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ABSTRACT

Keränen, Janne 
Increasing the drying efficiency of cylinder drying 
Jyväskylä: University of Jyväskylä, 2011 
JYFL Research report 14/2011, Department of Physics, University of Jyväskylä 
ISBN 978-951-39-4589-3 (paper copy)  
ISBN 978-951-39-4590-9 (pdf) 
ISSN 0075-465X 

This PhD Thesis concentrates on paper drying: first on the drying rate in a 
cylinder covered with fabric, enhanced using hot air impingement through the 
fabric, and its potential effects on paper quality, and second, on the heat 
transfer rate from hot steam to paper through the cylinder shell.  
Cylinder drying is a drying method where a heated surface in contact with 
paper causes water removal from the latter by evaporation. Impingement 
through the fabric of hot air has been suggested to cause increase in the water 
removal and drying of paper.  
Increase in the drying rate by impingement of hot air was confirmed by 
laboratory tests and by simulations. In laboratory tests the increase in the 
drying rate was found to be accompanied by improvements in paper quality. 
The reason for the unexpectedly high increase in the case of combined cylinder-
impingement drying of the drying rate was traced down to decrease in the 
temperature of paper. The thereby increased temperature gradient between 
paper and cylinder surface caused an increase in the heat flux from the cylinder. 
A simulation model for the system showed similar increase in the drying rate of 
paper. Simulations could also be extended to a paper machine scale. Use of the 
simulation model required further work on the experimental transport of 
moisture in the thickness direction of paper, with successful results. 
The potential of impingement drying for improving paper quality was 
demonstrated, especially for prevention of shrinkage of paper during drying.  
Shrinkage prevention has a positive influence on the tensile properties of paper. 
Shrinkage prevention still needs verification in a larger scale, however. 

Keywords: paper drying, moisture gradient, simulation, cylinder drying, 
impingement drying, heat transfer, cylinder shell 
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1. INTRODUCTION TO PAPERMAKING AND 
DRYING OF PAPER 

1.1. Background 

Papermaking is essentially a large water removal process, where efficient water 
removal plays an important role.  

The manufacturing process of paper is constantly under development, but the 
basic principles and raw materials have remained similar to what they were 
about fifty years ago. The basic manufacturing process has remained the same 
from the beginning of the 2nd century A.D. when paper manufacturing began in 
China:  the fibres are pulped and formed to sheets, then pressed and dried. 
Papers produced this way were and are still used to carry information. Now all 
this is done in a paper manufacturing process, but still pulp is made, formed 
and dried before information can be stored and transported on paper.  

Use of pure water is essential for papermaking since the mechanism of fibre 
bonding relies on hydrogen bonds [1]. Without water, other bonding agents are 
needed. However, some approaches towards a dry manufacturing processes 
have been made [2], and there is also clear indication that in developed 
countries paper as an information carrier is being replaced by electric means[3]. 
These means will become more widely used in the future, but the permanent 
information, or at least information considered to be unchanged, is still mainly 
stored and carried using paper. For other paper products, such as paperboards, 
the scope of use ranges from information carriage to protection of materials 
during their transport and storage.  
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1.2. The main objectives of the work 

In the beginning of the work, the main objective was to discover more efficient 
drying method(s) than the ones in use today. An additional objective was to 
increase the control of paper properties during drying. 

1.3. Research questions and hypothesis 

The main research questions were then the following. 
1. Analysis of methods that are expected to be efficient in paper (or board) 

drying.  
2. Applicability of such methods at existing production sites. 
3. How to control quality of the final product under drying. 
4. Construction of experimental facilities needed for the above tasks. 
5. Implementation of measurements needed to improve our understanding 

of the drying process. 
The main hypothesis was that drying can be improved by combining methods 
that already exist. Such methods are efficient, reliable and economic. These 
topics are discussed further in Sections 1.7 and 1.8. 

The first research task was then construction of an experimental system for the 
analysis of the drying process, which combined more than one drying method. 
To this end a small-scale test equipment was designed and constructed to keep 
the research costs reasonable. Laboratory work was then supported by drying 
simulations. Real-scale or pilot-scale operations were not targeted during the 
work. Laboratory-scale studies provided also a possibility to analyze the 
process with novel measurement methods.  

1.4. Outline of the Thesis 

In the following Chapter 2 effects of drying on paper properties are discussed. 

In Chapter 3 the used drying model and discussion of the related equations that 
govern the drying process is reviewed.  The important phenomena for which 
modelling is needed include heat transfer to paper, transport of water and 
water vapour in paper and removal of water vapour through paper surface.  

In Chapter 4 results of the experiments and simulations related to high 
evaporation rates in drying through fabric is presented. The central issue here is 
paper temperature that can be lowered using impingement drying on a 
cylinder. Enhancement now of heat transfer from steam to paper is also 
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discussed. Some paper quality aspects are also discussed, mainly from a 
dimensional stability point of view.  Finally, in Chapter 5, some conclusions are 
drawn on the topics covered in this Thesis. 

1.5. Papermaking trends 

Traditionally the consumption of paper and board has followed the gross 
national income/gross domestic product. However, it has been shown in 
References [4, 5] that the behaviour of growth of consumption does no longer 
follow the growth of gross domestic product or gross national income. 
Papermaking trends show that in developed countries use of paper is 
decreasing (see e.g. the recent FAO statistics [6]). This trend was already 
forecasted in a global bottom-up pulp and paper industry model [7, 8] and in 
demand estimations of wood [9]. However, a globally modest increase in the 
consumption of paper and board is expected, and in developing countries 
papermaking remains a growing business for some time to come.  

The competitiveness of paper and board industry, like that of any other 
industry, requires strict cost control that will play a major role in the 
development of paper manufacturing processes in the future. To facilitate 
quality demands, new innovations are needed [10, 11]. Energy consumption in 
the drying of paper is always an aspect of papermaking, which needs to be 
considered carefully, though in many cases the number of practical solutions is 
limited by the available energy sources [12, 13].  

The typical energy consumption rate of a paper machine dryer section is about 
50 MW of power. It can be easily estimated that for 400 000 tonne of paper per 
year, the machine has a specific energy consumption of 4 GJ/tonne of paper 
[14]. The cost of drying energy is about 22-44 €/tonne of paper, assuming that 
10% of the energy is electricity and 90% thermal energy (steam) [15, 16]. 
Typically, the price of steam production is 5-10 €/GJ and that of electricity is 60-
120 €/MWh. Comparing the cost of drying with the other major costs of 
papermaking, i.e., the cost of kraft sw-pulp (450 €/t, [17]) or mechanical pulp 
(approximately 100€/t), it is evident that the cost of drying energy is quite 
significant.   
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Papermaking process 

1 2 3 4 5 6 7

Figure 1. A modern printing paper machine: 1 headbox, 2 forming section, 3 press section, 4 
dryer section, 5 calandering, 6 winding and 7 roll storage. The length of the dryer section of the 
whole machine length is in this case 55%. [14]

Papermaking process refers in general to water removal from and between 
fibres, fillers and fines. There are several stages in the process, where water is 
removed using pressure difference. In the paper machine (Figure 1) water 
removal from the paper web starts as filtration immediately at the wet end after 
the headbox (1). Water removal is then intensified with suctions (2), and this is 
followed by wet pressing (3). After wet pressing the dry content of the web is in 
the range 43-52% [14, 18].  After this stage the part of the paper machine, which 
most concerns this work, i.e., the dryer section, is reached (4).  

The removal of water from paper by drying requires control of heat and mass 
transfer. There are usually three stages in water removal from the paper web by 
drying: heating up, constant rate of drying and falling rate of drying [12, 19]. 
These last two stages are illustrated in Figure 2, in which the drying rate is given 
by the derivative of the kinetic curve.  Typically drying lasts until a desired dry 
content has been reached. Energy needed to evaporate water is the physical 
constrain of drying, which cannot be altered. During drying the evaporated 
vapour needs to be carried away from the paper web.  



5

u, g/g

Time, s

Pf=
0.022 kg/cm2

0.052 kg/cm2

0.089 kg/cm2

0.012 kg/cm2

•
x
o

u, g/g

Time, s

u, g/g

Time, s

Pf=
0.022 kg/cm2

0.052 kg/cm2

0.089 kg/cm2

0.012 kg/cm2

•
x
o

Figure 2. Moisture ratio in a paper web as a function of time, often called as the kinetic curve. 
Different curves follow from varying the drying conditions on a cylinder (T=120°C) using 
different pressures induced by the paper machine fabric on paper [20].

Traditionally paper is dried with steam-heated cylinders, and this cylinder 
drying is still widely used without competing methods, although it can be 
substituted by impingement drying. The latter is a drying method that uses hot 
air as the drying medium and gives flexibility to the use of primary fuel [21].  
In a two-tier configuration the steam-heated cylinders are located on both sides 
of paper, and in each fabric group two fabrics are needed to support the paper 
web. In this configuration there is a location between the fabric changes where 
paper is free from support creating a possibility for web breaks. This 
configuration is still used in older and slower machines and in some board 
machines. As the production speed increases the web break handling becomes 
increasingly important. In order to eliminate the free draw, a one-tier or single-
tier configuration was introduced [22, 23, 24]. In this single-tier configuration 
the fabric always supports the paper web from the top side and there is no need 
for a lower fabric. In rebuilds of existing machines, the lower cylinders were 
turned off because the fabric was now covering them, and the possibility to 
bring heat thus significantly reduced. This configuration change made possible 
a speed increase, but the length of the dryer section was increased. To increase 
the speed of this configuration, the lower cylinders were replaced by Vac-rolls. 
Vac-rolls have a vacuum inside that prevents the web from fluttering under the 
roll. However, there is still need for a shorter and faster dryer section. The 
demand for shortening the dryer section comes from limitations in the space 
available [25].  
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1.6. Requirements for new technology 

Drying of paper has to meet some basic requirements: capacity, reliability, 
quality and economy [14]. The capacity requirement is given by the machinery 
available and it is hard to change after the installation. Reliability of the dryer 
has to be good, and it has to provide good operating and production efficiency. 
Therefore, the potential of new drying solutions needs to be studied carefully 
before making any installation in the production scale. The quality of paper has 
to be within certain limits, and the dryer section should not give rise to 
additional defects. Quality studies usually need larger-scale equipment in the 
semi-pilot scale. An uneven moisture profile in the cross direction after drying 
of the web is an example of a defect difficult to study in the laboratory scale.  

On the other hand, the demands on energy efficiency have to be met. This 
means that, because drying uses a considerable amount of energy, energy has to 
be inexpensive and its losses must be minimized and recovery maximized [26]. 
The heat carried by air is thus recovered using heat exchangers [27, 28].  

Combining impingement drying with existing cylinder drying is expected to 
provide enhancement of the drying capacity (see Figure 1), but limitations are 
typically set by the limited space inside the paper mill. An increase in the 
drying capacity would now be achieved by an expected lowering of paper 
temperature and an increasing mass (water) flux. A decrease in paper 
temperature would cause an increased heat flux from the cylinder due to the 
higher temperature difference between paper and the cylinder surface. The 
effect of cooling of paper on the drying rate was first reported by Paltakari et al.
[29] on a pilot-scale paper machine.  

Cylinder drying is the most widely used drying technology. Impingement 
drying is still an emerging technology, although it was invented already in the 
1950s [30, 31]. Other methods developed during the last 100 years for paper 
drying, which have similarities to the method studied in this work, are the 
Condebelt drying, impulse drying and Papridryer process [32, 33, 34, 35, 36, 37]. 
Development of new drying methods takes time [31, 38] and an effective use is 
needed of the available equipment [22, 23, 24]. A comprehensive review of the 
drying technologies employed today has been given by M. Karlsson [38].  

Drying could be used as a quality improving or sustaining component, and via 
better quality it could create savings in the material costs. On the other hand, all 
increases in the drying capacity lead to increased production.  

In modelling the goal is typically to obtain the drying capacity of the dryer 
section. Experimental work is used to get necessary background information, 
and then to quantify properties that cannot be measured. Such work is an 
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iterative process. Experiments also give background information of the mass 
balance. Laboratory scale measurements are used to estimate effects on a mill 
scale by numerical simulations. Figure 3 illustrates this.  

In this work the emphasis is on impingement drying through a fabric 
(COMBO). Paper properties are not considered, unless they are influenced by 
the drying method. As an example, shrinkage reduction improves the tensile 
properties of paper. Shrinkage is affected by the drying characteristics, but at 
the same time many other properties are as well affected [39, 40, 41]. 
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Figure 3. Extrapolation from small scale to mill scale is possible using laboratory measurements 
together with simulations. 

1.7. Shorter dryer section via better understanding of 
fundamentals 

This Thesis concentrates on the findings made experimentally using a small-
scale laboratory dryer, which are then later utilized in simulations. Simulations 
are done to display effects of drying on a paper machine scale. These 
experimental findings were complemented by paper quality measurements. 
The goal of the Thesis was to study the possibilities to shorten the dryer section, 
and to explain the physical reasons for decreased paper temperature in a 
combined cylinder-impingement drying in comparison with cylinder drying. 
Decreased temperature was found to arise from an increased mass transfer rate 
[42, 43, 44, 45, 46, 47].   

In order to control the drying process of paper understanding of several factors 
is needed. The most important ones of these are described in the schematic map 
of Figure 4 that illustrates the complexity of paper drying. In Figure 3 a list (the 
rightmost panel) of the paper properties that influence heat and mass transfer 
during drying is presented. 
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Figure 4. Schematic map of drying factors 

A small static drying test rig was constructed during this work. The 
experimental data obtained were used to improve the accuracy of the 
simulations. The simulation model was based on a model reported earlier in 
[48, 49, 50, 51, 52, 53], which in a physical sense compares successfully with 
other drying models [54, 55]. Recent developments in the laboratory scale 
methods allowed us to couple experimental information about moisture in the 
thickness direction with the model [56, 57]. Moisture measurements have been 
done very early, dating back to 1956 (Dreshfield [58]), but not accurately in the 
thickness direction until very recently [58, 59, 60, 61, 62].  

Mass transfer in paper includes migration of water and water vapour in the 
porous structure of paper, because water is present in both liquid and gaseous 
phase. Evaporation takes place at surfaces during drying. The movement of 
liquid and gaseous water inside paper is caused by capillary forces and 
pressure differences. Porosity and permeability of the network are important in 
this phenomenon. Vapour movement in the gas phase becomes more important 
with increasing dryness. Heat transfer in paper includes both conduction and 
convection, but radiation heat transfer is considered to be small due to low 
temperature differences. An important factor in this study is the information 
gained about heat transfer coefficients [63]. It has been found earlier that 
permeability of the fabric influences the drying rate more than the contact area, 
but the most important effect arises from the fabric tension [20, 64].  
Energy consumption and drying rates in impingement drying and 
impingement drying through a fabric, have been studied earlier in Refs. [12, 13, 
21, 28, 65, 66, 67, 68]. 
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2. PAPER PROPERTIES AND DRYING 

Feed stock and process variables influence paper properties, but only the 
influence of drying variables during the drying process are considered more 
closely in this work. Some aspects of fibre properties were chosen for closer 
consideration due to their direct impact on the porosity of paper. Typically, 
porosity is controlled by furnish and beating, and it is important in the drying 
of paper. This can eventually lead to a link between paper properties, like curl 
and cockle, and paper structure [69]. Fine paper is used in most analyses here. 
During drying, many paper properties change. For example, brightness and 
tensile properties are improved, while porosity is changed only little [14].  
Examples of fibre length and fibre width distributions are shown in publication 
A.V [70]. These too influence the properties of paper [71]. Hemicelluloses 
influence the tensile properties: if they are removed there is a clear decrease in 
the tensile strength of paper [72, 73], and also in its recycling ability [72]. 

2.1. Effect of fibres on the drying rate 

Network density is determined by the flexibility of fibres. Flexibility follows 
from the material properties of wood, and these are thus needed for estimating 
the porosity [70]. The wood material is composed of lignin, hemicelluloses and 
cellulose, and their typical densities are given in Table 1. Different types of 
wood have different fibre wall densities that vary in the range 1450 – 1530 
kg/m3. More details of such properties are given in Appendix IX.  

The higher average density of cell wall in hardwoods causes the average bulk 
density of paper to decrease, if the basis weight of paper is kept constant. This 
indicates that porosity using hardwoods is higher than in the case of softwoods. 
Difference between the fibre lengths of hardwoods and softwoods is also a 
reason for different tensile properties of pulp, paper and board. Softwoods have 
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longer fibres than hardwoods, as well as lower fibre wall density, which are 
illustrated in Figure 5 that shows data given in Appendix IX.  

The cell wall density is sensitive to changes in cellulose density. If cellulose 
density is assumed to be 1600 kg/m3, then the density of cell wall as given in 
Appendix IX is between 1496 - 1600 kg/m3. The density of fibre wall varies 
inside the tree: it e.g. increases in the xylem from the surface towards the core. 
In pine this increase can be 20% [74].  

Table 1. Densities of raw materials in the cell wall of wood fibres [74]. 

Density, 
kg/m3

Softwood Hardwood

Lignin 1347 1366
Hemicelluloses 1666 1457
Cellulose 1500 1500

The selection of raw materials and beating level will significantly influence the 
drying characteristics and other papermaking properties [69]. Increasing the 
level of beating is used to increase fibrillation and the fines content of the pulp 
[75]. Corte [76] showed that increasing the beating level decreased the average 
pore radius in paper, and thus decreased the permeability and porosity. He 
found that the distribution of pore radii can be approximated by a logarithmic 
Gauss distribution [77].  

0 0.5 1 1.5 2 2.5 3 3.5 4

1450

1460

1470

1480

1490

1500

1510

1520

1530

Fibre length, mm

softwoods

hardwoods

Fibre length, mm

Figure 5. Hardwood / softwood differences at the fibre level. 
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A typical method to increase paper strength is beating [75]. Beating affects the 
strength of fibres itself, interfibre bonding and fibre resistance to slippage [78]. 
These effects can be seen in the bonding of fibres, structure of fibres, 
flocculation and tensile strength [38]. Specific surface area is a material property 
which measures total surface area per unit mass. 

Braaten [79] has suggested that the specific surface area, SSA (m2/g, total 
surface area per fibre / fibre weight), is given by 4/3t, where t is the fibre wall 
thickness (m). With the fibre properties given in Appendix IX, the SSA varies 
between 0.16-0.6 m2/g for unrefined fibres (determined for those fibres which 
had the cell wall thicknesses available), but beating by 1 MWh/t reduced the 
measured fibre wall thickness by about 10% [80], leading to an increased SSA. 
Fines have typically a much greater SSA, 5-20 times that of fibres depending on 
the process conditions [81].  

2.2. Shrinkage of fibres and the network during drying 

During drying, the fibre network shrinks and this shrinkage changes its elastic 
modulus. An increasing shrinkage usually leads to a decreasing elastic modulus 
and vice versa, although a slight increase was found in both these quantities for 
lowering the drying temperature reported in Ref. [70].  

The shrinkage upon drying of fibre network arises from changes that happen 
then in the morphology and structure of fibres. They have been described by 
Nanko [82, 83] and later by Weise [84] (Table 2). 

Table 2. Network shrinkage upon drying at different dryness levels. 

Initial dryness Final dryness Shrinkage behaviour of fibres
< 50-55% 50-55% Dry solids content of web increases without changes in fibre 

morphology. 
50-55% 60-65% Removal of water starts from the lumen. Fibres begin to 

shrink at the contact areas between fibres, but no changes 
appear at the web surface. 

60-65% 70-75% Longitudinal wrinkles appear at fibre surfaces. Shrinkage and 
collapse of fibres continues as water is removed from fibre 
walls.

70-75% 80-85% Transverse shrinking appears in the non-bonded regions, and 
shrinkage and collapse of fibres continues. Macroscopic 
shrinkage of the web increases and speeds up depending on 
the solids content. 

80-85% up to 90% Transverse shrinking of fibres appears mostly at fibre-fibre 
bonds. 

Upon drying the dry solids content of the web first increases without change in 
fibre morphology, for solids contents of about 50-55%. There after removal of 
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water begins from the lumen. Fibres begin to shrink at contact areas between 
fibres, but no changes appear at the web surface. This behaviour is prevalent in 
the dryness range 50-55% -> 60-65%. There after longitudinal wrinkles appear 
at fibre surfaces. Shrinkage and collapse of fibres continues as water is 
increasingly removed from fibre walls in the dryness range 60-65% -> 70-75%. 
Beyond that range transverse shrinking appears in the non-bonded regions, and 
earlier shrinkage and collapse continues. Macroscopic web shrinkage increases 
and speeds up depending on the solids content, in the range 70-75% -> 80-85%. 
Transverse shrinkage of fibres happens mostly at fibre-fibre bonds, up to 90% 
solids content. The dryness ranges above are only qualitative as many variables 
in the papermaking process influence their exact values. Bonding here mainly 
refers to bonding by hydrogen bonds, but naturally some bonding is due to 
chemical bonding resulting e.g. from acid-base interactions, and to 
entanglement of polymer chains. In a macroscopic scale, it is often difficult to 
determine the effect that dominates at certain solids content.  

Upon drying many paper properties change, such that shrinkage, curl and 
cockle, e.g., appear at a macroscopic level, and many studies have been done on 
these phenomena [41, 45, 82, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 
100].  The quality change of paper in drying has been studied extensively [34, 
35, 65, 81, 101, 102, 103, 104, 105]. Maloney et al. [106] found that upon drying 
pore sizes in the fibre walls are decreased. Park et al. [105] measured changes in 
these pore sizes for varying drying rate, and reported that drying dynamics can 
be affected considerably, and that these effects mainly appear in large pores. 
The decrease in pore sizes begins at a moisture ratio of about one, and it stops 
when the moisture ratio is above 0.3 [105]. On the dryer section the moisture 
ratio of paper is typically below one, meaning that its solids content is above 
50%.

Combined effects of moisture and temperature can cause irreversible changes in 
fibre walls [104]. They are sometimes explained by glass transitions1 or 
softening of a chemical component [107, 108, 109].  

The O-H-bonding formed between fibres during drying changes the viscoelastic 
behaviour of paper, which has been studied extensively [13, 69, 110, 111, 112, 
113, 114, 115, 116, 117, 118, 119]. In chemical pulp the drying induced 
irreversible difference means that never-dried pulp produces better bonding at 
a certain refining energy level [120, 121]. Studies of irreversible effects on the 
mechanical properties of fibre networks (mainly tensile stress – strain 
dependence and creep) have concentrated on effects of cyclic2 relative humidity 
conditions [122, 123, 124, 125]. Activation of segments plays an important role 

1 Below the glass-transition temperature, poled amorphous polymers, like lignins, are thermodynamically 
metastable 
2 Cyclic humidity accelerates the creep rate of paper, accelerated creep can also be called as mechano-
sorptive creep 
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in cyclic conditions, and bonds play an important role in the strength behaviour 
of paper. Changes induced by drying appear at the micro fibril level as well 
[126]. Due to water removal the balance between water, fibre and air in wet 
fibre networks is changed. Changing porosity indicates that the pore volume 
increases as fibres shrink upon moisture removal.  Mechanical furnish with stiff 
fibres produces more porous structures than chemical pulp, and beating 
decreases porosity and fibre thickness as fibre flexibility increases together with 
collapse of lumen [81]. Fines that appear in different pulps change also the 
drying characteristics of paper, as their properties differ considerably from 
those of normal fibre properties.  

Restrained drying prevents the unconstrained contraction of bonded segments 
(parts of fibres between two bonds with other fibres) of fibres, leading to 
stretching in free segments. The loose segments between two bonds become 
tense during restrained drying and the structure of the restrained part of fibre 
network becomes more “loose” as free drying leads to a denser network of 
fibres with smaller porosity [82]. In free drying the shrinkage of the free 
segments contracts the sheet, but because longitudinal contraction of the 
segments is small, the overall contraction as also the shrinkage of the sheet 
remains small.  

Typically a dense network having more bonds than a bulky structure displays 
higher shrinkage, but also a lower drying shrinkage with a density below the 
range 500-600 kg/m3 for a mechanical pulp has been reported [127]. A network 
with more bonds is stronger also in the z-direction [128]. Shrinkage prevention 
leads to a considerable improvement in strength and stiffness [114, 129], some 
aspects of which behaviour have also been confirmed in this work [70].  

Shrinkage prevention can improve the tensile properties of paper. Fibre 
orientation, a property that is set before drying, influences paper properties in 
the both CD and MD directions. Analysis of fibre orientation and flocculation 
are not included in this work. It is clear that they both affect the drying 
behaviour. Measurements show that shrinkage develops fastest when free 
water has been removed from paper, and its moisture ratio is below 0.6 g/g. 
Drying with shrinkage has been modelled [192], but such a model includes 
many structural and transport parameters that are quite hard to determine 
accurately. During drying CD shrinkage profiles are formed in paper [130]. 
Formation of such CD profiles can be prevented using vacuum that improves 
the contact between paper and fabric, and thus increases the friction forces and 
decreases shrinkage [130, 131]. Shrinkage prevention also changes the 
hygroexpansion of paper [132], which is correlated with its stress-strain 
behaviour [133].  

In uniaxial restraint, the free direction transverse shrinkage of fibres is 17-32% 
(under restraint direction transverse shrinkage it is 1.1-1.8%), while free 
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direction longitudinal shrinkage is about 5-7% (under restraint direction 
longitudinal shrinkage it is 15-22%) [82]. Effects of shrinkage and drying on the 
optical properties are not discussed here, though it is clear that such effects exist 
as there are changes in the paper structure.  

Htun et al. noted that “If a sheet of paper is allowed to dry under restraint, it 
will attain a higher elastic modulus and mechanical strength than a sheet which 
has been allowed to dry freely. This has been verified by Setterholm et al., 
Schultz, Gates and Kenworthy and many others.” [134]. There are also other 
factors that influence the change in the tensile properties upon drying, e.g., 
faster drying leads to a better tensile index. If sheets of paper (handsheets) are 
dried between fabrics, with similar shrinkages, the drying rate (using 
impingement through fabric) affects their tensile index (unpublished). 

Drying stress has been found to increase rapidly after 80% dryness (bleached 
kraft pulp). It is evident that the parameters that control paper properties 
during drying include drying temperature and drying time. Stresses introduced 
during drying are irreversible, and they depend on the drying conditions [134].  

2.3. Curl and cockle caused by drying 

Curl in paper is caused by its asymmetric moisture profile in the z-direction 
during drying. Such an asymmetry arises from asymmetric heating of the paper 
web. Earlier, when two-tier configurations were used in the drying section, 
moisture gradients in the thickness direction were at least symmetrical. As 
discussed above, higher production speeds led to needs to support better the 
paper web, and the solution was to use single-tier configurations. Today the 
drying section typically has heated cylinders only on one side of the paper, 
which leads to a difference in moisture content between paper surfaces. Such a 
gradient causes uneven shrinkage which appears as curl of paper.  Curl, an out-
of-plane deviation [135] in paper, is also an important factor in paper quality 
when effects of drying are considered. Cockling of paper appears often with 
curl.  

Curl can be in the CD or MD direction in machine made papers. An MD-axis 
curl (i.e. a CD curl) means that curl happens around an axis that is parallel to 
the machine direction. A large MD curl prevents a CD curl and vice versa. A 
twisted curl can also exist (direction of curl axis between CD and MD). 

Examples of curl and cockle are shown in Figure 6. Cockling usually arises from 
unevenness in the basis weight (formation). Both of these phenomena are 
considered as indicators of poor quality. 



15

Figure 6. Curl (left) and cocking (right) of paper which both appears as a result of unevenness of 
drying. 

Curl is affected by process conditions, especially the temperatures of the last 
heated cylinders in the drying section. Curl direction, either towards the top or 
bottom side, is mainly towards the side that has been dried last [86]. Moreover, 
changes in the ambient moisture conditions can lead to curl due to unevenness 
in anisotropy3. The network density and filler content also affect the curl. By 
controlling the stresses and shrinkage during drying, the quality of paper can 
be improved [130]. 

Quality control and product engineering using drying has been proposed 
earlier by Stenström [136]. Reduced temperature at the beginning of drying 
reduces the delamination tendency of multi-ply linerboard [66], which clearly 
improves its quality. The improvements achieved by a combined cylinder-
impingement drying are somewhat similar to those of Condebelt technology: A 
considerable amount of new drying capacity, new ways to control the quality of 
paper (paperboard) and a possibility to use furnishes of lower quality or 
reduced basis weight [137]. 

3 Anisotropy is the strength of orientation in the fibre network, i.e. the higher anisotropy is, the more 
fibres are aligned in the same direction (in a given layer of paper). 
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3. MODELLING AND MEASUREMENTS OF 
IMPINGEMENT AND CYLINDER DRYING 

The modelling approach to impingement through fabric involves description of 
the temperature and moisture fields in paper during its drying, especially in the 
thickness direction.  

In this chapter a short description of the drying model (the ‘VTT model’) 
originally made for newsprint is given. Also, methods and devices used for 
drying rate tests are described. A more detailed description of the model can be 
found in Refs [48, 49, 50, 51, 53].  Other drying models also exist [55, 138, 139, 
140, 141, 142, 143, 144, 145]. A comparison of the models is done in Ref. [54]. 
The ‘VTT model’ includes an empirical equation for the falling drying rate at 
the end of drying, which was originally determined for drying curves of thin 
papers. The paper web is divided into a certain number of layers, and the 
temperature and moisture of each layer determines then the dominant transfer 
mechanism which can be controlled by either water or vapour. In this work 
basis weights less than 150 g/m2 are considered, but with some adjustments 
also board grades of higher basis weight could be considered. 

3.1. Drying model 

Paper drying is controlled by the energy and mass balance under the imposed 
boundary conditions. All phases of different material components (solid, liquid, 
vapour and inert gas, subscripts from 1 to 4, respectively, in the following) are 
treated as continua, meaning that the density of each phase of each material 
changes continuously through the paper web. Once these densities are found, it 
is possible to determine the moisture content u(x,t) and temperature T(x,t) 
inside the paper in the thickness direction (x), as a function of time (t). The 
model includes various heat and mass transfer coefficients which depend on 
the moisture, temperature and structure of the paper. In order to model the 
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drying knowledge of what the properties of water are in a hygroscopic material 
like paper is needed. The gist of the model is that it includes water transport, 
water vapour transport, heat transfer by evaporation condensation of water and 
by conduction. 

3.1.1. Mass Balance 

The mass balance of liquid and gaseous water in paper denoted by subscripts 2 
and 3, respectively, is [48, 49] given by 
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where I2 and I3 are the strengths of the mass sources (or sinks) of the 
corresponding  phases,  and  it  is  assumed  that  I2=-I3 during (no net loss) 
evaporation at the boundary surface between the phases. Here i is the partial 
density of phase i and i its speed. 

In Eq. (1), it is assumed that in the convection term had 33x
 >> 

t
3  and 

t
3 <<

t
2  so that  

t
3  can be assumed to be zero in the paper due to the small 

temperature gradient (though it is not small in the cylinder). With these 
assumptions, from Eq. (1) can be obtained the mass equilibrium of water at the 
boundary surface between the liquid and vapour phases [48, 49], 
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Mass equilibrium of water and vapour flows in the paper surface defines that, 
for a one-dimensional homogeneous, laminar flow (in the length and time 
scales used) without significant temperature gradients, where water ( 2p ) and 
gas pressure ( 3p ) and gravity are important, 2 2 and 3 3 are given by [48, 49] 
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where b is the effective diffusion resistance coefficient, M3 the molar mass of 
water and 2  the dynamic viscosity of water. Derivation of Eq. (4) was first 
done by Lampinen and is reported in Ref. [48]. 

In order to solve Eqs. (3) and (4), several variables need to be measured such as 
hydraulic resistance ( m ), effective diffusion resistance coefficient ( b ),
diffusion coefficient of water vapour in dry air (D34), and permeability ( 2k ).
However, in practise this approach is not feasible and, thus, they are 
determined indirectly using simulations. 
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Hydraulic resistance 

During water removal from paper, flowing fluid meets resistances. The 
resistance of flow (frictional force due to interaction) when different phases 
(vapour, moist air, liquid) flow against each other is given by m, which is 
linearly dependent on the velocity difference between  the constituents  and 
depends also on the dynamic viscosities of the constituents [48, 49]: 
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where j  is the dynamic viscosity, j  the volume fraction of constituent, the 
kinematic viscosity of constituent,  the hydraulic resistance between phases i
and j and im  the mass of phase i and j (subscripts i and j 1=solid phase, 2=liquid 
phase, 3=water vapour, 4=dry air, =humid air). In a stationary state and for 

=1 (only humid air present), an equation analogous to Fick’s law4 is obtained. 
Then a relation between D34 (diffusion coefficient) and 34 (hydraulic resistance) 
can be found such that [48] 
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where 4M  and M  are the molar masses of dry and humid air, respectively, R 
is the universal gas constant and T  the temperature . 
The hydraulic resistance ( m ) is a measure of the frictional force due to the 
interactions of the mentioned constituents with each other. It assumes isotropic 
resistances, and can only be used in one dimension. Since 34D  is  inversely  
dependent on hydraulic resistance, the diffusion coefficient can also be called 
the conductivity of water vapour through dry air. 

Without the inertial forces, Eq. (5) can be written as  

213
3
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Replacement of water by air at the surfaces is a rather slow process. Thus, it can 
considered that 4v is negligible in Eq. (7). [48, 49]. 

4 Note: Fick’s law is analogous to Fourier’s law and it can be expressed in the form 

y
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"

Here ABD  is property of a binary mixture known as the binary diffusion coefficient, "
AN  is the flux and 

AC  the concentration of substance A.
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Effective diffusion resistance coefficient (gas, air and vapour) 

The effective diffusion resistance coefficient b in Eq. (4) using Eq. (6) and 
applying both 21

2 /k  and the ideal gas law together with the 
relation 34 ppp , can be expressed in the form 

k
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pp
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34
3

3

1
 . (8) 

Here describes the relative area through which the mixture can diffuse, has 
always a value less than unity, and thus the maximum value of b  is one. 
Measurement of the total permeability gives information enough to determine 
the diffusion resistance coefficient, and thus there is no need for a separate 
measurement of the effective diffusion resistance coefficient. [48, 49].  

Porosity and diffusion resistance 

Diffusion resistance of a porous structure changes during its drying. It can be 
estimated by measuring the porosity: 

D
Deff

tp (9) 

Here t is called the tortuosity and p is the void fraction. Tortuosity is the 
relative path length in diffusion through the network. For paper like planar 
structures the tortuosity can be defined e.g. as t =path length/thickness. 
Tortuosity is equal to one when the path is a straight line through the sample. 
An example of the temperature and moisture dependence of the effective 
diffusion resistance coefficient is shown in Figure 7. At high temperatures, the 
effective diffusion coefficient increases with moisture ratio below 0.3, but 
typically it decreases through the temperature range 0-100 °C. 
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Figure 7. Effective diffusion resistance coefficient as a function of moisture ratio for the 
temperature range 0°C to 100°C and for the moisture ratio range 0 to 1. [49] 

The current of fluid flow in the fibre network can be described using Darcy’s 
law: 
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dpK

A
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2 , (10)

where
A

mev is evaporation per surface area, 2  is water density (1000 kg/m3 for 

T=4°C), K  is permeability,  is water viscosity and 
dy
dpc  is capillary-pressure 

gradient. Now capillary pressure is proportional to water concentration [14] 
and moisture gradient becomes the driving force. The current of vapour flow 
can then be expressed in the form 
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where effD  is effective diffusivity of vapour in air, totp  the total pressure and vp
the vapour pressure.  

Thermal conductivity 

Thermal conductivity is the sum of actual conduction in the gas phase ( g ) and 
conduction via evaporation and condensation of water ( d Stephan diffusion) 
such that the latter contribution is given by 
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where vh is the vaporisation enthalpy of bound water. 
Thermal conductivity values in paper are typically found to be in the range 
0.05-0.7 W/(m°C) when the moisture ratio is below one and temperature is 
100°C [14, 146, 147]. 

The apparent thermal conductivity is given by 

T
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3
34

3 , (13)

where app  for dry paper (no vapour flow). Then also: 

110,uT , (14)
where  is thermal conductivity of humid air and u the moisture ratio. For dry 
newsprint 1 =0.11 W/mK. 
The apparent thermal conductivity a  is shown for newsprint in Figure 8. 
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Figure 8. Apparent thermal conductivity as a function of moisture ratio for varying 
temperature of newsprint [49]. 

Permeablity of paper for air 

The permeablity of paper can be described using the empirical equation 
determined by Lampinen [48]: 

3
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378.1
21 BuTBuTB ee

T
Bk , (15)

where 1B =7.988 10-12 m2, 2B =-2.601 10-3 1/K, 3B =1.378 and 0u =1.581 for 
newsprint of 45 g/m2. The permeability of paper for moist air ( k ) is shown in 
Figure 9. When the moisture ratio increases the permeability decreases. The 
temperature has a similar, but smaller, effect: when the temperature increases at 
a fixed moisture ratio the permeability decreases. 



23

0 0.2 0.4 0.6 0.8 1
0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2
x 10

-14

Moisture ratio, g/g

 Temperature increases Temperature increases Temperature increases Temperature increases Temperature increases Temperature increases

  0 C
 20 C
 40 C
 60 C
 80 C
100 C

Figure 9. The permeability of paper for moist air as a function of moisture for different 
temperatures [48].  

The maximal air permeability of paper is reached, for u0=0 in the second term 
on the right hand side of Eq. (15) : 

3
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Bk . (16)

Permeability of paper for water 

When determining the permeability of paper for water, 2k , an auxiliary 
parameter can be utilized 

1

2

1
s , (17)

where 1  is the solid volume fraction and 2  the volume fraction of water in 
paper. In practice it is convenient to use the moisture ratio in paper, u , as a 

directly observable parameter, and this ratio is simply given by 
1

22u , with 

)2(1  the solid (water) density. Parameter s is thus given by the moisture ratio 
such that  
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In practical situations the prefactor in the above relation, 
12

1

1
 can 

typically be assumed to remain constant. In terms of parameter s the 
permeability 2k  has been shown [48] to take the form 
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where
2kA  is a constant (depending on paper type, such as newsprint). In Figure 

10 this permeability for 1
2kA  and varying temperature as a function of u is 

shown. It is evident that 2k vanishes for vanishing moisture ratio, and that 
varying temperature decreases the permeability but only slightly, especially at 
small moisture ratios. 
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Figure 10. The permeability of paper for water, k2, as a function of moisture ratio for varying 
temperature [48]. 

Saturated vapour pressure 

Another useful equation is Antoine’s equation [148] which expresses the 
pressure of saturated vapour ( p ) for free water (pressure-temperature relation) 
in the form 

CT
BAplog   (a)  or  C

Ap
BT

log
 (b),    (20)

where p  is given in units of kPa, and A , B  and C  are fitted parameters 
( A =10.18, B =1723.64 and C =-40.074 [193]); T  is the temperature. When the 
pressure and temperature values are known during a phase change, then the 

enthalpy of vaporization can be determined from a plot of ln p  vs. 
T
1 . Vapour 

pressure is plotted in Figure 11. Equation (20) is valid for a large volume of free 
water (at least about 104 times the separation between molecules), meaning that 
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the free distance between molecules is about nanometres for liquids and tens of 
nanometres for gases at normal conditions [49].  
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Figure 11. Partial vapour pressure as a function of temperature as given by Antoine's equation. 
This equation is also used in the drying model for the pressure of saturated vapour. 

It is obvious that in the beginning the partial pressure of drying vapour is the 
same as that for water at the same temperature. Increase in the partial vapour 
pressure shows that the drying temperature has quite an impact on the drying 
characteristics of paper. However, at the end of drying the partial vapour 
pressure in the web surface is lower due to diffusion resistance that controls 
vapour transport to the surface. Diffusion resistance arises from the structure of 
the web (e.g. thickness) and the hygroscopic nature of fibres. The 
hygroscopicity of fibres is affected by both temperature and moisture in the 
paper.

Adsorption and desorption 

Fibres are hygroscopic. This means that part of the moisture is bound to fibres, 
and the properties of bound water differ from those of free water. On a 
macroscopic level this is seen as adsorption and desorption of water, which can 
be measured. An example of such a study is shown next. In this study 
measured results were fitted by the Soininen model which is one of the models 
compared in Ref. [60]. Soininen defines the isotherm such that  

TDCuTBAe1 , (21)
where T is temperature in °C, u is moisture ratio (g/g) and A , B , C  and D  are 
fitting parameters.  
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3.1.2. Energy balance 

Evaporation from the web 

Evaporation of water happens to moist air. The evaporation rate from the web 
to air is usually given by Stefan’s equation [14], 
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Here  is the mass transfer coefficient, ptot is total pressure, [149],  pvp0 is the 
partial pressure of vapour on the web surface and pva the partial pressure of 
vapour in the surrounding air. 

If the air flow around the drying web is turbulent, 1,
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right hand side of Eq. (22) can be approximated by  

vavp
v

pp
TR 0 , (23)

as reported by Berg [150]. The energy needed for evaporation is obtained by 
multiplying the evaporation rate with sorption heat h. Other energy balances 
are similarly obtained from mass balances. 

3.1.3. Cylinder drying and conduction 

In cylinder drying conduction is the dominant heat transfer mechanism. It 
involves in this case some specific features that need to be taken into account. 
One of them is that the removal of moisture from the paper cannot happen such 
that it is transferred to the cylinder. Evaporation of water takes place either 
after the cylinder, or while in contact with the cylinder through the other 
surface of the paper. During evaporation water must flow through the paper 
and therefore its structure plays an important role in the drying characteristics. 
Paper properties that affect the drying rate are the density, basis weight, and 
fines and filler content, just to mention a few. 

The drying rate in cylinder drying is typically 20-40 kg/m2h, which 
corresponds to a heat flux of 12.5 – 25 kW/m2. In an over 10 m wide machine 
with more than 40 cylinders, each cylinder having more than 18 m2 of drying 
surface, over 18 MW of drying power is needed for evaporation alone. 
Increasing the number of cylinders increases the heat flux from the paper. 50 
MW of heating power is needed if there are more than 100 cylinders. 

Heat transfer resistances between steam and paper 

In the cylinder drying the overall heat transfer rate from steam to paper can be 
estimated [14] to be 
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where ps  is the heat transfer coefficient from steam to paper, a the fraction of 

the heat flow from condensing steam to the air (
out

air

q
qa 0.05), which is a loss 

term, p  the fraction of cylinder surface covered by the paper, s the heat 
transfer coefficient through the condensate layer (W/m2 oC), c  the thermal 
conductivity of the cylinder shell (W/moC), ka  the contact heat transfer 
coefficient  from  the  cylinder  to  the  web  (W/m2 oC), c  the thickness of the 
cylinder shell (m), ps TT ,  the temperatures of the inner (= 1cT ) and outer surfaces 
of the cylinder (oC), respectively, and cypk AA  ( cyA is the total surface area of the 
cylinder) with p the fraction of the cylinder surface covered by the paper.  
For a cylinder with a diameter of d=1500 mm the heat transfer coefficient used 
was [151] 

39.379.2

6

0486.0675.0275
10685

vlvl condensatecondensate
condensate  (25) 

where lcondensate is the thickness of the condensate layer (mm) and v  is  the  web 
speed (m/s). This heat transfer coefficient from steam to cylinder has been 
found to be in the range 500-5000 W/m2K [55].  
The interface between the dryer and web surfaces creates an additional 
resistance to heat transfer. Due to the roughness of both surfaces, areas with 
direct fibre to cylinder contacts and with gas filled gaps both exist between 
them. The heat transfer coefficient across this interface is given by 

cp
contact TT

q , (26)

where Tp is the paper temperature on its surface facing the cylinder and Tc is the 
surface temperature of the cylinder. The value of the contact heat transfer 
coefficient depends on many paper machine processes and paper related 
parameters. It cannot usually be predicted accurately. The most important 
factors that influence it include the moisture content of paper, thermal 
conductivity of paper, fabric tension, air or steam film accumulation between 
the web and the dryer surface, roughness and dirt on the dryer surface and 
smoothness of the paper surface. Contact heat transfer coefficients for dry paper 
have been reported in the range 900-1700 W/m2K [55], and their values have 
been found to increase with increasing moisture. The effect of cylinder shell 
thickness on the overall contact heat transfer coefficient from cylinder to paper 
is shown in Figure 12. 
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Figure 12. Contact heat transfer coefficient from cylinder surface to the web as a function of the 
contact heat transfer coefficient from steam to paper. Contact heat transfer coefficient (green) 
and cylinder shell thicknesses are varied (blue). A contact heat transfer coefficient of 1500 
W/m2K, and  shell thickness changes from 1 mm to 45 mm (blue). The fraction of the heat 
flow from condensing steam to the air (a = qair/qout was 0.05, the fraction of dryer surface 
covered by the web was 0.6 and the thermal conductivity of the dryer shell was 45 W/mK.

When the area covered by cylinder surface increases, the overall heat transfer 
coefficient from steam to paper web also increases as the effect of losses on that 
coefficient is quite small. Factors that affect the heat transfer coefficient include 
effectiveness of condensate removal, pocket ventilation, fabric tension, 
geometry of the dryer and moisture content of the paper. The specific energy 
consumption in drying decreases with increasing humidity, as the need for 
supply air is reduced, but heat recovery becomes more effective [14]. 

Temperature and moisture development of paper in cylinder drying 

The structure and properties of paper undergoe dramatic changes during 
drying. For example, in cylinder drying the temperature vs. moisture history is 
very different in different layers of paper. This is illustrated in Figure 13 [42]. At 
the same time changes appear in many paper properties. 
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Figure 13. Temperature and moisture history of different layers of paper during cylinder drying 
with a cylinder temperature of T=100°C. During simulation paper was divided into 25 layers. 
Layer 25 faces the cylinder and layer 1 faces the fabric. Note that layer 25 heats up and dries 
very fast, and moisture moves towards the fabric, while layer 1 only heats up first and dries 
later [42]. 

Until very recently there have been no tools to control in a desired manner the 
development of paper properties during drying. The recently introduced 
impingement drying combined with cylinder drying has provided additional 
tools for this control.  

3.1.4. Impingement drying and convection 

Impingement drying is used to increase the convection (i.e. convective heat 
transfer). In this work it was used to improve drying under the fabric, and, as 
an interesting additional finding, a decrease in paper temperature was found. 
More importantly, the decrease of paper temperature leads to increased heat 
flux, drying rate, but also to some improvements in paper quality. These 
improvements are discussed later in this work. Impingement drying has been 
described before in many publications, but for clarity some short notations of it 
will be made also here. The most important process parameters in impingement 
drying are the air temperature, air jet velocity, air moisture content and nozzle 
geometry which includes factors like nozzle pattern and diameter, blow 
distance and angle and location of exhaust ports. Fabric porosity, machine 
speed, radiation and pressure difference inside the paper influence also the 
drying of paper as already mentioned above. 

It is assumed that the velocity boundary layer, thermal boundary layer and 
concentration boundary layer can be considered as incompressible (density is 
constant), they have constant properties ( ,k etc.) and are non-reacting, there 
are negligible body forces and there is no energy generation. 
Usually the boundary layer is also thin (in 1D) and there are non-zero velocity 
components only in planar directions. Pressure is also assumed to be constant 



30

in the direction normal to the surface. The continuity equation and momentum 
equations can be written (constant pressure normal to the surface) in the form 

2

2

2

y
u

cy
T

y
T

x
Tu

p

. (27)

Note that the last term on the right hand side is what remains of the viscous 
dissipation. In most situations this term may be neglected relative to those that 
account for advection (the left hand side) and conduction (the first term on the 
right hand side). Only in sonic flows this term may not be neglected (or in fast 
pumped lubricating oils with viscous dissipation). 
Now the continuity equation for material component A  takes the form [152]

2

2

y
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y
C

x
Cu A

AB
AA (28)

where CA  is the concentration of component A .

Dimensionless numbers (Re, Pr, Nu, Sc, St) in impingement drying used in 
the model 

Dimensionless numbers are used in engineering due to the fact that they give 
correlation with performance parameters, which in impingement drying relate 
to the drying rate, for example. The important dimensionless numbers in 
impingement drying are the Nusselt, Reynolds, Stanton and Prandtl number 
[152]. They can be defined in the following manner. 

Reynolds number is related to the velocity boundary layer, 
vL

LRe (29)

with v  the air velocity, L  the chord of airfoil and  the kinematic 
viscosity. If two systems have a similar geometry and similar Reynolds 
numbers, their flow patterns are also similar.  
Prandtl number is related to convection heat transfer, and measures the 
relative importance of momentum and thermal diffusivity, 

/Pr pc  (30) 
with pc the specific heat at constant pressure,  the absolute viscosity of 
the fluid and  the thermal conductivity.  

Schmidt number is related to the concentration boundary layer and mass 
transfer, 

ABD
Sc (31)

with the kinematic viscosity and ABD the mass diffusion coefficient. 
Stanton number is related to forced-convection heat transfer, 

vchSt p/ (32)
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with h  the convective heat transfer coefficient,  the mass density and 
pc  the specific heat at constant pressure of air [153]. 

Nusselt number is also related to forced convection, and relates the total 
heat transfer with the conduction heat transfer: 

/hLNu  (33) 
with L  a characteristic length and  the thermal conductivity of the gas. 
Nusselt number is also the product of the Stanton, Prandtl and Reynolds 
numbers.  

Reynolds number can also be interpreted as the ratio of inertial forces to viscous 
forces in the velocity boundary layer. Thus inertial forces dominate for large Re 
and viscous forces for small Re. Likewise the Prandlt number provides a 
measure for the relative effectiveness of the momentum and energy transport 
by diffusion in the velocity and thermal boundary layers. Prandtl number of 
gases is near unity, and therefore the energy and momentum transfer are 
comparable.  Growth  of  Pr  results  from  growth  of  the  velocity  and  thermal  
boundary layers. The Schmidt number provides a measure for the relative 
effectiveness of the momentum and mass transport by diffusion in the velocity 
and concentration boundary layers. 

In impingement drying (convection) the Lewis number is as well of importance. 
Lewis number is found by dividing the Schmidt number by the Prandtl 
number. This is important for simultaneous heat and mass transfer by 
convection. This number measures the relative thickness of the thermal and 
concentration boundary layers. The Eckert number gives a measure for the 
kinetic energy of the flow compared to enthalpy difference across the thermal 
boundary layer. This is important in high speed air flows, like in impingement 
drying, for which viscous dissipation is significant. The Nusselt and Biot 
numbers are similar in form but their actual definitions and interpretations are 
different. Nusselt number is related to thermal conductivity of the fluid and 
Biot number to thermal conductivity of the solid. As Nusselt number represents 
heat transfer, Sherwood number ( ABDkLSh / ) represents mass transfer. 
Boundary layer analogies that relate the Nu and Sh numbers are useful in 
convection analysis. A profound experimental work on this topic was carried 
out by Martin [154]. This work has been continued by others so as to extend the 
applicable temperature range [155, 156, 157, 158, 159, 160, 161].  
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Impingement nozzle geometry and mass diffusion coefficient 

The geometry of nozzle arrangement is an important factor in the impingement 
drying rate, in which the most important geometric parameters are the diameter 
of impingement jet hole (D) divided by the distance from impingement (H) and 
the open area (fraction of the hole area of the total surface area, Ar).  
Examples of an impinging jet and jet geometry are shown in Figure 14 and 
Figure 15. The former example is similar to flows measured in impingement 
drying [154, 162]. 
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Figure 14. An impinging jet [152]. 

Local measurements of heat and mass transfer coefficients for an impinging 
flow from arrays of nozzles are similar to those for single nozzles and arrays of 
nozzles [154]. Single nozzles are not used in papermaking due to their 
limitations in getting even heat and mass transfer rates (i.e. they lead to an 
uneven drying profile) on a large flat surface. 

Figure 15 shows some possible geometries and open areas for nozzles. 
Commercially, a hexagonal type geometry is often used due to the quality 
achieved with it. The alignment of impingement jets together with air 
circulation can then be arranged such that variation in the heat and mass 
transfer rates is lower than for a square type of geometry.  
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Figure 15. Round nozzles with different geometries have different open areas Ar. [152]. D is the 
diameter of the nozzle and S the spacing between nozzles. 
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The heat transfer coefficient from air to paper for a given impingement 
geometry could be determined in the experimental work of Ref. [154], where 
e.g. a correlation was found such that  

3
2

42.0 Re
62.01

2.21
,

Pr
a

a
aa

A
D
H

A
AA

D
HKNu  . (34)

This result is called the Martin equation in the following. Nu is the average 
value of Nu in Eq. (34). Here aA  is the open area of nozzles, D the nozzle 
diameter, H the nozzle to paper distance and 

05.06

6.0
1,

a

a

A
D
H

A
D
HK . (35)

The validity limits for Eqs. (34) and (35) are: 2000  Re  100,000, 0.004 aA
0.04 and 2  H/D  12 [154]. The lower limit is caused by transition from 
laminar to turbulent flow, and the consequent change in the Reynolds number.  
The optimal values for round nozzles have been found to be (H/D)=5.43 and 
f=0.0152, and for 5.0 mm diameter nozzles the optimal blow distance is 27.2 mm 
[154]. The heat transfer coefficient from air to paper using round nozzles with a 
triangular geometry is shown in Figure 16 for varying impingement jet 
temperature and velocity. 
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Figure 16. Heat transfer coefficient as a function of jet velocity for varying temperature (°C) 
according to Martin [154]. Open area was 1.5%, H/D was 5 and D=5 mm. At low velocities, 
below 30 m/s, the behaviour displayed in the figure is not valid because Re is then below 2000. 
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Studies show that values given by the Martin equation deviate from measured 
ones at high temperatures, having a difference by almost 20% (Figure 17) [155, 
161].

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

0 100 200 300 400 500 600 700 800
Impingement temperature (°C)

Figure 17. The ratio of a measured convective heat transfer coefficient to that given by the 
Martin equation as a function of temperature [redrawn from 155].

The mass diffusion coefficient in gas can be estimated for an ideal gas such that 
2/31TpD AB . (36)

This behaviour is assumed to be valid for binary mixtures of gases.  
Now for example for water in air 34D  is given by  

81.110,
34 109.9 T

p
p

D atm . (37)

In this work the impingement units had round nozzles with a triangular 
geometry, and therefore slot nozzles are not considered. Heikkilä [151] has 
found similar experimental correlations, also in high temperature, for slot 
nozzles as Martin has found for round nozzles. 

Specific heat of air and water vapour 

In paper machines measurement of air humidity is often a practical approach to 
estimate evaporation from the paper web. The evaporation rate from the web 
can be expressed in the form [14] 

ap
vpda

ev xx
cxcA

m
0

0

, (38)

where A  is the web area,  is the heat transfer coefficient, dac  is the specific 
heat of dry air, cv is the specific heat of water vapour, 0px  is the air humidity at 
the web surface and ax  is that in the surrounding air. Specific heat curves 
determined in this work, shown in Figures 18 and 19 as a function of air 
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temperature and air humidity, respectively, reveal that, close to condensation, 
the driving force in evaporation is the difference in air moisture between the 
web surface and the surrounding air, but evaporation decreases rapidly if the 
condensation limit is reached ( vc  decreases in Figure 18 when temperature is 
increased from 0°C to 50°C, a relative humidity of 100% is reached and the 
specific heat of water vapour, vc , increases also in Figure 19 beyond the 
moisture 0.3 kg / kg dry air). 
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Figure 18. Specific heat of water vapour and dry air are shown as a function of air temperature. 
Air moisture is 100 g / kg dry air and air pressure is 1.013 bar. 
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Figure 19. Specific heat of dry air and water vapour are shown as a function of air moisture. 
The air temperature is 70°C and air pressure is 1.013 bar. 
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Thermal conductivity 

Heat flux (heat current per unit area, q”) is given by Fourier’s law, 

z
T

y
T

x
TTq '' . (39)

Thermal conductivity can thus be defined as 

xT
q x

x /

''

, (40)

and similarly in the other directions. Heat flux is dependent on paper properties 
and its moisture contents. The thermo-physical properties of paper can be 
divided into two distinct categories, transport and thermodynamic properties. 
Transport properties include diffusion coefficients and thermal conductivity 
(for heat transfer). Thermodynamic properties describe the equilibrium state of 
the system. Density ( ) and specific heat ( pc ) are commonly used in 
thermodynamic analysis. The product of the two, called the volumetric heat 
capacity, measures the ability of the material to store thermal energy. In porous 
paper thermal conductivity is given by those of fibres, water and air contained 
in the paper, i.e. it is given by  

w

p

f

p
a

w

p

f

p
p uu 12 , (41)

where p , 2 and a  are the thermal conductivities of paper, water and air, p

and w  are corresponding densities and u  is the moisture ratio (g/g). It is 
relatively easy to notice that an increase in moisture content of paper increases 
its thermal conductivity (note that a  is smaller than 1). This means that fibre 
materials are much better insulators when they are dry. 

Thermal diffusivity 

Also the thermal diffusivity  (m2/s) is an important transport property, and it 
is given by 

ppp c/ , (42)
where p , p and pc  are the density (kg/m3), thermal conductivity (W/mK) 
and specific heat capacity (J/kgK) of paper. 
Thermal diffusivity measures the ability of the material to conduct thermal 
energy relative to its ability to store thermal energy. A high value of thermal 
diffusivity  indicates  that  changes  in  the  surrounding  will  reflect  quickly  as  a  
corresponding change in the material temperature.  
Thermal diffusivity  is a complex function of the temperature and moisture of 
paper. Thermal diffusivity of dry paper is typically 1-16 10-6 m2/s (see Eq. (42) 
and [146, 163]). Thermal diffusivity together with drying conditions determine 
how the temperature inside paper develops during drying. 
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Relative vapour pressure and sorption heat 

Consider next the behaviour of water, which is very important in the energy 
and mass in paper. 
The relative vapour pressure p in paper can empirically be expressed in the 
form [48]  

3

42

5
1ln

A

cruAA

A
TTeuAp  , (43)

where the constants are: 1A =-3.433, 2A =-1.3820, 3A =7.557, 4A =-3.372 and 

5A =583.5 K [48]. This equation is plotted as a function of moisture ratio for a 
number of different temperatures in Figure 20. It is evident that increasing 
moisture ratio or temperature, the relative vapour pressure increases. Equation 
43 has been found to work best for moisture ratio over 0.05. Here the relative 
vapour pressures were determined by weighing paper samples in equilibrium 
with different saturated salt-water solutions in a vessel. 
The sorption heat (r, the difference of absorption heats) determined using 
calorimetric measurements can empirically be expressed in the form [48] 
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TTTeuAhhr  , (44)

where r is the sorption heat for paper in the final part of drying, T is the 
temperature, Tcr is the critical temperature of the vapour (distinction between 
gas and liquid phase of water disappears) and the constants are: 2A =-1.3820,

3A =7.557, 4A =-3.372, 6A =8.633 10-3 kJ/kgK2 and 7A =696.0 K [48]. 
Sorption heat for water absorbed in paper is plotted in Figure 21 as a function of 
moisture ratio for different temperatures, which shows that a decreasing 
moisture ratio increases the sorption heat, and an increasing temperature 
decreases it. 
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Figure 20. Relative vapour pressure (ln p) as a function of moisture ratio for different 
temperatures [48]. 
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Figure 21. Sorption heat as a function of moisture ratio for different temperatures [48]. 

When the surface energy of the liquid is known, its pressure and also the 
capillary pressure can be calculated. It is given by [48, 49] 
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where M3 is the molar mass of water. 
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3.1.5. Boundary conditions 

When the processes relevant in impingement drying are described with 
numerical models, it is important to specify the boundary conditions imposed 
in each particular case considered. Here the main cases are described.
Paper in contact with heated cylinder: no water is allowed to move from paper 
to the cylinder. 
Paper in contact with fabric: the temperature of air in paper is assumed to be 
the same as in the area on the other side of the fabric. The heat transfer 
coefficient through the fabric can be expressed in the form,  

air
f

f
f

f

ff
max

max

max , (46)

where max
f  is the maximum permeability of the fabric, 25000 m3/m2h, and f  is 

the permeability of the fabric (m3/m2h). This is a slightly different expression 
from the ones used before [53], but it eliminates the need to specify the 
thickness of the fabric. The heat transfer coefficient is shown in Figure 22 as a 
function of fabric permeability. 
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Figure 22. Heat transfer coefficient as a function of permeability of the fabric. Note that the 
range of typical permeabilities is 1500-6000 m3/m2h.

The mass transfer coefficient of air can be expressed in the form 

air
pm

air c
Le

L
A 78.0Re , (47)

where Le is the Lewis number, Re the Reynolds number, air
pmc  the molecular heat 

capacity of air (29.07 kJ/mol K), L the characteristic length of Le and A  = 0.01 a 
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fitted parameter [49]. The heat transfer coefficient (with dimension W/m K) for 
free air can be expressed in the form 

78.0Re
L

Aair . (48)

These results are also valid in free draws when paper is in contact with free 
air. For impingement drying and float drying the Martin equation for the heat 
transfer coefficient is used with round and slot nozzles.  

Boundary conditions are imposed on both sides of the paper, and, for example, 
in cylinder drying the boundary conditions are on one side those in contact 
with cylinder and on the other side those in contact with fabric. In a two-tier 
configuration there exists also a short distance with cylinder conditions on one 
side and free draw conditions on the other side. With impingement through a 
fabric there is a reduction in the heat transfer coefficient because the fabric must 
be included, and it should be verified that Eq. (40) can be used. 

3.2. The numerical method of solution  

The coupled heat and mass transfer in drying of paper is described here by 
nonlinear differential equations, in which the characteristics of the studied 
system depend on moisture and temperature. Solving these equations can be 
tedious, having the need first to separate variables so as to get linear equations 
and then to use boundary conditions for finding the needed parameter values. 
However, these equations can be solved by determining the coefficients shown 
earlier in sections 3.1.1 and 3.1.2 using finite-difference methods in one-
dimensional (1D) geometries. There are analytical solutions for some equations, 
but these solutions are restricted to simple geometries and boundary 
conditions, and cannot thus be applied here. 

In this work, the boundary conditions included complex time-dependent 
processes and, thus, finite-difference methods were used in solving the 
combined heat and mass transfer in the drying model. An explicit method 
called the forward-difference approximation to the time derivative was used. Since 
the resulting values were dependent on moisture and temperature, the required 
time step, dt, needed to be small compared to the timescale related to changes in 
temperature and moisture. Otherwise there may have arisen unrealistic and 
undesired oscillations due to the rate of temperature change being much larger 
than the rate of moisture change.  

Selection of the time step depended on the magnitude of the spatial step dx and 
also on the values of some other parameters. They are not discussed here in 
detail, but a short note is made. An upper limit to the time step can be 
estimated assuming that simulation of effects in a “cubicle” of a given size dx 
was wanted, so dx/(dt web speed 1 and this leads to a maximal time step of 
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3.3 10-5 s for 0.1 mm thick paper divided into ten layers of equal thickness, 
when the machine speed is 1800 m/min.  

The mass balance equation 
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can thus be approximated by 
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where the spatially varying permeability coefficient k2 for water is given by 
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Similar expressions apply also for the kinematic viscosity ( 2) of water, 
diffusion coefficient of vapour (D34) and effective diffusion resistance ( b) in the 
air-vapour mixture. The explicit solution method was applied to the equations 
(4), (8), (13), (15), (19), (36) and (49) [96]. 
Similarly, the  energy balance equation 
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can be approximated by 
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in which the thermal conductivity  of paper is evaluated (i.e. ni ,
2
1  and 

ni ,
2
1  with an expression similar to Eq. (51). 

Now the information of moisture and temperature together with paper 
properties at the first timestep (n=0) needs to be given as the initial data. The 
first element of paper (i=1, paper bottomside) in the thickness direction can be, 
for example, in contact with a cylinder surface, and the ith (paper topside) 
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element in contact with a porous fabric. The mass of these edge elements is 
chosen to be a half of the mass of the internal elements.  

3.3. Experimental methods 

It is clear that simulations cannot be done without experiments and suitable 
devices are needed to make proper estimation of the properties of the drying 
process described in this work. Two types of devices were used for experiments 
that were done to determine the drying rate, temperature and moisture 
gradients inside the paper web. Results found by using these devices for the 
drying rate were consistent with those of simulations for similar boundary 
conditions. Experimental evaluation of the drying rate and heat transfer makes 
it possible to estimate the energy consumption on a mill scale [12, 160] using 
e.g. Balas-simulations [21, 63].  

3.3.1. Drying rate measurements 

A comparison of different drying methods is given in Ref. [43]. For this study a 
small-scale drying rig called the Combo system (Figure 23 and Figure 26) was 
built, which could be modified for different drying geometries and could utilize 
either a hot surface or hot air for drying. In the device the paper is placed on the 
cylinder surface (which is a curved brass plate with two K-type thermocouples 
for temperature control and a 1 kW heater) and the fabric is placed on top of the 
paper with fabric tension controlled using tensioned springs. Fabric tension was 
1.5 kN/m whereas the typical fabric tension level in a modern paper machine is 
3-4 kN/m, thus the tension used in these experiments does not prevent 
shrinkage totally. The paper is moved back and forth under the impingement 
hood. The impingement heating power is 45 kW.  

A typical geometry for impingement through a fabric on a cylinder is shown in 
Figure 24. Four drying configurations were studied both experimentally and 
through simulations. These configurations are shown in Figure 34. The 
impingement hood temperature of the rig can be raised up to 350°C and the 
impingement air velocity up to 150 m/s. The cylinder surface temperature can 
be raised up to 160°C. Geometry of the impingement nozzle was quite typical of 
the commercial devices the open area was 1.5% and the distance from paper 
was 25 mm. In the configurations with a heated cylinder, paper samples were 
placed between a heated plate and a drying fabric. A piece of forming fabric 
with dimensions exceeding those of the paper was also placed between the 
plate and the sample so as to prevent wetting due to condensation when tests 
using a cold plate were performed. The impinging jet temperature was kept at 
200°C and the air speed at 90 m/s. The heated plate was kept either at a 
temperature of 130°C or at room temperature. This surface temperature was 
higher than conventionally in paper making. The fabric used in the tests was a 
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commercial synthetic drying fabric with a permeability of 6,500 m3/m2/h. The 
paper used in the tests was fine paper with a basis weight of 60 g/m2 (bone dry) 
[43].

Samples were dried from 50% solids content, typical of a sheet after wet 
pressing, to a final solids content of 95% The drying rate was determined per 
the actual contact area. The experiments performed consisted of a total of 2286 
trial points in the set of parameters. The drying rate was measured at each 
point. In addition, in some of the experiments the curl and elastic properties 
were also determined.  

Figure 23. Combo system in the impingement drying mode. 
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Figure 24. A schematic view of impingement drying in a cylinder geometry of the Combo 
system.

The experimental procedure was such that a paper sample was first placed on a 
hot metal plate (cylinder) which was then covered with a fabric. In Figure 24 the 
mass at the end of the fabric illustrates the tension created on the fabric using 
springs of known tension. Then the paper stressed over the hot plate was 
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moved into the impingement drying unit using a linear conveyor. The drying 
rate was determined by weighing the sample before and after drying. Due to 
manual handling between weighing of the sample before and after drying, 
adjustments to sample’s dwell time on the cylinder were made in each test run 
of impingement drying.  

Test runs with the Combo system were reproduced in Metso Research Center in 
Turku, Finland with an experimental setup (Figure 25) that could be used to 
study both a running web as well as sheet samples. In experiments sheet 
samples with two basis weights were used to measure the effect of basis weight 
on the drying rate (Figure 38), and the temperature change in the paper (Figure 
35) and in the cylinder (Figure 37) during drying. The test rig consists of an air-
heated Ø 400 mm cylinder enclosed in a hood, a motor with variable speed 
drive, a blow box for fabric heating, an impingement box under the cylinder 
and a system for adjusting the fabric tension. The fabric wrap angle was 270° 
and that of the impingement hood 180°. An impingement box was placed inside 
the cylinder for cylinder heating, instead of electrical or steam heating. The 
temperature of the cylinder was measured with three Pt100 temperature 
sensors embedded into the cylinder surface. The cylinder temperature was kept 
at 100 °C. An inverter-controlled gear motor was used for running the cylinder. 
The maximum available cylinder speed was 50 m/min. The fabric tension was 
adjusted by adding weight to the specially designed box. The dimensions of the 
investigated fabrics were 300 mm in width and 4270 mm in length. The fabric 
permeability was 5500 m3/h/m2. An impingement box was assembled below 
the cylinder at a distance of 25 mm from the fabric. Hot air at 200 °C 
temperature and 90 m/s velocity was blown through the fabric to the paper. 
Three different configurations of the dryer were tested, all representing contact 
drying; impingement drying through the fabric, in which the paper was 
insulated from the cylinder by an additional fabric between the paper sample 
and the cylinder, and combined drying, in which the paper was first dried only 
by contact drying, after which the combined drying was started in the 
impingement hood area. Handmade paper sheets with two basis weights (50 
and 150 g/m2) were used in the drying rate measurements. Drying rates for 
contact drying, impingement drying and combined drying were obtained by 
weighing samples before and after drying using a scale. Drying was repeated 
for five sheets under the same conditions, and the results were given as 
averages over these individual measurements.   
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Figure 25. Experimental drying device in Metso Research Center in Turku, Finland. 

3.3.2. Temperature and moisture gradient measurements 

To achieve proper boundary conditions for the control of temperature and 
moisture in the paper, simultaneous measurements of the evolution of these 
quantities during drying was needed. Moisture measurements have earlier been 
done in the thickness direction of paper [59,  61, 164, 165]. In this work a fast 
and simple measurement technique was realised. Figure 26 shows the related 
modification in the Combo system. Results for the modified Combo system are 
reported in [166] (see Appendix IV) and shown in Figure 41. Multilayered 
samples made of handmade sheets were used in these temperature 
measurements. The internal temperature of the sample during the drying 
process was measured by thin K-type thermocouples of 25.4 m in diameter. 
Thermocouples were sandwiched between wet paper sheets after which the 
stack of wet sheets was pressed to obtain a homogeneous structure and to 
remove the extra water. Paper samples with a basis weight of 150 g/m2, made 
of four handmade sheets and three thermocouples at different locations were 
used. The top and bottom layers of the stack were sheets with a basis weight of 
15 g/m2 and the two middle layers were sheets with a basis weight of 60 g/m2.
In the 50 g/m2 sheets, 25 g/m2 layers were used, and an example of such 
measurement is shown in Figure 35. The measured data were collected with a 
Hewlett Packard 34970 data acquisition logger and exported to PC files. The 
output data were analysed using MS Excel. 
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Moisture measurement system using a near-infrared spectral camera 

The measurement of moisture with near-infrared spectroscopy is based on 
exciting vibrations of water molecules, and the absorption they thereby cause in 
the NIR spectral region. The spectral bands of water observed in the NIR 
spectral range are 970 nm, 1200 nm, 1440 nm, and 1940 nm. Determination of 
the amount of water is done by determining the area under the water 
absorption band after subtracting the baseline absorbance. The cellulose band 
can be used for normalisation of the transmission measurement at lower 
moisture levels. Laboratory calibration of the system was done by stacking 
handsheets and placing a thin PE-film between the layers. Locations of the wet 
layer(s) were changed during the calibration procedure. Fine paper furnish was 
used to make handsheet samples of 25 g/m2 in the calibration phase and 69 
g/m2 (3x23 g/m2) samples were used in the drying experiments (the same 
furnish) with a dry density of 430 kg/m3 and an initial moisture of 28%. The 
furnish was a mixture of eucalyptus (75%) and pine (25%). The moisture level of 
each sample was determined by weighing it before and after drying. During the 
calibration phase, PE-films were used to prevent moisture movement from one 
paper layer to another, so that accurate information of the moisture in each 
layer was available. The sample stack was placed between glass plates during 
the measurement, so that any possible air between samples was removed. 
Calibration must be done separately for each furnish, as in all IR-based 
measurements. The RMS error was less than 2% in each layer of large area, and 
if the measured area was smaller, the RMS error was less than 1%. In these 
measurements the impingement distance was 50 mm. Samples with a size of 
161 mm x 161 mm were dried from 28% solids content to dry (95% solids 
content). Temperature data from thermocouples were gathered using an 
Instrunet I100 data acquisition box, which had an accuracy of 0.6°C, and an 
Instrunet I230 Controller card. Data were gathered at a rate of 25 Hz using the 
InstruNet World (iW) software on a HP Compaq nc8000 (1.6 GHz) with 1 GB of 
ram and in the results presented here, filtering of the data was used. The 
filtering time was 1 s. Data was analysed using Matlab (R2006b) [56]. 
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Figure 26. Combo system in a moisture gradient measurement. 

The results given in Ref. [56] indicate that, during drying there exists a 
significant gradient in the z-directional moisture profile, with a variation in the 
moisture content of up to 25-35% across the thickness of the sheet, depending 
on the drying conditions. Moisture content variation of similar magnitude was 
observed in both measurements and in numerical simulations. Information of 
about the moisture gradient is needed to improve the existing drying models as 
well as to help to improve our understanding of the drying phenomena and 
their effects on the paper structure. Measured information of moisture gradients 
in paper during fast drying processes had not been available before these 
measurements. 

3.3.3. Structural measurements with X-ray tomography 

After drying, the structure of a set of samples was analysed by X-ray 
tomography. The X-Ray tomography device used to scan the samples was 
Skyscan 1172 ( -CT), capable of measuring various structures from biomedical 
to geological materials and electronic components. With this device it is 
possible to acquire internal images in 3D of the sample without damaging its 
structure. The camera has 4000 by 2000 pixels and the minimum pixel size in 
the reconstructed images is 0.9 m. The maximum acceleration voltage is 100 
kV, and this was used in the measurements reported here. The spot size at X-
rays is less than 5 m, and the used power is at most 4W. Images of stacks of 
samples were made in order to reduce the time needed for imaging.  

The number of samples used in one stack was 8 and they were separated using 
papers between them in both end of narrow paper strip. Stacks were fixed 
using fast epoxy glue. Glue was also used to mount the stack on the acrylic 
holder that was used to place the samples in the imaging chamber of the X-ray 
device. Images gathered were reconstructed using the Nrecon-software (v.1.43) 
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on a PC-cluster. It consisted of four Intel XEON 3.2 GHz processors. The 
reconstruction time for one image was approximately one night. The pixel size 
was 1.04 m for samples of 2 mm by 2 mm close to the maximum resolution 
available with this device. Visualisation and analyses of the 3D images were 
made using ImageJ (v.1.37 and Java 1.5.0_06). 

3.3.4. Other measurements 

Formation was analysed using a Fuji Formation scanner and surface 
topography using a profilometer. Formation was measured using ß-
radiography, based on the decay of 14C. For these measurements the activity of 
the 14C-source was 1,18 GBq. The device used in this measurement was a 
Fujifilm Bas-1800 II Storage Phosphor Imaging System with a 100 m pixel 
resolution. Formation maps were obtained from these measurements. The 
resolution in the x and y direction was 1/10 mm (the size of analysed paper was 
100 mm by 100 mm). Surface deviations were also measured using an optical, 
non-contact profilometer (AltiSurf 500), with a measurement area of 10 mm by 
10 mm. Data from the profilometer were filtered using a 2 mm filter, and 5% of 
the edges of the histogram were discarded. Values for Ra, Rsk and Rq were 
determined in this study. Ra is the average of the absolute values of the surface 
height deviations as measured from the best fitting plane. When calculating the 
Rq value, the amplitudes of peaks and valleys are squared. (Rq is the standard 
deviation of the height distribution.) Because Rq involves squared amplitudes, 
it is more sensitive to peaks and valleys. Rsk is a measure of the “skewness’ or 
in other words the symmetry of peaks and valleys in the surface.   

Fibre level analysis (Fibermaster analysis) was used to evaluate fibre level 
properties. Fibermaster measurements were made only once on reslushed 
sheets [70]. 

Curl was measured using the modified Xerox-curl method, where samples’ 
edge displacement is transferred to an average curl radius. Averages of 10 
samples were used in these measurements.  

Other standard paper analyses were also made.  
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4. RESULTS AND DISCUSSION 

The main findings reached at the laboratory level, which indicate the potential 
of increasing the drying rate, are shown in this section. The methods and 
devices used in this work were described in the previous section. Some aspects 
of paper properties are also discussed here, mainly from the drying point of 
view. This viewpoint was adopted as many paper properties develop during 
drying, and the whole field is too large to be covered thoroughly here.  

4.1. Paper properties 

4.1.1. Adsorption and desorption 

Fits to experimental data were made using the Soininen model described (see 
Equation 21) and related results are shown in Figure 27. It is evident that 
adsorption-desorption curves can be fitted with this model, and the 
adsorption/desorption values obtained can be used to estimate the 
adsorption/desorption behaviour also for different filler contents. A result of 
such an analysis is shown in Table 3. 
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Figure 27. Adsorption (a) and desorption (b) of water by fibre material and corresponding 
results (full curves) of the Soininen model fitted to the measured results. The temperature of the 
system was 23°C, and the paper was made of chemical birch pulp with a filler content of 
10%(unpublished). 

The estimated effect of filler content using the measured data of Figure 27 is 
shown in Table 3. Here the filler was assumed to be inert to moisture. An 
increase in the filler content increases parameter A, meaning that a paper with 
higher filler content reaches lower moisture ratio under same relative humidity.  

Table 3. Effect of filler content on the fitted parameter values of the Soininen model 
(unpublished). 

Adsorption Desorption 
Filler content A B C D A B C D
5 % 52.4 0.276 1.93 -0.0123 41.4 0.256 2.03 -0.0138 
10 % 58.4 0.301 1.91 -0.0111 47.9 0.213 2.02 -0.0135 
15 % 66.0 0.290 1.89 -0.0099 53.7 0.231 2.00 -0.0122 

4.1.2. Porosity of paper 

Publication [70] focuses on the changes in the structure and quality of paper 
caused by varying drying conditions, i.e. contact drying, impingement drying 
or combination of these. The main interest was in the mechanical properties and 
detailed characterization of the structure of fine paper, and the methods used 
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included microtomography, high resolution formation measurements as well as 
several standard methods. It was found e.g. that, by changing the drying 
conditions such that paper was cooled during the drying process, its elastic 
properties and surface smoothness could be improved.  

Paper is under these drying conditions considered as a mixture of three 
material phases: the solid, liquid and gas phase. The solid phase consists of 
fibres and fillers, water comprises the liquid phase and moist air forms the gas 
phase. The network structure changes when drying proceeds. Defining the 
porosity of the network as the total volume subtracted by the fraction filled by 
the solid phase it can be found that 

w

ds

filler

ds
filler

f

ds
fillerp uff11 , (54)

where ds  is the density of paper, f the constant fiber density of 1500 kg/m3,

w the constant water density of 1000 kg/m3, fillerf  the filler fraction (the 
density of PCC is assumed to be filler  =2710 kg/m3) and u  is the moisture 
ratio. Figure 29 shows the effect of moisture on porosity for varying density of 
dry paper. Porosity varies in the interval 0.4-0.8 for dry paper densities of 300 - 
900 kg/m3. For a filler content of 10%, the porosity range is 0.5-0.83. It is evident 
that also the paper thickness must change during drying. For increasing 
moisture content the thickness is as well increased. In other words, in most 
cases, paper thickness decreases during drying. This result was also found by 
Gallay [37]. Density is the ratio of the basis weight and thickness of paper, and 
its inverse is the specific volume or bulk. The effective density is determined 
such that surface roughness effects are excluded from the volume. Volume is 
typically estimated by measuring the thickness and lateral dimensions of the 
sample.
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Figure 28. Porosity as a function of moisture ratio for varying dry paper density. Dashed line 
shows the density for 10% PCC content in 77 g/m2 paper with a thickness of 103 µm, and a 
porosity of 0.632 (shown by a circle). Difference between the dashed line and circle can be 
explained by the thickness measurement method (paper is compressed with a 100 kPa pressure 
during the measurement). For a porosity of 0.632 (0.05 g/g moisture content), the thickness 
should be 128 µm.

Porosity was also determined experimentally for a fine paper of 77 g/m2 basis 
weight, and the result is shown by a circle in Figure 28. The fibre wall density is 
probably a little higher than 1500 kg/m3, perhaps 1600-1650 kg/m3, because the 
bulk density of the sample was about 670-680 kg/m3, i.e. higher than Figure 28 
suggests. This difference may have caused by the estimated effect of filler 
content and uncertainties in the thickness estimation, i.e. uncertainty in the 
density. Pore structure refers here to the void space between fibres, not in the 
cell wall. The fibre wall pores that are closed first during drying do not reopen 
when the fibres are treated again with water, while the pores that are closed 
during later stages of drying do reopen  by adding water [168]. Also, it can be 
noted here that densities and porosities of coatings are in the range 1630-1710 
kg/m3 and 25-30%, respectively [84], so for coated paper the measured 
(apparent) density of fibre wall is seemingly increased.  

4.1.3. Drying and its effect on shrinkage and tensile properties 

Let us consider macroscopic structural effects that occur during drying when 
the removal of water causes many properties to alter quite dramatically. The 
structure of the paper network can be illustrated by x-ray microtomography as 
described in publication [70]. A tomographic reconstruction of a paper sample 
is shown in Figure 29.  
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Figure 29. A tomographic reconstruction of a paper sample based on x-ray microtomography. 
Sample size was 1x1 mm2, and the voxel resolution was 1 µm [70]. 

As discussed above, prevention of shrinkage can improve tensile properties of 
paper. The effect of shrinkage and drying on the optical properties are not 
discussed here, although it is clear that such effects exist.  

Experimental results indicate [70] that the structural changes that appear in 
paper during drying are affected by the drying conditions. Contact drying with 
and without hot air impingement was investigated at different temperatures. 
The main focus was on relating mechanical properties to the detailed structure 
of the paper and the constituent fibres as measured by methods such as x-ray 
microtomography, high resolution formation measurements and standard 
paper analysis methods. When paper was dried under different drying 
conditions, with shrinkage prevented, significant differences were observed in 
the surface roughness and elastic properties (Table 4). The drying time also 
influenced the development of the tensile properties during drying, the faster 
was the drying the better was the tensile index obtained (Figure 30). This was 
shown (unpublished) by drying paper (handsheets) with similar shrinkages 
between fabrics for varying drying rate (using impingement through fabric). 
This result means that savings can be made in raw materials. 
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Figure 30. Tensile stiffness index as a function logarithm of the drying time for samples of 
similar shrinkages during drying (95% confidence limits are also shown: solid lines are for 
changes only in the y-direction, dashed lines for confidence when changes appear in both 
directions).  

The possibility to control paper properties during drying arises through control 
of the drying temperature and drying time. Stresses introduced during drying 
are irreversible, and they depend on parameters that can be adjusted. 

Measurements of porosity and fibre wall thickness have not indicated 
noticeable dependence of these quantities on the drying conditions. Changes 
that appear are rather related to properties like bonding of fibres. One of the 
practical results of this work is that the elastic properties and surface 
smoothness of paper can be improved by lowering the paper temperature 
during drying. Effects of drying conditions on various paper properties are 
shown in Table 4.  
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Table 4. Properties of fine paper depending on the drying methods applied [70]. Applied drying 
methods were cylinder drying with cylinder temperature Tc=80°C and Tc=120°C and cylinder+ 
impingement drying with cylinder temperatures 80°C and 30°C, with impingement 
temperature of 20°C.  

Sample TC=80°C+ 
TI=20°C

TC=30°C+ 
TI=20°C

TC=80°C TC=120°C

Porosity 0.631 0.633 0.681 0.632
Mean thickness 77±11 77±10 78±11 82±11
Min thickness 0 0 0 0
Max thickness 150 145 125 167
SCAN(mean) 103±1 103±4 104±3 104±3
Rq, BS 11.4 10.6 8.1 8.4 
Ra, BS 7.4 8.3 6.3 6.3 
Rsk, BS 6.6 1.1 0.4 0.5 
Rq, TS 10.1 10.6 7.6 7.8 
Ra, TS 7.6 8.4 5.8 5.8 
Rsk, TS 1.0 1.0 0.8 2.7 
Mean Rouhgness, Bendtsen, TS 1143±120 1005±51 940±16 932
Mean Rouhgness, Bendtsen, BS 712±12 632±90 500±48 494±0
Permeability, Bendtsen [ml/min] 346 309.5 334 377.5
Coarseness [µg/m] 144 144 144 144
Coverage [layers of fibers] 12.7 12.7 12.7 12.7
Simulated max. paper temperature during 
drying 
Drying time 

57±1

35±1

25±1

120±1

79±1

120±1

97±1

30±1
Tensile Strength X1 (N/m) 2957±119 3036±128 2960±128 2911±81 
Tensile Index (Nm/g) 37.0±1.5 38.0±1.6 37.0±1.6 36.4±1.0
Energy to Break Z1 (J/m²) 63.7±10.3 71.2±11.2 59.5±11.5 48.5±6.8 
Energy to Break Index Z2 (mJ/g) 0.8±0.1 0.9±0.1 0.7±0.1 0.6±0.1 
Strain at Break % (mJ/g) 3.1±0.4 3.4±0.4 2.9±0.5 2.5±0.3 
Modulus of Elasticity E (N/mm²) 3294±212 3341±152 3293±314 3135±283 
Tensile stiffness index (Nm/kg) 4.2±0.1 4.3±0.1 4.2±0.1 4.0±0.1 
Shrinkage, % 1.4±0.1 1.4±0.1 1.2±0.1 1.1±0.1 

4.1.4. Curl of paper 

Theoretical aspects related to moisture gradients in the thickness direction of 
paper and the influence of such gradients on curl were discussed in publication 
[45] (see Figure 31). Curl was also modelled [42]. The edge displacement (or 
curl) was found to be the greater the faster was the drying, see Figure 32. Curl 
can be controlled by either controlling the drying conditions in one-sided 
drying or by combining different drying techniques. If conditions inside the 
paper are symmetrical during the drying process, the paper remains planar. 
These properties provide one possibility to improve and control the quality of 
paper by means of drying conditions. Such control is based on controlling the 
moisture and temperature profiles inside the paper during drying. 
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Figure 31. Moisture gradients inside paper during cylinder drying [44]. 

The main cause for formation of curl was found to be a moisture gradient inside 
the paper, shown in Figure 31 for the case of cylinder drying. 
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Figure 32. Edge displacement (or curl) as a function of drying rate [170]. 

An index was introduced to estimate the formation of curl during drying, based 
on the difference of moisture between the top and bottom surface layers. An 
example of the curl index as a function of surface temperature is shown in 
Figure 33. 

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

50 70 90 110 130 150

Hot plate temperature, °C

Figure 33. Curl index as a function of surface temperature of the cylinder in a laboratory drying 
of paper. 
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The analysis presented publication [45] showed that curl is determined by the 
symmetry of the moisture profile inside the paper, the drying method does not 
affect the curl as long as the symmetry of the drying rate remains the same. 
Paper curls towards the side that remains wet longer, and curl can vary 
depending on the paper grade for the same conditions because of differences in 
the paper structure. Curl can be controlled by either altering the drying 
conditions and/or combining different drying techniques, e.g., cylinder drying 
and impingement drying. If moisture gradients are controlled, shrinkage 
behaviour and drying stresses can be predicted, and the dryer section can be 
controlled so as to minimize the drying time and possible defects in paper 
quality.  

Impingement intensifies drying, but it is also a tool for controlling paper 
properties, like curl, as discussed above. To this end four drying configurations 
were studied experimentally and through simulations. The drying geometries, 
drying rate and the related curls measured are shown in Figure 34 [43]. 

Figure 34. Experimentally tested impingement-supported geometries. I:Conventional cylinder 
drying. II: Impingement drying through a fabric on the drying cylinder. III: Impingement 
drying through a fabric on the vacuum roll. IV: Impingement drying directly on paper on the 
vacuum roll.Tc=130°C, Timp=200°C and vimp=90 m/s.

The results of Figure 34 show the superiority of impingement drying with 
respect to the drying rate. Hot air impingement through a fabric on an unheated 
surface produced approximately the same drying rate as a conventional 
cylinder drying for given air speed and temperature. The barrier effect of the 
fabric was about 50 % compared to direct hot air impingement onto the web. 
The results also show that the combined effect caused by hot air impingent 
through the fabric and a heated surface will not reach the level one would 
expect by adding up the individual drying rates of these two systems. The 
barrier effect of the fabric seems to increase as the web temperature is increased. 
Impingement drying seems to produce a larger curl than cylinder drying. The 
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tests point out however that it is possible to control curl by bringing heat in a 
suitable way onto both sides of the web. 

Impingement drying uses hot air as the drying medium. When the amount of 
impingement drying is increased, more and more hot air is required to replace 
steam. To this end biomass gasifying may present new opportunities. Low cost 
fuel compensates for the high investment costs associated with gasification. 
Increase in the drying rate can be found in wide ranges of impingement and 
cylinder temperatures [69, 119] as shown in Table 5. 

Table 5. Drying rates for different combinations of cylinder and impingement drying conditions  
[69, 119]. 

Drying method Cylinder 
temperature 
(°C) 

Impingement 
jet
temperature 
(°C) 

Impingement 
jet velocity 
(m/s) 

Drying 
rate 
(kg/m2h)

cyl.(low) 80 6.8 
cyl.(high) 130 37.4
imp.(low) 100 90 16.3
imp.(high) 200 90 23.8
cyl.&imp.(low) 80 100 90 43.7
cyl.&imp.(high) 130 200 90 81.2

4.2. Combined drying 

In publication [47] experiments performed with a dynamic laboratory-scale 
drying rig are described. Paper temperature distributions in the thickness 
direction and evaporation rates were determined. Three cases were compared: 
conventional cylinder drying, impingement through a fabric and combined 
cylinder-impingement drying.  

4.2.1. Paper temperature 

An interesting finding was that paper cools down when the impingement phase 
begins, as shown in Figure 35. Paper temperature drops down extremely fast as 
drying with impingement on a cylinder starts. This phenomenon was also 
observed when the temperature of the cylinder shell was measured (Figure 37). 
In combined drying paper will get dry quicker, and due to lack of moisture the 
temperature of paper increases faster at the end of drying than in impingement 
drying and cylinder drying separately, when the drying time is the same. 
Similar cooling of cylinder and web was also observed by Paltakari et. al. [29]. 
The increase of 15% found [29] was much less than the one reported in 
publication [42] due to the low cylinder temperature used in the latter 
experiments. The blow box geometries and direction of the airflow were also 



59

different. Drying was also tested with air impingement perpendicular to the 
web [171], with an increase of 33% in the drying rate, but the cylinder 
temperature was lower than in the case of publication [42] The observed effects 
were also simulated numerically, and related results are shown in Figure 36. 
The simulation reveals that drying histories of layers are different from each 
other, centre of paper drying last. Thus, quality of paper may be different in 
different layers. 
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Figure 35. Temperature measurements inside a paper of 50 g/m2. [42] 
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Figure 36. Simulation of combined cylinder and impingement drying. Isochronous drying 
curves for 1 s and 2 s are also shown.   

4.2.2. Cylinder temperature 

The cylinder cools also down extremely fast in the fast drying process (Figure 
37). This clearly shows that more energy is obtained from the cylinder side of 
the paper due to an increased temperature difference between the paper and 
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the cylinder shell. This explains also why the drying process is so rapid, and 
provides direct evidence of the mechanism of increased heat transfer in 
combined drying. Publications [43, 47] are concerned with this part of the work.  
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Figure 37. Cooling effect of the cylinder [47]. DeltaTc is the change in surface temperature of 
the cylinder in one drying cycle of paper. Heat flux ratio is the temperature change ratio of 
combined drying to cylinder drying. 

4.2.3. Drying rate 

An important finding of this work was that a combined drying provides the 
highest drying rate, higher than the sum of the individual drying rates of the 
cylinder and impingement drying (see Figure 38). A significant number of 
experiments were done before a proper understanding of this phenomenon 
emerged.  
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Figure 38. Drying rate results for two basis weights. Cylinder temperature was 100°C, 
impingement temperature was 200°C and the impingement velocity was 90 m/s (publication 
[47]).

The paper temperature decreased more in the impingement drying than in the 
conventional cylinder drying. This implies that the heat transferred from the 
cylinder was utilised better in the former case. Computer simulations were used 
to confirm the experimental results. To some extent Wedel et al. [172] have 
reached similar conclusions. 

Increase in the drying rate was greater for lower basis weights due to smaller 
thermal insulation. This effect is illustrated in the next section. 

4.2.4. Heat transfer to paper 

Simulations and experimental work were done to evaluate the heat transfer 
from the cylinder to paper, which arises from a temperature difference between 
the two surfaces. There are few factors that limit the transfer of heat from steam 
to paper: a condensate layer inside the cylinder surface, heat resistance of the 
dryer shell, contact heat transfer coefficient and heat transport in the web.  The 
surface related to heat transfer on the cylinder side is equal to the total cylinder 
surface, but on the paper side the area is that covered by the paper web on the 
cylinder. 
Expressed in a simple form the heat flux is thus given by 

0
''

pcpc TTq , (55)
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where pc is the contact heat transfer coefficient and 0pT  is the temperature of 
the web surface in contact with the hot cylinder surface. Experimentally, 
temperature of paper during drying is measured using thermocouples inserted 
inside the paper. The recorded temperature is not exactly the paper surface 
temperature, but it is very close to it. Air temperature can also be measured 
close to the paper surface. Drying rate measurements give then the basis for 
determination of heat transfer coefficients, when heat transfer to air is also 
included. Heat transfer from air to the paper web can be expressed in the form 

0
''

papa TTq , (56)

where pa is the convective heat transfer coefficient, aT is the air temperature 
and 0pT  is the temperature of the web surface. The radiative heat transfer can be 
expressed as the Beer-Lambert-Bouguer law [173] 

C
radabs eqq 1'''' , (57)

where q ''
rad is the flux of infrared radiation exposed onto the web,  is the web 

thickness and C is the absorptivity of infrared radiation in paper per unit 
thickness. 
Evaporation and convection take place simultaneously and affect each other, 
because vapour is flowing through a laminar boundary film. This effect is 
usually taken care of by using the Ackermann correction [153]: 

10
''

0 Epapa e
ETTq , (58)

where E  under cylinder drying conditions is [14] given by 

0

01

pa

pvev

TT
TTc

A
mE . (59)

Here vc  is the specific heat of water vapour and 1T  is determined by the heat 
balance [14], 

a
a

pa
a

c
A

m

TT
TT .

0
1

)(
, (60)

where
A

m a

.

 is the impinged mass flow per unit area and ac is the specific heat of 

impinging air. 
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The total heat flow is then ( totq '' = condq '' + convq '' + radq '' ) given by 

C
surspv

ev
Epapapcpctot eTTATTc

A
m

e
ETTTTq 1

1
44

01

.

00
'' .(61) 

The proportions of the different heat transfer components can be estimated by 
assuming, e.g., that the paper temperature is 0pT  =80°C, air temperature is 

aT =150°C and cylinder temperature is cT =100°C, where 
totq '' =  2000W/m2*(100°C-80°C) + 

300W/m2°C*(150°C-80°C)*0.999 + 
0.0083kg/m2s*1.09kJ/kg°C*(137.5°C - 80°C) + 860W/m2

          = 40000W/m2 + 21795W/m2 + 860W/m2

= 62655W/m2. (62)

This means that the radiation heat transfer is about 1% of the total heat transfer, 
about 34% is due to convection and about 65% is due to conduction. This simple 
calculation reveals that steam is the major source of energy, even though 
additional energy is acquired from the hot air during impingement. 
The heat flux to paper divided between the different heat transfer mechanisms 
is given in Figure 39 as a function of paper temperature. 
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Figure 39. Heat flux into paper as a function of paper temperature, divided into contributions 
from the different heat transfer mechanisms. 

Typically the paper temperature during cylinder drying is 90-92 °C, but in 
experiments it was observed to decrease even down to 70 °C in some cases. 
Increase in the heat flux was 50% when the paper temperature was decreased 
from 90 °C to 80 °C. 

Solution to achieve the increased heat transfer rate with decreasing paper 
temperature was given in publication [174]. The main result is also presented in 
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Figure 40. In this figure the steam and paper temperatures were considered as 
constant at 120 °C and 80 °C, respectively, while the thermal conductivity of the 
cylinder shell was 50 W/m/K. For the basic case (total heat flux from steam to 
paper was 2000 W/m2K and 35 mm thick cylinder shell) the surface 
temperature of the cylinder on the side in contact with paper was 99 °C and the 
temperature difference across the shell was 11 °C. For a steam condensate the 
heat transfer was 15000 W/m2K for the same shell thickness, while the 
temperature on the paper side was 103.5 °C which is 4.5 degrees higher than in 
the basic case. The biggest increase in the heat transfer could be obtained in the 
third case (total heat flux from steam to paper was 15000 W/m2K for a cylinder 
shell thickness of 10 mm). The temperature of the cylinder surface in contact 
with paper was increased up to 112°C. It is evident that intensification of heat 
transfer from the condensing steam and reduction of the thermal resistance of 
the cylinder shell can lead to significant improvement in the heat transfer from 
steam to paper. 
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shown in the bottom right corner. Typical heat transfer coefficient from steam to paper was 
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4.2.5. Temperature and moisture gradients 

Measured and simulated results for the time evolution of moisture and 
temperature during drying are shown in Figure 41. These results show that the 
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difference in moisture  between the top and bottom surfaces can be almost 30 
%-units, when the drying temperature in impingement drying is 160 °C and the 
drying jet velocity is 50 m/s. Using an impingement velocity of 100 m/s this 
moisture difference increased to over 35 %-units. An increase in temperature 
was seen when the paper was almost dry.  
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Figure 41. The time evolution of moisture and temperature during drying as given by 
simulations with the model described in [166]. Lines are simulated values and points are 
measured values. 

4.3. Up-scaled simulations: paper machine   

In publication [42] simulations were done to increase our understanding of 
impingement drying through a fabric. The combined air-cylinder drying 
process was studied with the drying simulation model described above. The 
efficiency of the process was considered as a function of dryness. A combined 
process means impingement drying on a cylinder covered with a permeable 
fabric. Paper was dried in a single drying cylinder covered with an 
impingement box. The focus of the study was on improvement of the drying 
rate. Differences in the temperature profiles during drying were also compared 
and discussed. In combined drying the drying rate was on the average three 
times that in cylinder drying. Results also show more than a 50% improvement 
in the drying rate in the combined drying compared to the sum of separate 
processes, for drynesses above 80%. Next an example of a machine-scale 
simulation with impingement on each cylinder is shown (Figure 42 – 45). It is 
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based on the model explained in Section 3, and conditions of combined air-
cylinder drying process are the same as in publication [81], with a machine 
speed of 1200 m/min. This simulation showed that the moisture difference 
between the top and bottom sides of paper was greatly reduced. Figure 43 
shows that the related moisture gradient can be reduced to a level of 7%. For 
cylinder drying this gradient can be as high as 25%, as shown in publication 
[43].
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Figure 42. The time evolution of the temperature, dryness and drying rate of the paper web in a 
drying section with impingement in each cylinder. 
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Figure 43. The difference of dryness between the top and bottom layers of a paper web as a 
function of average dryness based on numerical simulation. 

The distributions of temperature and moisture in the thickness direction of 
paper are shown in Figure 44 as a function of time. The values of both 
quantities are shown with respect to their average values. 

layer no

Difference of moisture inside paper during drying, %*100 of average moisture

1 2 3 4 5 6 7 8 9
0

1

2

3

4

5

6

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

layer no

Difference of moisture inside paper during drying, %*100 of average moisture

1 2 3 4 5 6 7 8 9
0

1

2

3

4

5

6

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

layer no

Difference of temperature inside paper during dry ing, %*100 of average temperature

1 2 3 4 5 6 7 8 9
0

1

2

3

4

5

6

0.98

0.985

0.99

0.995

1

1.005

1.01

1.015

1.02

1.025

1.03

layer no

Difference of temperature inside paper during dry ing, %*100 of average temperature

1 2 3 4 5 6 7 8 9
0

1

2

3

4

5

6

0.98

0.985

0.99

0.995

1

1.005

1.01

1.015

1.02

1.025

1.03

layer no layer no

Figure 44. The distribution of moisture (left) and temperature (right) in the thickness direction 
of paper during drying as a function of time. The colour coding illustrates the relative 
differences of these quantities from their average values. 

It is evident from Figure 44 that temperature gradients inside the paper are 
considerably smaller than moisture gradients. This fact shows the importance of 
the movement of moisture inside the paper, for its quality aspects in particular, 
while the surface temperature of paper already gives reasonable information of 
the heat transfer (see Figure 45). This is also true during cylinder drying, where 
the heating time is short, about 0.2 seconds. The overall temperature changes 
during drying are large, but the temperature is quite evenly distributed in the 
thickness direction of paper. 
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Figure 45. The evolution of (average) temperature, dryness and drying rate of paper from 3 to 4 
s during its drying as given by a numerical simulation. 
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5. CONCLUSIONS 

The results represented here on impingement drying through a fabric on a 
cylinder show that great improvement in the drying rate can be obtained that 
way. Energy issues were not considered in this work, although they are very 
important at the scale of the whole paper machine. As drying is responsible for 
most of the energy consumption in the paper machine, favourable effects on 
energy consumption are expected as well. Usually in paper machine the 
primary energy source is steam that results from power generation. New 
impingement technologies make it possible to use e.g. natural gas for 
production of hot air, and there are some possibilities to use high pressure 
steam to heat air in the temperature range of less than 200 °C.  This applies to 
drying through a fabric on a cylinder. Some changes are definitely needed in 
the dryer section to achieve the efficiency improvement related to drying paper 
faster and in a smaller space (shorter dryer section). Cheap energy will not be 
available in large scale in the future.  

The main part of the research was experimental, but it also included a number 
of numerical simulations. Such combination of methods improved our 
understanding of the relevant physical phenomena involved in the process, 
whereby a better control of the process could be obtained, so that products of 
improved quality can eventually be manufactured. Simulation results also need 
verification, and this was achieved by comparing them with measured results. 
Measurements were done in the thickness direction of paper on the 
development of moisture and temperature during drying. Comparison of 
results showed that the models developed work very well also in situations for 
which they were not originally designed, with only small changes. 

In the first phase of the research, a drying unit was constructed. The aim was 
that it should be of small scale, flexible and versatile. Since a continuous web is 
difficult to have in such an equipment, small sheets of a size equivalent to A4 
sheets (or smaller) were chosen for paper samples. Methods for continuous runs 
with A4 sheets were also planned, but it would have been very costly to build 
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such a unit, and therefore a semi-static rig was built. Static in the sense that 
paper was not moving on the cylinder, but it was placed on a curved hot 
surface and covered with fabric for good contact. The impingement unit was 
dynamic, although paper was moving through the impingement region. 
Various drying methods were possible to realize with such systems: a typical 
cylinder drying, normal impingement drying on a fabric (with or without 
suction from the other side) and combination of these two methods, i.e. drying 
through a fabric on a cylinder, the main topic of this work. Yet another 
possibility would have been a two-sided impingement between fabrics or with 
one fabric only.  

During the work some interesting findings were made. One of these was the 
lower paper temperature in combined drying compared to cylinder drying. A 
measurement system to evaluate this effect was tested in Metso Research 
Center in Turku, Finland. Changes in paper temperature were found to be 
responsible for the big differences observed in separate sub-process 
measurements. In cylinder drying the temperature is always close to that of the 
cylinder surface, but in the combined process the paper temperature is 
decreased. Heat flux to paper is greatly affected by its temperature, and 
therefore this temperature has a significant effect on drying. 

Drying shrinkage was also reduced in combined drying, and some effects of 
shrinkage prevention were indicated. In normal cylinder drying a large part of 
drying takes place after the web has passed the cylinder, i.e. during cooling of 
the paper. Wood fibres shrink during drying, which has a big effect on paper 
properties. If the shrinkage of paper is allowed, its elastic moduli will decrease. 
In impingement drying shrinkage can be controlled using vacuum on the other 
side of the paper. For low shrinkage and curl the vacuum has to be quite high 
(few kPa). Cooling of the paper during drying will also improve its elastic 
properties as shown in publication [45]. Curl and possibly cockling tendencies 
are reduced as well. 

In conclusion, possibilities to control paper quality during drying are available, 
at least on the laboratory level. Methods developed here could already be used 
in the existing paper machines to improve the quality of paper and to save 
production costs.  

Further studies should however be done to increase the heat transfer from the 
cylinder, which would be important for bringing the proposed drying method 
to use in a production scale.  
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