7 meters. 
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Figure 67. Vacuum pump diagram, redrawn. Vooner FloGard Corporation (2018). 
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where PROD = production (t/h), V = machine speed (m/s), L = machine width (m) 
and W = sheet basis weight (g/m2). 
 
In addition to the two models for vacuum dewatering, a friction value based on 
friction coefficients taken from Holmberg et al. (2013) was used. The friction in the 
forming section was calculated according to Equation 21, based on 7% of a total 
electrical energy consumption of 500 kWh/t with the addition of the friction of the 
lid of the high vacuum suction boxes. 
 
  (21) 

 
where Efr tot = total friction energy (kWh/t), P = vacuum level (kN/m2), A = area of 
suction (m2), μfr = friction coefficient, V = machine speed (m/s) and 
PROD = production (t/h). 
 
The press model used was the updated model of McDonald and Kerekes 2017, 
(Equation 8) run with parameters for Kraft pulp at 50 °C, with a press line loading 
set to 1500 kN/m. The moisture equilibrium and the line loading were collected from 
Figure 2 in McDonald and Kerekes 2017. All parameters were otherwise retained 
from the vacuum models, with the outgoing vacuum moisture ratio used as the 
ingoing moisture ratio to the press. 
 
The results of the energy analysis are comprised of the electrical energy for vacuum 
pumps and the electrical energy from forming section friction, together with the heat 
energy required for drying. All results are displayed in Table 9 and Figures 68-70. 
The green lines in Table 9 represent the starting conditions: 3 suction boxes, a 
vacuum level of 40 kPa and a friction coefficient of 0.1. The electrical energy 
required for the vacuum pump at different vacuum levels was calculated with a 
single pump diagram (Figure 67), so the red boxes in Table 9 are calculated values 
based on curve fitting (Figure 69). 
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Table 9. Results of the energy analysis made of the papermaking process. The green lines 
represent the starting conditions: 3 suction boxes, a vacuum level of 40 kPa and a 
friction coefficient of 0.1. The red boxes are calculated values based on curve fitting 
(Figure 69). 

Number of 
suction 
boxes 

Heat for 
drying 
(kWh/t) 

Electrical 
energy: 
vacuum 
pumps 
(kWh/t) 

Electrical 
energy: 
friction 
(kWh/t) 

Total 
energy 
(kWh/t)   

Dryness after 
vacuum 
dewatering 
(%) 

Dryness after 
pressing (%) 

1 920 5.6 37 961   20.5 45.2 

2 920 11 39 969   21.6 45.2 

3 920 17 40 976   21.9 45.2 

4 920 22 42 984   22.0 45.2 
5 920 28 44 991   22.1 45.2 

        
        

Friction 
coefficient 

Heat for 
drying 
(kWh/t) 

Electrical 
energy: 
vacuum 
pumps 
(kWh/t) 

Electrical 
energy: 
friction 
(kWh/t) 

Total 
energy 
(kWh/t)   

Dryness after 
vacuum 
dewatering 
(%) 

Dryness after 
pressing (%) 

0.01 920 17 4 940   21.9 45.2 

0.05 920 17 20 956   21.9 45.2 

0.1 920 17 40 976   21.9 45.2 

        
        

Vacuum 
level (kPa) 

Heat for 
drying 
(kWh/t) 

Electrical 
energy: 
vacuum 
pumps 
(kWh/t) 

Electrical 
energy: 
friction 
(kWh/t) 

Total 
energy 
(kWh/t)   

Dryness after 
vacuum 
dewatering 
(%) 

Dryness after 
pressing (%) 

20 920 7 38 964   18.5 45.2 

30 920 11 39 969   20.5 45.2 

40 920 17 40 976   21.9 45.2 

50 920 27 42 988   23.0 45.2 
60 920 43 43 1004   23.0 45.2 
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Figure 68. Predicted energy consumption (kWh/t) of the vacuum pumps and drive load 
versus the friction coefficient.  

 
Figure 69. Predicted energy consumption (kWh/t) of the vacuum pumps and drive load 
versus the vacuum level used (kPa). 
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Figure 70. Predicted energy consumption (kWh/t) of the vacuum pumps and drive load 
versus the number of active high vacuum suction boxes employed. 

 
The main conclusion drawn from the energy analysis was that the ingoing moisture 
to the press section did not affect the outgoing dryness in this particular case, and 
therefore neither the heat required for drying in a major way, which constitutes the 
majority of the energy consumed. This is true for a pressure-controlled press nip, 
where the governing feature controlling the dewatering is the force of the press. In 
a flow-controlled press nip, however, where dewatering is limited by the flow 
resistance in the sheet, the ingoing moisture content will have an effect.  
 
Since the need for heat for drying remains constant, experiments that close parts of 
the vacuum boxes and/or lower the vacuum levels are necessary in order to save 
energy. It is of paramount importance that careful regard is paid to runnability issues 
that can arise, as they have the potential for increasing the number of web breaks. It 
is obvious that efficiency will not benefit from slightly less electrical energy being 
used in the vacuum system if there are more web breaks. Friction can be minimized 
too, but that will not affect the other parts of the paper machine. 
 
Applying the combined models on an existing paper machine, with knowledge of 
runnability issues and press nip specifications, makes it possible to suggest actions 
and new machine layouts that will optimize the paper manufacturing process by 
decreasing the energy it requires.  
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9. Conclusions 
 
The work described in this thesis provides knowledge of vacuum dewatering with 
respect to rewetting after high vacuum suction boxes, the structure of forming 
fabrics and the dewatering behaviour of some strength additives. Furthermore, 
numerical models of varying complexity have been developed to evaluate vacuum 
dewatering and to predict both vacuum dewatering and the interactions that take 
place with other unit operations of papermaking. 
 
The main conclusion to be drawn from the rewetting study is that rewetting can be 
of significance after high vacuum suction boxes as well as after pressing, with values 
of up to 55 % rewetting for thin sheets being recorded. Rewetting is also shown to 
be very rapid, with the bulk of the water going back into the sheet after a mere 
30 milliseconds. The driving forces behind rewetting are capillary forces and sheet 
expansion, meaning that rewetting is dependent on the sheet obtaining a certain 
dryness: the potential for rewetting increases with the dryness of the sheet. 
 
The structure of the forming fabric was shown to influence initial dewatering rate 
slightly when the parameters of the fabric that usually influence dewatering were 
kept constant. The ability of fibres to penetrate the fabric surface and the resistance 
of the fabric to flows in the in-plane and thickness directions were proposed as being 
influencing factors. From a practical perspective, the results indicate that as long as 
the fabric’s main parameters, i.e. volume of voids, caliper and air permeance, remain 
constant, the diameter and open area profiles of the yarn can be altered without 
greatly affecting vacuum dewatering. Single and two-phase models were built in 
COMSOL Multiphysics to investigate further the influence of the fabric structure 
on dewatering. The models were sufficiently accurate to distinguish between the 
small differences in the way the fabric structure influences the dewatering rate. The 
single-phase models were in excellent agreement with experimental data; using the 
two-phase models for fabrics of greater differences has the potential of predicting 
dewatering behaviours and assisting manufacturers in designing new fabrics. 
 
Dewatering experiments using enhancing additives (MFC and DAC) of different 
strengths lead to the conclusion that both WRV and drainability (°SR) show linear 
relationships with the dewatering capabilities of vacuum dewatering. The slopes of 
these linear relationships differ depending on the type of additive because the 
mechanisms of WRV and vacuum dewatering differ. Care must be exercised when 
the runnability of different additives in a paper machine is evaluated based solely on 
values of WRV or °SR. It might be of interest to perform experiments in actual 
vacuum dewatering equipment before full-scale trials are undertaken.  
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Additions of PS and NaBH4 have certain benefits, such as higher yields and tensile 
strengths, the almost unchanged dewatering properties support their use and their 
further development. 
 
The numerical model for vacuum dewatering can accurately predict dewatering 
behaviour and penetrated air volumes. It can be used in combination with friction 
calculations and press models to predict energy demands for the vacuum system and 
outgoing dryness values that, in turn, can be used to calculate drying costs. This 
method can be useful for paper manufacturers who would like to rationalise their 
production lines with regards to energy efficiency. It can also help to introduce 
strength additives without causing major interruptions in production, since a large 
part of the testing can be evaluated numerically prior to full-scale experiments being 
performed. 
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10. Future work 
 
There are many ways in which work on the topics in this thesis may be continued 
and developed. Here, brief thoughts and reflections of the author are given who, 
with the gift of hindsight, is able to identify aspects of the work that ideally could 
have been performed differently, as well as to provide suggestions of how to proceed 
with these topics. These thoughts have been taken into consideration when writing 
the thesis; hopefully, some of them are explained, not only in this chapter but also 
in their respective parts of the text. 
 
Regarding the pilot trials [Paper I], the design of the experiment was not entirely 
optimal. The vacuum level was not the same for all of the different machine settings, 
due to practical reasons. Although the idea was to use a vacuum level of 10 and 
40 kPa for all machine speeds and dwell times, the reality was that the vacuum pump 
was unable to reach the highest vacuum level in some of the set-ups. On site, it was 
decided instead to run the machine at the maximum vacuum capacity possible for 
each setting, thereby making them non-equal throughout the whole procedure. The 
experiment should rather have been designed after first discovering the maximum 
vacuum level that could be achieved for the most challenging machine setting (i.e. 
with all slits open and low basis weight), and then employing that value to all dwell 
times and basis weights. This would have increased the possibility of comparing 
data internally, since greater amounts of data could have been reported that were 
more comprehensive. The data that was reported, and formed a part of Paper I, was 
in no sense faulty or misleading but, if the experiment had been designed for 
consistent vacuum levels, it is possible that further useful findings could have been 
made. Further studies of rewetting could also be beneficial for both numerical 
modelling and promoting knowledge of dewatering in general. Deeper studies of 
rewetting mechanisms would aid in understanding the phenomenon further and 
possibly help to impede it to a greater extent. 
 
In the section where three fabrics (A, V and I) are compared regarding dewatering 
behaviour from an experimental study [Paper II], only minimal differences were 
found. Whilst this was expected, it was also quite an interesting result. Paper II, 
however, does not focus on the similarities of the fabrics: much more attention is 
paid to the single case in which the fabrics differed, rather than as to how the yarns 
and open area profiles may be changed without affecting the dewatering behaviour.  
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In the experiments evaluating the dewatering behaviour of regular pulp with 
additions of MFC and DAC in a high vacuum suction box [Paper IV], it would have 
been interesting to investigate the mechanism of the retention aid further. The results 
of increased dewatering and drainability with a retention aid present could have been 
the subject of a paper of its own. 
  
The final paper [Paper V], with its numerical models, could have benefitted from 
having other things included. Larger amounts of experimental data behind the model 
fitting of the equation for moisture equilibrium are needed to make the predictions 
more accurate. The air model would also benefit from some more attention; perhaps 
an extended study of experiments and a new fitting would improve it. Time is, of 
course, an issue that prevents such enhancements being made before this thesis has 
to be finalized, unfortunately.  
 
The rewetting model for pressing presented by McDonald and Kerekes (2018) 
would make a good starting point for designing a rewetting model for vacuum 
dewatering. The models could also be expanded with more parameters of both the 
pulp and the fibres with the purpose of making the models more adept at predicting 
the dewatering of more types of pulp and additives. The fines content, fibre 
coarseness, cross-sectional shape and wet stiffness could be included, for instance, 
although they may already be part of the models indirectly within the WRV. 
 
Continuing to develop the energy analysis of vacuum dewatering, friction, pressing 
and drying with numerical models is an example of further work that could be 
undertaken. Fitting the models for air volume and vacuum dewatering moisture 
equilibrium to more experiments could increase the accuracy of predictions and 
thereby the relevance of such a tool to paper manufacturers. Applying the energy 
analysis model, and making comparisons of the results obtained with a number of 
real processes in order to validate and evaluate its legitimacy, would also be of great 
interest. 
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All in all, the author is very happy with the contents of this thesis and will hopefully 
manage to make some of the above-mentioned improvements in the future.  
 
Remember to keep dewatering that cellulose! 
Björn Sjöstrand   
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