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Abstract 

The objective of this thesis was to investigate parameters concerning the drying 

rate and the non-uniformity in the through air drying process. Parameters 

considered were grammage, pulp type, formation, web-fabric interaction and 

infrared radiation. A piece of equipment was therefore developed which allowed 

the paper samples to be dried by air being drawn through them, with the option 

to supply additional drying energy through infrared radiation. The time-

dependent local surface temperature of a drying sample was recorded using an 

infrared camera. In addition, the air flow through the samples was measured. 

Samples with grammages ranging from 15 to 60 g/m² were made on a laboratory 

sheet former from a range of different commercial chemical pulps. The pulps 

comprised both hardwoods and softwoods. Samples with both good and bad 

formation were made. 

The measurements showed that the air flow through the sample varied with 

grammage and pulp type. The air permeability, i.e. the specific air flow, was 

constant at higher grammages, as could be expected. In contrast to that, at lower 

grammages, the air permeability was higher, and also a function of grammage. 

The permeability was also highly influenced by the fibre morphology, with 

softwood samples being much more permeable. 

The non-uniformity in drying increased with bad formation and was influenced 

by the web-fabric interaction. Local drying time maps quantified the spatial non-

uniformity of drying. Formation had little or no impact on the total drying time, 

but the non-uniformity of drying increased with worse formation. For 

commercial through air drying fabrics, the effect of web-fabric interaction was 

observed for hardwood samples, where the web areas in contact with the 

knuckles of the fabric weave had longer drying times. However, virtually no non-

uniformity could be measured for the softwood samples. 

The average drying rate was mainly influenced by pulp type, and was increased 

by the addition of infrared radiation. Interestingly, even though the permeability 

differed significantly between pulps, the drying rate was independent of the 

varying permeability at lower grammages. Thus, a higher air flow did not increase 

the drying rate. Adding additional drying energy by using an infrared radiator 

allowed for an increase in the drying rate. However, as the radiator power was 
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increased, the corresponding increase in the drying rate was less than 

proportional. 

Energy utilisation was evaluated for both the case with only air flow, and the 

combination of air flow and infrared radiation. It was found that the energy 

supplied by air correlated well with the theoretical energy required to remove the 

water in the fibre wall. When the infrared radiation was added, the efficiency in 

using the supplied energy appeared to diminish as the radiator power increased. 
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Sammanfattning 

Målet med denna avhandling var att undersöka parametrar relaterade till 

torkningshastighet och ojämnhet vid genomblåsningstorkning. Parametrar som 

undersöktes var ytvikt, massatyp, formation, papprets interaktion med viran och 

infraröd strålning. En utrustning konstruerades där pappersprover kunde torkas 

genom att luft sögs genom dem, med möjlighet att även addera extra torkenergi 

genom infraröd strålning. Den tidsberoende lokala yttemperaturen hos 

pappersproverna registrerades med en infraröd kamera. Luftflödet genom 

proverna mättes under torkningen. 

Pappersprover från ett urval av kommersiellt använda kemiska massor med 

ytvikter mellan 15 och 60 g/m² tillverkades med en arkformare. Massorna 

inkluderade både barr- och lövved. Prover med både bra och dålig formation 

tillverkades. 

Mätningarna visade att luftflödet genom proverna varierade med ytvikt och 

massatyp. Luftpermeabiliteten, alltså det specifika luftflödet, var som förväntat 

konstant vid högre ytvikter. Vid lägre ytvikter blev dock luftflödet högre och 

dessutom en funktion av ytvikten. Permeabiliteten påverkades också av 

fibermorfologin, där barrvedsmassorna uppvisade mycket högre permeabilitet. 

Ojämnheterna i torkningen ökade med dålig formation och påverkades av 

papprets interaktion med viran. Lokala torktidskartor användes för att kvantifiera 

den spatiala ojämnheten i torkningen. Formationen hade ingen, eller väldigt lite 

inverkan på den totala torktiden, trots att ojämnheterna i torkningen ökade med 

sämre formation. För kommersiellt använda genomblåsningstorkningsviror 

kunde effekten av interaktionen mellan papper och vira tydligt ses i 

lövvedsproverna, där provytorna i kontakt med virans knogar torkade 

långsammare. För barrvedsproverna kunde ingen inverkan ses. 

Den genomsnittliga torkhastigheten påverkades huvudsakligen av massatyp, och 

ökade med adderad infraröd strålning. Trots att permeabiliteten varierade 

signifikant mellan massorna vid låga ytvikter, var torkhastigheten oberoende av 

permeabiliteten hos de olika massorna. Högre luftflöde resulterade således inte i 

högre torkhastighet. Med tillagd infrarödstrålning kunde torkhastigheten ökas. 

När den infraröda strålningen ökades ytterligare förbättrades inte torkhastighet 

proportionellt med ökningen. 
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Utnyttjandet av energin utvärderades både för fallet med bara luft och för fallet 

med både luft och infraröd strålning. Den tillförda energin från luften korrelerade 

väl med det teoretiska energibehovet för att förånga mängden vatten i 

fiberväggen. När den infraröda strålningen inkluderades verkade effektiviteten 

minska med ökande tillförd infraröd effekt. 
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1. Introduction 

The production of paper has a history reaching back thousands of years, and has 

been through many great developmental leaps. However, the principal idea 

behind the process has remained the same. The raw material is, by various means, 

disintegrated to fibres and other particles. The disintegrated material is suspended 

in water before being dewatered through a screen. This creates a fibre web, which 

is dried and removed from the screen and results in the finished paper. The raw 

materials have varied through the years, but wood is now predominantly used. 

In the modern papermaking process, the wood is either disintegrated using 

chemicals or mechanically ground to achieve the disintegration. This part of the 

process is focused on obtaining wood pulp which can be performed as a 

standalone process at a pulp mill, or be integrated at the paper mill for immediate 

distribution on the paper machine2. 

The paper machine can be divided into three sections; forming, pressing and 

drying. In the forming section, the stock (a mixture of pulp and additives) enters 

the paper machine via a headbox, the purpose of which is to evenly distribute the 

stock, at a suitable concentration, onto a forming wire. The wire is a woven mesh 

on which the wood fibres and particles are deposited to start forming a web, 

while the water is gradually removed. The removal of water is a major part of 

paper making, as the water content changes from ~99 % at the headbox, to ~3-

7 % in the finished paper. To achieve this at the high machine speeds used in the 

industry (up to >2000 m/min)3, mechanical dewatering is applied in the press 

section by forcing the water out of the web using press nips. The pressing cannot 

remove all of the water inside the wood fibres, so thermal drying is needed. The 

thermal drying is carried out in the drying section, where the remaining water is 

removed. By far the most common method is for the web to pass over multiple 

cylinders with internal heating from hot steam4. 

After the drying, the paper leaves the paper machine by being wound up on huge 

rolls. The base paper is then sent to converters where it is turned into paper 

products. The products range from printable paper such as book paper, copy 

paper and newsprint, to board products like packaging, coffee cups and 

containers, and tissue like toilet paper, to name only a few. 
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1.1. Fibre structure and morphology 

To understand the properties of paper products, it is reasonable to start with the 

raw material. There are many wood species used in papermaking, but a broad 

division can be made between softwoods and hardwoods. Examples of 

commonly used softwoods are spruce and pine, and typical hardwoods are birch, 

aspen and eucalyptus. In general, the softwood fibres are long (~2-3 mm), and 

quite coarse, whereas the hardwood fibres are shorter (~1 mm), and have a 

thinner fibre wall. The fibres are cylindrical, with a hollow centre called lumen. 

The fibre wall is porous and consists of an intricate structure of fibrils of 

cellulose, hemicellulose and lignin. Fibre wall thickness and composition vary 

between the species of woods5. 

Furthermore, the method of disintegration of the wood heavily influences the 

resulting fibres. Chemically separated fibres are smoother and sleek, while 

mechanical disintegration leads to rough, damaged fibres, with lots of small 

particles and frayed fibre walls. The chemical treatment also removes most of the 

lignin, making the fibre wall more porous and more prone to collapse. 

The different properties of the fibres are important when deciding which fibres 

should be used for a specific product. Long fibres can be used to promote 

strength, while shorter fibres may be suitable for soft products. Other factors to 

consider might be the availability of a certain pulp in the region or the cost3,6.  

1.2. Water in paper 

An important aspect of drying is to understand where in the paper structure the 

water is located, and how the water behaves due to its location. Paper consists of 

a porous structure of varying size-scales. There are inter-fibre pores, which are 

the largest pores. In the centre of the fibre there is the lumen, which could be 

considered to be a large pore. Then there are intra-fibre pores in the fibre wall, 

which are smaller. Those pores are divided into macropores and micropores. 

Water in inter-fibre pores and in the lumen is free water, with normal bulk water 

properties. Some free water is also found in the macropores in the fibre wall. The 

micropores, however, contain bound water, which freezes at a lower temperature 

than bulk water, and bound water which does not freeze at any known 

temperature7,8.  



 

3 

 

The amount of water inside the fibre at saturation is known as the fibre saturation 

point (FSP). It is expressed as grams of water per gram of fibre. The FSP is 

measured using the time-consuming solute exclusion method. To quickly 

determine how much water a fibre can hold, it is common to use the water 

retention value (WRV) instead, which is determined by centrifuging pulp pads 

according to an ISO-standard (23714:2014). Water that cannot be removed by 

the centrifugation procedure is considered to be water inside the fibre and 

fibre wall pores and is quantified. The WRV should be used with care, as it can 

both over and underestimate the water inside the fibre9. 

During dewatering and drying, free water is removed first, followed by freezing 

bound water and finally non-freezing bound water. Drying is increasingly 

difficult, partly due to the restricted heat and mass transfer in the fibre wall, and 

partly due to the heat of sorption8. The heat of sorption is the heat in addition to 

the heat of vaporisation which is required to evaporate bound water. The heat of 

sorption increases rapidly at moisture ratios below the sorption isotherm. The 

sorption isotherm defines the moisture ratio of the paper in equilibrium with the 

surrounding air. It is a function of both temperature and relative humidity10,11. 

1.3. Tissue paper, properties and defining characteristics 

One of the many categories of paper is tissue paper. This includes toilet paper, 

kitchen towels, facial tissue, napkins and similar products. These products are 

low weight, often creped, converted to several plies, and embossed with patterns 

for both functional and aesthetic reasons. The low weight used means that the 

paper web is only two to three fibres thick. Most of the volume of the paper is 

thus part of the surface in some manner, which separates tissue from most other 

paper grades. 

Important tissue product properties are softness, absorption, bulk, wet strength, 

and appearance. The desired properties vary with the product. The softness is 

most important for toilet paper and facial tissue, whereas kitchen towel needs to 

be mainly absorbent. Wet strength should be high for kitchen towel, so that the 

towel does not fall apart during wiping; however, toilet paper requires low wet 

strength, since the product often is disposed of in water and should not get stuck 

when flushed. Bulk is important for absorption, as it results in a higher inner 

porosity but it may also correlate with softness3. 
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1.4. The tissue paper machine 

The fundamental principle of tissue paper machines is similar as for other paper 

machines, although there are some notable differences. The machine starts with 

the forming section. Usually the machine has a roll former configuration, where 

the suspension jet is sprayed either between twin wires or between a wire and a 

felt. The concentration is low, normally 0.15-0.25 % fibres, and the machine 

speed is high, up to 2200 m/min. Although the grammage (grams of fibre per 

square metre) is low for tissue, the headbox can be stratified, placing different 

types of fibres in layers in the paper. The web is then dewatered by gravitational 

forces and by vacuum suction boxes. From this point, different tissue machine 

configurations deviate from each other3. 

The most common configuration produces Dry Creped Tissue (DCT), but there 

is also structured tissue produced by Through Air Drying (TAD), and more 

recently introduced hybrid machines which produce a structured tissue paper, 

but also encompass pressing in some matter, which is not part of the TAD 

process. In Figure 1, schematic examples of DCT and TAD configurations are 

shown.  
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Figure 1. Sketch of two tissue machines. Above, a dry crepe tissue configuration, and 

below, a through air drying configuration. 

Continuing on in the DCT machine after forming and initial dewatering, the web 

is pressed against, and transferred to, a Yankee cylinder. On the Yankee cylinder, 

the paper is dried by the hot cylinder surface and impinging hot air from a 

surrounding hood. The dried paper is then creped off the Yankee, which gives 

the paper bulk, stretch and softness.  

Many different variations of the TAD concept exist. In the basic TAD machine 

concept, the web is transferred to a moulding fabric by vacuum boxes. The 

vacuum sucks the wet web into the moulding fabric, resulting in a more three-

dimensional structure than DCT tissue. The moulding fabric and web then move 

over a TAD cylinder, where hot air is drawn through them. This is, on most 

machines, followed by final drying and creping on a Yankee cylinder12. 

The moulding fabric is designed to achieve the excellent absorptions and softness 

properties obtained in TAD. It must give enough support to the web, be 

sufficiently permeable to allow high air flow, and be thermally stable at the high 

temperatures used in through air drying. For different tissue products, the weave 
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pattern design is used to control the properties. For towel tissue, the opening 

should be deep and large to enable proper shaping of the web, promoting 

absorption properties. Bath tissue, on the other hand, needs more contact with 

the yarns to achieve sufficient contact when transferred to the Yankee, which in 

turn promotes effective creping. There are numberless weave pattern designs to 

suit the specific product which should be produced13. 

1.5. Tissue dewatering 

The major difference between DCT and TAD is the dewatering processes. The 

DCT concept of both pressing and drying against a Yankee cylinder is similar to 

the multi-cylinder drying of traditional paper machines. Wet pressing is an 

efficient way of removing water, but this densifies the web to a significant degree. 

Since bulk is an important property for tissue, the densification is detrimental to 

the properties of the final product. The contact drying at the Yankee cylinder has 

the same considerations as multi-cylinder drying, although at a slightly lower 

temperature. After initial contact, heat is conducted from the Yankee surface to 

the web. The water closest to the Yankee evaporates first, which then creates an 

isolating layer of dry fibres. This makes contact drying progressively slower. The 

process is sped up by the addition of the impinging hot air from the hood. The 

air can be up to 700°C and is responsible for more than half of the drying on the 

Yankee12. 

Having no wet pressing process, much more water is left in the wet web in the 

TAD process which requires substantial additions of drying energy. With 

pressing, the ingoing dryness to thermal drying can be as high as 40-45 %, but in 

TAD, where there is only vacuum dewatering prior to thermal drying, the ingoing 

dryness is 24-32 %. This excess water in the web is mostly located in inter-fibre 

pores, and as such behaves like bulk water. It is therefore relatively easy to 

dewater. When the wet web resting on the moulding fabric reaches the TAD 

cylinder, it is exposed to air at a temperature of up to ~250°C flowing through 

them both. In this way, the wet fibres are in direct contact with the drying 

medium as it permeates the web. Free water in larger pores will be displaced by 

the fluid momentum, but most of the water requires evaporation. The heat from 

the air will supply the evaporation energy by convection, but water inside the 

fibre wall is not easily accessible. The convection will then instead heat the fibre 

wall, and this drying energy will reach the inaccessible water through conduction. 
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The combination of displacing easily removed water and the direct contact of the 

hot air and the wet fibres results in very high drying rates. In TAD, the drying 

rate ranges from 170-500 kg/(h∙m²), compared to 98-170 kg/(h∙m²) for DCT12. 

The specific energy used is however much higher for TAD, close to 30 %14. The 

volume of air required is substantial, with a large infrastructure of fans and air 

ducts needed to transport it. Since there is much more water to remove, the 

higher specific energy used is costly and limits how fast the machine can be run. 

On top of that, the air is generally heated up by burning natural gas, which is a 

finite resource and a source of fossil carbon dioxide. 

1.6. Infrared radiation 

While the topic of this thesis is through air drying of tissue paper, one of the 

objectives was to combine TAD with infrared drying. An infrared camera was 

also used for temperature measurements. A basic understanding of infrared 

radiation is therefore appropriate to fully comprehend the approach of this work. 

Infrared radiation is radiation within a certain wavelength range of the 

electromagnetic spectrum. It is not visible to the naked eye, but can be felt as 

heat reaching the skin from a source of radiation. Everything in our surroundings 

emits radiation proportional to the fourth power of its temperature. According 

to the Stefan-Boltzmann law of radiation and Kirchhoff’s law 

(emitted radiation = absorbed radiation), the total radiation emitted from a black 

body, i.e., an idealised body which absorbs all incident radiant energy, in 

thermodynamic equilibrium can be stated as in Eq. [1]. 

 4

BW T=    [1] 

Real materials do not absorb all incident radiant energy and are thus not perfect 

emitters. The ratio of the emitted power to the emitted power of the theoretical 

black body is called the emissivity. Most real materials have wavelength-

dependent emissivity. The emissivity can also be highly influenced by surface 

properties, such as surface roughness. 

These relations underline the importance of knowing the emissivity when the 

infrared radiation is used for temperature measurements. For paper, the 

emissivity varies with wavelength, and material properties, such as moisture ratio, 

pulp type and coating. It typically ranges from 0.7 to 0.9, with all the previously 

mentioned properties adding to the variation15.  
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These properties are also of interest when infrared radiation is used for drying. 

Just as the emissivity of paper is important for correct temperature 

measurements, so is the radiative output from the infrared lamp used for drying. 

Two fundamental aspects of the output from an infrared lamp are the Wien 

displacement law and the absorptance of quartz glass (a common material for 

halogen lamps). The displacement refers to the shift in wavelength for the energy 

peak of the spectrum of a black body when temperature is changed. As seen in 

Figure 2, higher temperatures move the peak of the radiation towards a shorter 

wavelength. The absorptance of quartz glass is such that most, if not all, radiation 

with wavelengths above 4000 nm is absorbed in the glass16.  

It is also important to understand the absorption of radiation in paper and water 

when considering the energy transfer by radiation. The absorption of radiation 

of wavelengths in the infrared region is generally due to vibrations in molecules. 

The absorption spectrum of water is seen in Figure 217-20.  

 

Figure 2. Absorption spectra of water (blue lines), and black body emission spectra of four 

temperatures (red lines). Wavelengths for the peak emissive power are indicated with black 

lines. 

The absorption of radiation in a wet web is not necessarily a combination of the 

absorption of water and fibres by themselves. The porous structure and the 

bound nature of some of the water are factors that influence how the radiation 

is absorbed, and thus change the shape of the spectrum.  
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In essence, all surfaces emit radiation. With the complex theoretical 

considerations above in mind, the driving force for energy transfer using infrared 

radiation is the temperature difference between the participating bodies, as 

specified in Eq. [2]. The transferred radiation W  is proportional to the difference 

in the fourth power of the radiator, radiatorT  and receiver temperature, receiverT . 

 4 4

radiator receiverW T T −   [2] 

All of these aspects must be considered when choosing what radiator should be 

used. There are two main radiator types used in the paper industry: gas fired and 

electrically powered. The gas fired radiators operate at temperatures of ~800-

1100°C. The black body radiation spectra at those temperatures have a peak fairly 

close to a major absorption peak for water. The electrically powered radiator has 

a much higher temperature, at up to ~2200°C. The wavelength of peak black 

body radiation is farther from the absorption peak of moist paper, but the power 

output is much higher, since the power is proportional to the fourth power of 

the temperature. In the present work, an electrically powered radiator has been 

used. 

1.7. Earlier work related to the thesis subject 

TAD is a rather uncommon drying technique for paper, and as such is not as well 

documented as conventional multi-cylinder drying. Much of the work previously 

done was either focused on determining drying rate curves and understanding 

the onset of the drying rate periods; exploring the empirical relation between air 

flow and pressure drop for the intricate structure of low grammage paper sheets; 

or investigating the applicability of TAD for paper grades other than tissue. 

Gummel and Schlünder21 developed a drying equipment where continuous 

measurements of the exhaust air humidity and temperature enabled the drying 

rate as a function of moisture content to be determined. This is an approach 

which has been utilised in many of the investigations of through air drying. From 

the collected data, mass transfer coefficients could be determined. 

Polat22 and Polat et al.23 presented an extensive study on through air drying which 

investigated the drying rate curves of large sets of samples with grammages 

ranging from 25 to 160 g/m², using a similar methodology to Gummel. They also 

varied air temperature and air flow rate. The objective was to find at what critical 

moisture contents the periods of drying occurred for various types of paper and 
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process conditions. Polat found that low grammage paper rarely has a constant 

drying rate. Even at very low air flow rates, the drying rate goes from increasing 

to decreasing and no period with a constant drying rate is observed. Polat also 

deducted that Darcy’s law, often used to describe the relationship between 

pressure drop and air flow rate in packed beds, is not recommended for paper, 

as the inertial losses have an impact even at low air flow rates. 

Recognising the importance of the drying rate curves from Polat’s work, several 

investigations were performed to further the understanding of them. Chen24 and 

Chen and Douglas25 studied the combination of impingement drying and 

through air drying on the drying rate curve. They related moisture content to the 

onset of the drying rate periods for various grammages, temperatures and air flow 

rates. Drying rates were not significantly affected by providing drying as 

impingement flow. 

Gomes et al.26 were among the first to study the influence of non-uniformity in 

through air drying. The investigation was based on drying data from Polat’s work 

and on simulated flocculated sheets. From the simulations, it was concluded that 

non-uniformity had a detrimental impact on drying. 

In several publications by Hashemi et al.27-32, the focus was on investigating 

machine formed paper and the possibility of using TAD in combination with, or 

replacing, cylinder drying for other grades with a considerably higher grammage 

than tissue. Hashemi also investigated the non-uniformity of drying both by 

interrupting drying and spot measuring the moisture content, and by using a grid 

of thermocouples mounted immediately under the sample. Hashemi et al. found 

that there was a peak in non-uniformity of drying at 40 g/m², with grammages 

below this acting more like a screen, and grammages above this being less 

influenced by variations due to bulk. They also found that non-uniform drying 

was influenced by several process parameters, where ingoing dryness was one of 

the few factors not influencing the drying. They also found that furnish and sheet 

structure affected the pressure drop over samples significantly, but not drying 

rate curves. 

Cui et al.33 presented a model aiming to find empirical relations for heat and mass 

transfer coefficients. The model was evaluated with data from Polat22 and 

showed good correlations. The drying of the fabric was added to the model, and 

evaluated for commercial conditions by Ramaswamy et al.34. They found that the 
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ingoing air temperature was an important parameter for drying rates, and that the 

fabric dried out significantly faster than the sheet. An experimental set-up was 

presented, with no measurements reported. 

Ryan et al.35,36 and Zuo et al.37 used the set-up. It included a similar approach as 

Hashemi, with thermocouples to measure the influence of non-uniformity on 

various process parameters. Zuo et al. also included hot wire anemometers to 

measure the non-uniformity of air flow simultaneously with the non-uniformity 

of drying. They found the variation in air flow to peak earlier than the variations 

in drying, and that it varied to a much lesser extent. Another important result was 

the confirmation of previous findings, that vacuum dewatered sheets have much 

higher drying rates than sheets couched to the same ingoing dryness. 

Weineisen et al.38,39-42 studied through air drying under conditions more similar 

to industrial conditions, and showed a significant influence of air temperature 

and pressure drop on drying rate curves. Weineisen also developed a model for 

through air drying. From the modelling work, he found that pore size distribution 

was of paramount importance for the onset of drying rate periods. The creation 

of bypass channels increased non-uniform drying and resulted in local areas 

which dried out first. 

Modak et al.43 used a modified version of the Forchheimer equation (Darcy’s law 

with a term added to account for inertial losses) to study the influence of process 

parameters such as refining, pressing and temperature on the viscous and inertial 

flow parameters. They found a significant effect of refining on the viscous and 

inertial drag coefficients which indicated the importance of web structure and 

morphology. The effect diminished as moisture was removed. They also showed 

the relative contribution of viscous resistance to flow as a function of superficial 

velocity. Going from a velocity of <1 m/s to 5 m/s changed the contribution of 

viscous resistance from ~90 % to somewhere between 30 and 60 %. In a 

subsequent study, Modak et al.44 also showed that the relation between non-

dimensional numbers is complex for tissue papers. A universal relation may be 

difficult to obtain. 

Modak et al.45 presented an investigation of non-uniformity with computational 

fluid dynamics. The effect of non-uniformity on fluid flow and heat and mass 

transfer could be simulated. Zuo et al.46 continued the work with comparisons to 

experimental results. Non-uniformity was induced by punching holes in 
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laboratory sheets. The results indicated that increasing non-uniformity decreases 

drying rates and leads to earlier onset of the period of falling drying rate. 

The web-fabric interaction has been considered in Weineisen and Stenström41 

and Ramaswamy et al.34 in terms of thermal properties and the removal of water 

from the fabric. The obstruction of pores in the web by the yarns of the fabric 

has however not been studied, for through air drying. Rezk et al.47 and Sjöstrand 

et al.48 have included the obstruction in models of vacuum dewatering, obtaining 

model data close to experimental data. 

The combination of through air drying and infrared radiators has not been 

studied previously, but the efficiency of infrared radiators and the absorption of 

radiation in paper has been considered. Ojala49 among other things presented 

transmissivity, reflectivity and absorptivity spectra for papers samples of varying 

grammage and moisture content. Pettersson16 established a multilayer model for 

the absorption of infrared radiation in paper and studied the efficiency of 

industrially used radiators. Seyed-Yagoobi and Wirtz50 provided experimental 

data from thermocouples embedded throughout the thickness direction of 

samples exposed to infrared drying. 

In regards to measurement technology, thermography and near infrared (NIR) 

imaging has been suggested by many researchers as a way of indirectly studying 

the water content in paper51-54. It is also used as a diagnostic tool in the industry55-

57. It has, however, not been used in any extensive investigation of through air 

drying. 

The possibilities with a thermographic method would fit several of the less 

explored aspects of through air drying. The high-resolution surface temperature 

measurements could offer new insight into drying non-uniformity, stemming 

both from formation and web-fabric interaction. With a carefully selected range 

of pulps and grammages, morphological and structural aspects would also be 

explored. Finally, combining through air drying with infrared drying is a 

promising idea, that has not been considered previously. 
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2. Objectives 

The objectives of this thesis were to characterise and quantify several aspects of 

through air drying: 

− The influence of formation on non-uniform drying and air flow through low 

grammage sheets. (Paper I-II) 

− The influence of grammage and pulp type on non-uniform drying and air 

flow through low grammage sheets. (Paper III) 

− The influence of web-fabric interaction on non-uniform drying of low 

grammage sheets. (Paper IV) 

− The addition of infrared drying to through air drying of low grammage sheets. 

(Paper V) 

To achieve these objectives, a method based on thermography was developed in 

order to study the dynamics of through air drying with a high spatial resolution, 

whilst at the same time measuring the important process related parameters.  
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3. Materials and methods 

3.1. Laboratory drying equipment 

A piece of laboratory drying equipment was developed which was capable of 

drawing air through a sample and forming wire, while continuously measuring 

the temperature changes of the sample surface during the drying process. The 

basic equipment was continuously modified to suit the requirements of the 

current study. A schematic representation of the equipment, in the set-up used 

in the study described in Paper V, is seen in Figure 3 and Figure 4 (depicting the 

sample placement). 

 

Figure 3. A sketch of the drying equipment and the measuring equipment (dimensions are 

not to scale). 
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Figure 4. Top view (A) and cross section side view (B) of the sample arrangement in the 

equipment. The side view illustrates in what order the components were stacked. In the top 

view, the analysed area (~40×40 mm²) is also drawn (dimensions are not to scale). 

There were slight variations to the experimental procedure which are explained 

in the papers. For the general case, the equipment was placed in a conditioned 

environment (23 °C, 50 % RH), and a wet sample (13) was placed on a plastic 

film (12) resting on a wire (11). The plastic film had a rectangular opening which 

defined the drying area. A frame (14) was closed to restrain the sample in one 

direction. The wire was connected to a fan (10), but a pneumatic valve (8) 

separated the sample from the fan. Between the fan and the pneumatic valve 

there was a Venturi pipe (9), with two pressure transmitters (6,7) connected to it: 

one upstream of the Venturi pipe and one in the constricted part. There was also 

a pressure transmitter (5) measuring the pressure drop over the sample and the 

wire. All three pressure transmitters were connected to a data acquisition system 

in order to convert the analogue signal to digital. An infrared camera (1) and a 

HumidiProbe (2, measuring relative humidity and air temperature) were mounted 

over the sample. All measuring equipment was connected to a computer (3) 

where all logging was done. After the frame was closed, the logging began and 

the pneumatic valve was opened which allowed air to flow through the sample 

and the wire. The air flow was maintained for much longer than the expected 

drying time, usually roughly 70 seconds, after which the valve was closed and all 

logging was stopped. Finally, a piece of the dried sample was cut out from the 

sample and weighed to determine the resulting dryness. 

For Paper IV and V there were some noteworthy modifications. The fan was 

substituted for an industrial vacuum cleaner to allow for a significantly higher 

pressure drop over the sheet and the wire. Thus, samples with lower ingoing 

dryness, which required a higher pressure drop, could be dried. 



 

16 

 

For Paper IV, two commercial TAD fabrics and a model surface with well-

defined openings were used instead of the forming wire. Both TAD fabrics had 

a 5 shed 1,4 pattern with different yarn diameters (300 and 350 µm). One is 

commercially used for bath tissues and one for both bath and towel tissues58,59. 

The fabric with wider yarns, used for bath and towel tissues is henceforth 

denoted TAD1 and the other is denoted TAD2. The model surface was a metal 

sheet (resting on TAD1) with a regular pattern of holes with a diameter of 2 mm. 

For Paper V an infrared radiator was added to the equipment. The radiator was 

a wolfram coil in a halogen filled quartz glass tube which was fitted with a 

reflector. The power was measured at the power plug in the wall. Four different 

power levels were repeatedly used. 

More details regarding the equipment can be found in the papers. 

3.2. Thermographic method 

The infrared camera captured the time dependent surface temperature of the 

sample. Drying is an endothermic process and the evaporation of water resulted 

in a drop in sample surface temperature. Since each pixel in the detector in the 

camera captures radiation from a local area, the spatial variations in temperature 

can be captured as a function of time. Figure 5 shows six frames of a drying 

sequence captured with the infrared camera.  

 

Figure 5. Example of the time-dependent spatial variation in surface temperature during the 

drying process (six frames from a captured drying sequence).  

The frames show how the surface temperature varies with time. Frame A is right 

before the pneumatic valve was opened, B is immediately following the opening 
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of the valve, C-E are during the drying and F is when the drying was considered 

finished. The spatial variation of the temperature is a result of the nonuniformity 

of the drying which can be a consequence of the formation of the sample and/or 

local variation in moisture distribution and air flow. 

In Frame F, where the drying is completed, there are very small variations in 

temperature as there is no ongoing evaporation lowering the temperature. When 

looking at the mean temperature of the sample, the drying sequence is easily 

distinguished, as seen in Figure 6. 

 

Figure 6. An example of the mean surface temperature of a sample as a function of time. 

When the drying is initiated, the mean temperature immediately drops to a 

minimum (in this case, close to the estimated wet bulb temperature) and then 

slowly rises as cooling from the evaporation progressively diminishes. When no 

more evaporation occurs, the temperature of all the pixels levels out at the 

temperature of the drying air. The temperature plateau and uniformity can thus 

be used to determine the drying time of the sample. The coefficient of variation 

(CoV) of the temperature, defined as the standard deviation of surface 

temperature divided by the mean surface temperature, was determined as a 

function of time. Finding when it reached a constant value was used as a criterion 

for the determination of the quantitative drying time and when the evaporation 

process was considered to be finished. 
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The local drying time of individual pixels could not be determined in the same 

way, as there naturally is no standard deviation when only one pixel is analysed. 

Instead, the temperature plateau was used for this. For the individual pixels, the 

drying criterion was defined as when the temperature had increased 95 % of the 

way from the minimum temperature 
minT  to the mean temperature of the 

temperature plateau 
plateauT  (taken as a mean from three seconds close to the end 

of the captured sequence), as seen in Eq. [3]. 

 
( )

( )
95

frame min

dry frame

plateau min

T T
t t   when   %

T T

−


−
=   [3] 

The drying time dryt  was set as the time stamp framet  of the first frame which 

satisfied the criterion (with frameT  as the temperature of this frame). The 95 % 

resulted in a slight underestimation of the drying time of pixels, but was chosen 

to avoid disturbance from high-frequency measurement noise. Since the relative 

difference in the drying time of individual pixels was of interest, the 

underestimation was deemed insignificant. To further improve the precision, the 

method was modified to include the smoothening of the temperature curve with 

a moving average from Paper III-V. A comparison of the criteria for the entire 

dried area and the individual pixels is seen in Figure 7 (from Paper I). 
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Figure 7. A comparison of the drying time criteria for individual pixels and the entire analysed 

area. For this comparison, the mean drying time of all the pixels was used. 

In this comparison, the underestimation of the drying time can be seen, but it 

should also be noted that the mean drying time of all the individual pixels should 

not be equal to the drying time of the entire analysed area, since the drying time 

of the entire surface should be close to the slowest drying pixels. However, if the 

drying time of the slowest pixel would be chosen as the drying time of the entire 

area, there would be a large impact from outliers, which could be a single pixel 

out of close to 100 000 pixels. The drying criterion was tested by stopping the 

drying at various times before and after the estimated drying time, and the dryness 

being measured. The criterion reliably indicated the time when the dryness was 

reached that was also obtained after very long (~70 seconds) exposures to air 

flow. 

For Paper V, where an infrared heater was added to the drying system, the 

temperature curves behaved differently, as the cooling of the evaporation was to 

some extent obfuscated by the increase in temperature from the infrared heating. 

For these samples, the CoV was not consistent between pulps, thus the criterion 

proved inadequate to reliably pin-point the deflection of the temperature curve 

for all the samples. Several numerical criteria were investigated with equally poor 

results. Instead, a manual method had to be opted for. The temperature curves 

of the samples were arbitrarily plotted (to avoid bias) and the drying time was 
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manually determined. The drying time was plotted on the curve and could then 

iteratively be moved until a satisfactory placement on the deflection point was 

found. An example of a comparison of the numerical criterion from earlier 

papers and the manually determined drying times is seen in Figure 8. 

 

Figure 8. Example of a comparison of drying times from a numerical criterion (circles) and 

manually determined drying times (crosses) for three arbitrary samples of three different 

grammages made from two different pulps. 

The poor precision of the numerical criterion is evident, as the drying times from 

the numerical criterion both over and underestimate the drying times. To ensure 

the consistency of the manually determined drying times, a comparison is also 

seen in Figure 9, where three samples of the same grammage and pulp are 

included. 
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Figure 9. Comparison of drying times from a numerical criterion (circles) and manually 

determined drying times (crosses) for three arbitrary samples of the same grammage and 

pulp. 

The manually determined drying times showed significantly less variations than 

the drying times from the numerical criterion. It was decided that the manual 

method was adequately reliable for the samples dried with added infrared heating. 

3.3. Flow measurements 

The air flow and pressure drop over the sample and the wire were obtained from 

the readings from the three pressure transmitters. The air flow was calculated 

from the pressure transmitters connected to the Venturi pipe in accordance with 

equations from Blevins60. 

The air flow and the pressure drop quickly reached a constant level, often even 

faster than the determined drying time. This constant level was used to evaluate 

the properties of the dry samples. Vomhoff et al.61 suggested a modified version 

of Darcy’s law with two fundamental differences. Firstly, they substituted the 

grammage for web thickness in order to account for the influence of variations 

in density and fibre material at a given thickness. Secondly, the viscosity  , 

grammage w , and permeability k  were considered together as a resistance to 

flow TotR  which could be separated into two parts: one from the web wR , and 

one from everything else in the system R  (in the present case, mainly the wire). 
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This modified version of Darcy’s law and the definition of the modified 

permeability is seen in Eq. [4] and Eq. [5]. 

 
1 Tot w

m

m P P P

A R (R R)
w R

k

  
= = =

 +  
 +  

 

  [4] 
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=  = 

−
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The mean mass flow of the air m  and the mean pressure drop P  over the 

sample and the wire were taken from the constant part of the measurements at 

which point the sample was dry. The density of the air at atmospheric pressure 

1  was taken from the literature and the area A  was defined by the plastic film 

between the sample and the wire. To obtain the modified permeability 
mk  the 

sample’s resistance to flow had to be separated from the flow resistance of the 

rest of the system. This was done by measuring the air flow and pressure drop 

while no sample was on the wire. This could be interpreted as grammage w 0= , 

resulting in TotR R=  . The flow resistance of the system was subtracted from 

the calculated total resistance of the sample and the system to leave only the 

sample’s resistance to flow from which the modified permeability could be 

determined. TotR  had a linear relationship with the grammage for all the pulps 

and wR  could thus be described as in the right-hand side of Eq. [5], where a  is 

the slope of the curve and 0w  the threshold grammage where wR 0= . 

3.4. Raw materials and samples 

A wide range of commercial unrefined bleached chemical pulps were used in 

Papers I-V. In Papers I and II, a hardwood pulp of mainly birch and aspen was 

used for all samples. In Paper III, a hardwood pulp of acacia from April, a 

hardwood pulp of eucalyptus from Fibria, a softwood pulp of spruce from Södra 

and a softwood pulp of spruce and pine from Stora Enso was used. In Papers IV 

and V, a softwood pulp of spruce and pine from UPM and a hardwood pulp of 

eucalyptus from UPM was used. 

The grammages ranged from 15 to 60 g/m², with more of an emphasis on the 

lower part of the range, where most tissue products would be placed. The 

samples with 60 g/m² were included, so that low grammage results could be 
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compared to a grammage where paper could be assumed to show more bulk 

properties. 

Samples were made on a Finnish standard laboratory sheet former, according to 

ISO 5269-1 up until the couching of the sheets. The couching was adapted to 

allow handling of the low grammage samples through achieving sufficiently high 

web dryness. Here, the number of blotting papers and the couching time was 

varied. For each pulp and grammage, a suitable combination was found to retain 

as much moisture as possible while still ensuring that the delicate sheets could be 

removed from the forming wire. The samples were taken from the sheet former 

to the experimental equipment, where all drying took place. 

In Paper III, samples with bad formation were intentionally formed. This was 

achieved by prolonging the delay time between the mixing of the furnish with 

the water in the sheet former and the initiation of the sheet dewatering. The delay 

time was increased from 10 seconds to 100 seconds, which allowed the fibres to 

flocculate. 

For every combination of pulp, grammage and other varied parameters in Paper 

I-V, at least five samples were dried on the experimental equipment. There were 

also reference samples arbitrarily chosen from the stack of samples. One to two 

of them were not dried on the experimental equipment, but instead immediately 

weighed, dried in an oven at 105°C for 24 hours, and then weighed again. From 

these weights of the reference samples, grammage and ingoing dryness could be 

calculated. The ingoing dryness, in combination with the outgoing dryness of 

each sample, was used to determine the mass of removed water. 

3.5. Drying rates 

The drying rate is a common way to quantify and compare drying. The drying 

rate is typically presented as the mass of water removed per hour and square 

metre (area specific drying rate). This is convenient for the industrial process 

where it is important to know how much water is removed per available drying 

area; however, when the efficiency of the drying process is of interest, it is more 

relevant to know how much water is removed per hour and mass of fibres (mass 

specific drying rate).  
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The area specific drying rate (ASDR) is defined as Eq. [6] and the mass specific 

drying rate (MSDR) is defined as Eq. [7]. 

 rm

2

dry

m kg water
ASDR 3600

A t m h

 
=     

  [6] 

 rm

dry

m 1 kg water
MSDR 1000 3600

A t w kg fibre h

 
=     

  
  [7] 

The removed water rwm  is calculated from the dryness measurements of the 

samples and the references. The dried area A  is defined by the plastic film 

between the samples and the wire. The drying time dryt  is obtained from the 

surface temperature recorded by the infrared camera. The grammage w  is 

determined from the references. 

Consider a case where the grammage is doubled and the speed of the machine is 

kept constant. The drying time will be approximately doubled if the energy 

transfer is kept constant, but that will still result in the same area specific drying 

rate, as both the mass of the water and the drying time is doubled. For the mass 

specific drying rate, the value is halved. The efficiency of the drying is thus better 

assessed by using the mass specific drying rate.  

3.6. Formation 

The formation was measured using a β-radiogram method. The sample is placed 

in a frame and then exposed to spatially uniform radiation. A radiation sensitive 

film on the backside of the sample is exposed to the transmitted radiation. For 

β-radiation, the transmittance is only mass-dependent. On the frame, there is a 

reference strip with several precisely known grammages. When the radiation 

exposure is finished, the film shows a grey-scale image which represents the local 

intensity variation of the received radiation. The film is scanned on a flatbed 

scanner and thus a digital image is obtained. Basically, the coefficient of variation 

for the grey-scale could be used as a measure of formation, but for paper it is of 

interest to know how much different length-scales of the variation contribute to 

the formation. A fast Fourier transform is performed to get the contribution 

from small-scale variations (0.3-3 mm), large-scale variations (3-30 mm) and over 

the total range (0.3-30 mm), as explained by Norman and Wahren62. 
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The formation numbers of samples of good formation and bad formation are 

shown in Figure 10 and Figure 11 respectively, with higher values indicating 

worse formation. 

 

Figure 10. The formation numbers of HW 

samples with good formation as a function of 

grammage (Paper II). 

 

Figure 11. The formation numbers of HW 

samples with bad formation as a function of 

grammage (Paper II). 

The formation of the samples which were allowed to flocculate was clearly worse 

than the regular samples. The total formation number was higher for all 

grammages and for both small-scale and large-scale variations. There were some 

differences for the different scales. The small-scale formation numbers increased 

for the samples with bad formation, but decreased with grammages in the 

samples of both good and bad formation. This was not the case for the total 

formation numbers and large-scale numbers where there was a significant 

increase from 25 g/m² upwards. The method to induce bad formation, while 

generally successful, seemed to worsen the large-scale formation to a much 

greater extent at higher grammages. 
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3.7. Estimation of added energy 

It was assumed that the recorded surface temperature of the sample was equal to 

the outgoing air temperature. Thus, there was a ΔT between the ingoing and 

outgoing air temperature. With this assumption, the energy supplied by the air 

could be calculated from the air flow rate G, the temperature difference between 

the air and the sample surface ΔT, the specific energy of the air cp and the 

differential time dt as specified in Eq.[8].  

 
dry

transferred,air p

0

t

E G(t) T(t ) c dt

t

=      [8] 

This energy estimation was assumed to be applicable for all the samples dried 

with no added infrared radiation. For the samples dried with additional infrared 

radiation, it was hypothesised that the total power transferred to the sample could 

be estimated from the geometrical assumptions of the infrared radiators specified 

in Paper V, in combination with the corresponding added energy from the air. 

This was an approximation of the complex energy transfer when through air 

drying is combined with infrared radiation. The power supplied per gram of 

removed water was calculated and is specified in Eq.[9]. 

 
( )transferred,air geometry

tot

dry rw

E E
P

t m

+
=


  [9] 

In the equation dryt  is the drying time and rwm  is the mass of the removed water 

per square meter. 
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4. Results and discussion 

Results regarding the air flow are presented first in order to establish the drying 

conditions and understand the capabilities and limits of the drying equipment. 

Findings on the drying non-uniformity are then presented and discussed. After 

that, the temperature data, air flow data and the addition of infrared radiation are 

combined in the evaluation which focuses on understanding the effect on the 

drying rates and how it is influenced by the sample structure and process 

conditions. Finally, the energy utilisation is evaluated in terms of how it relates to 

theoretical required energy and how it is affected by additionally supplied energy 

through infrared radiation. 

4.1. Air flow 

The behaviour during the drying varied between the different trials. Both the air 

flow and the pressure drop quickly reached a constant level in Papers I-II, often 

within a second or two, which was much faster than the drying time. An example 

from Paper I is shown in Figure 12. 

 

Figure 12. Example of the air flow rate as a function of time for a set of hardwood samples 

with different grammages. The maximum air flow rate (No sheet) and the drying time is also 

plotted (Paper I). 

These samples had the highest ingoing dryness of all the trials and the dryness 

was close to typical WRV values. It could be expected that very small or no 
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amounts of water were present in the inter-fibre pores. The drying was thus only 

a matter of drying out the fibre wall, which would not significantly change the 

restriction of air flow. When the ingoing dryness was lower, as in Papers III-V, 

the air flow and pressure drop took longer to reach a constant level, as seen in 

Figure 13 for two samples. In Figure 14, the mean pressure drop of the dry 

samples from Paper III is seen. 

 

Figure 13. Temperature and air flow rate as 

a function of time for two pulps, namely 

spruce and acacia, with a grammage of 35 

g/m² (Paper III). 

 

Figure 14. Pressure drop of dry samples 

from different pulps, as a function of 

grammage (Paper III). 

Hardwood samples at higher grammages especially deviated from the fast 

behaviour from Papers I-II and they also took a much longer time to dry. The 

two samples in Figure 13 have the same grammage but are made from different 

pulps. The mean surface temperature is also plotted to show how it relates to air 

flow in terms of time dependence. It is evident that the pulp type has a great 

impact on the air flow, which is expected due to the porosity differences. The 

short fibres in the hardwood pulps formed very dense samples with low porosity. 

The lower dryness resulted in a slower increase in air flow and the same was 

found for the pressure drop. Clearly, exceeding the moisture content that can be 

held in the fibre wall has an impact on the air flow. 

In Figure 14 the pressure drop over the wire and the dried samples from four 

different pulps and five grammages is shown. Also shown is the pressure drop 

with no sample on the wire and with the wire covered with an impermeable 

plastic film. For all grammages, the hardwood pulps showed the greatest pressure 

drop with the highest drop for an acacia pulp. With increasing grammage, the 
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hardwood pulps even came close to the maximum pressure drop possible from 

the fan. This indicated that the permeability was very low, since the samples 

behaved almost like the impermeable plastic film. It also resulted in very low air 

flow and a not TAD-like process. When the flow resistance was plotted against 

grammage, it was further emphasised that these samples deviated, as seen in 

Figure 15. 

 

Figure 15. Total flow resistance as a function of grammage for samples from a selection of 

pulps (Paper III). 

The total flow resistance increase was very close to linear with grammage. Here 

it was interesting to note that when the flow resistance from the measurements 

with only the wire were plotted as a line, there appeared to be a shared 

interception of the linear approximation of all the pulps. This threshold 

grammage was close to the fibre grammage of the pulps, i.e. the grammage of a 

single layer of fibres. It could be inferred that the fibres pose no real resistance 

to the flow until a sufficiently high grammage is reached which corresponds to 

when the sample would consist of on average at least one fibre in thickness 

direction. Below that, the obstruction of the air flow by the fibres is not enough 

to lower the air flow. The acacia samples with high grammage are greyed out, as 

their drying behaviour was not relevant for through air drying studies.  

As specified in Eq. [5], the modified permeability could be obtained from the 

flow resistance calculations. It could also be modelled from a simple linear 
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approximation of the total flow resistance. The modified permeability, as 

determined from the flow and pressure drop data and from the model is plotted 

in Figure 16. 

 

Figure 16. Modified permeability as a function of grammage for samples from Paper III. 

The samples from different pulps, as expected, had different modified 

permeability. Interestingly, the modified permeability was still a function of 

grammage, despite the fact that it had been normalised with the grammage. At 

the higher grammages, the modified permeability appears to be a bulk property, 

where grammage becomes irrelevant. At the lower grammages, however, the 

modified permeability becomes highly dependent on grammage. This is a clear 

indicator that the properties of low grammage sheets are fundamentally different 

from the bulk properties obtained at higher grammages. 

4.2. Non-uniformity in drying 

The possibility to characterise non-uniform drying was one of the advantages of 

using an infrared camera to study TAD. The non-uniformity could be caused by 

a number of factors, but here the influence of the formation and the interaction 

between the sheet and the wire were investigated. 
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To qualitatively visualise the non-uniformity, a contour plot of the locally 

determined drying times was generated. The pixel coordinates in the detector 

each represented a small share of the viewed area. A map of the analysed area 

was obtained and the colour represents the drying time. A representative example 

of a drying time map for a sample from Paper I is seen in Figure 17. 

 

Figure 17. Example of a drying time map of a HW sample with 45 g/m² grammage, from 

Paper I. 

The local drying times vary by several seconds over the analysed area. Since the 

entire paper must be dried in the industrial process it needs to be dimensioned 

to accommodate the drying of the slowest parts. A lot of energy will be spent 

overdrying areas already sufficiently dried. The spatial distribution of the varying 

drying times results in a pattern of some different length scales. There is a grainy 

part of the pattern with characteristic lengths of around 1-3 mm. This variation 

is attributed to small-scale formation. There is also a larger part of the pattern 

with variations over several cm. For instance, there is a cluster of longer drying 

times in the bottom right corner and an area of generally shorter drying times in 

the top right corner. These variations are likely due to other reasons than 

formation, as the large-scale formation of these samples were very good. Two 

plausible explanations for these kinds of variations are the uneven distribution of 

moisture or the uneven densification of the sample. Both are naturally occurring 

during handsheet making and handling.  
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While variations were clearly seen in the samples with good formation, it could 

be expected that bad formation would result in a changed pattern and possibly 

larger variations. A representative example of a drying time map for a sample 

with bad formation from Paper II is seen in Figure 18. 

 

Figure 18. Example of drying time map of a HW sample with 45 g/m² grammage and bad 

formation from Paper II. 

The patterns of the samples with bad formation were indeed somewhat different. 

The grainy part of the pattern had slightly longer characteristic lengths, which is 

analogous to the formation numbers, where the large-scale formation was much 

worse for the samples with bad formation, especially at higher grammages. The 

spatial distribution of the drying time variations clearly changed, but the drying 

time of the entire analysed area was not significantly changed. The samples in the 

investigation of the formation had a dryness close to 50 %, and thus it was 

inferred that the detrimental effect of drying non-uniformity on global drying 

time found in the literature was only a factor when water was present in inter-

fibre pores prior to drying. At dryness close to FSP, the formation had little or 

no impact on the drying time, regardless of the non-uniformity of the drying. 
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To quantitatively show the increased drying non-uniformity with bad formation, 

the CoV of the surface temperature during drying was determined. The CoV was 

higher for the samples with bad formation for all grammages, as seen in Figure 

19 and Figure 20. 

 

Figure 19. CoV of surface temperature as 

a function of time during drying for a 

selection of samples with good formation 

(Paper II). 

 

Figure 20. CoV of surface temperature as 

a function of time during drying for a 

selection of samples with bad formation 

(Paper II) 

The higher CoV implied that there was a higher variation in temperature during 

the drying of the samples with bad formation, but as mentioned, the drying time 

was generally not significantly affected. This quantitative observation thus 

seemed to confirm the qualitative observation of the drying time maps. 

When the interaction between the sample and the TAD fabric was investigated, 

one model surface and two TAD fabrics were used. The model surface, with its 

well-defined holes, enabled a visualisation of an extreme case, where large parts 

of the analysed area were completely blocked from direct air flow. Note that the 

analysed area was much smaller and the spatial pixel resolution much higher. In 

Figure 21, a drying time map of a HW sample with low grammage is seen. 
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Figure 21. Example of a drying time map of a HW sample with 15 g/m² grammage on the 

model surface from Paper IV. 

The samples dried on the model surface were made in a similar fashion to the 

samples in the formation trial, and thus would have the same non-uniformity in 

drying. This was however, as intended, completely obscured by the local variation 

in drying time as an effect of the design of the model surface. The difference in 

drying time between the open and blocked areas was substantial. From the centre 

of an opening to the middle of the blocked bridge between two openings, there 

was just over a mm in distance, but the drying time varied by ~4-5 seconds. Since 

there is very little lateral movement of moisture due to diffusion, the fact that the 

blocked areas still dry out implies that there is air entering the sample over the 

blocked area and flowing laterally to the opening, transporting moisture out of 

the blocked area. The drying time difference is larger for HW samples, indicating 

that the lateral permeability is important for the drying time of the blocked areas. 

The model surface shows this effect for the extreme case. When a TAD fabric 

was used, the drying time variation was present but much less emphasised, as 

seen in Figure 22. 
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Figure 22. Example of a drying time map of a HW sample with 22 g/m² grammage on TAD 

fabric 1 from Paper IV. 

The pattern was not at all as obvious as the one from the model surface. The 

TAD fabrics have much finer structures and were therefore not as easily 

discerned and were also more obfuscated by the large-scale variations in the 

sample (note the difference in the colour bar limits). There were possibly some 

traces of the TAD fabric in the pattern, but to properly see it a median filter was 

used to remove the large-scale variation. Those variations were of no interest for 

the influence of the fine TAD fabric structure on the drying time variation. With 

the filter applied and the median values subtracted from the corresponding local 

values, the map instead became a drying time deviation map, showing only small-

scale deviation from the median image, as seen in Figure 23. 
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Figure 23. Example of a drying time deviation map of a HW sample with 22 g/m² grammage 

on TAD fabric 1 from Paper IV. 

The emerging pattern showed spots of longer drying time in diagonal lines over 

the entire analysed area. These diagonal lines were very similar, both in angle and 

length, to the diagonal lines of knuckles in the fabric. The contact at the knuckles 

appeared to slow down the drying up to close to a second. The areas in between 

the knuckles showed a more even drying, even though some areas were 

completely open, and some had fabric yarns in the way (but not in contact). 

Since the model surface measurements had shown differences between the HW 

and SW pulps, the drying time maps from the two pulps on the TAD fabrics 

were compared. A drying time map of a SW sample of the same grammage and 

with the same underlying TAD fabric as the HW sample in Figure 22 is seen in 

Figure 24. 



 

37 

 

 

Figure 24. Example of a drying time map of a SW sample with 22 g/m² grammage on TAD 

fabric 1 from Paper IV. 

The large-scale variations obfuscating the influence of the fabric structure were 

even more pronounced for the SW sample. There was no easily discerned pattern 

from fabric. Just as with the HW samples, a median filter was applied, resulting 

in the drying time deviation map depicted in Figure 25. 

 

Figure 25. Example of a drying time deviation map of a SW sample with 22 g/m² grammage 

on TAD fabric 1 from Paper IV. 

Here, it was much more difficult to see any pattern related to the fabric. The 

comparison showed similar results as for the model surface, where it appeared 

that the SW samples were much less sensitive to non-uniform drying caused by 
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the fabric. The more open structure of the SW samples, largely an effect of the 

coarser fibres, is believed to be of great importance here, since it both gives 

higher lateral permeability and results in much fewer contact points between the 

web and the fabric knuckles.  

The analysis of the web-fabric interaction showed that quite large differences in 

local drying time occurred when parts of the dried area were blocked. 

Quantitatively the drying times varied by up to a second over short distances, 

which represented a more than 10 % longer drying time for parts of the sample. 

The standard deviation of local drying time was used as a way to compare the 

samples of different pulps and possibly the different TAD fabrics. A mean 

standard deviation was calculated from all samples of a certain pulp, grammage 

and fabric combination. The mean standard deviation as a function of grammage 

is seen in Figure 26. 

 

Figure 26. Mean standard deviation of local drying times as a function of grammage (Paper 

IV). 

For both fabrics and the model surface, the difference in standard deviation for 

the two pulps was consistent. The HW samples always had a higher standard 

deviation, which was expected from the results of the qualitative analysis. When 

the two fabrics were compared, the results indicated that samples dried on TAD1 

(with coarser yarns) had lower standard deviation than the TAD2 samples. 

However, the difference was very close to the resolution in drying time, and its 
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accuracy must therefore be considered uncertain. Considering the similarities 

between the two fabrics, with the same weave pattern and only small differences 

in yarn thickness, it was not surprising that the standard deviation differences 

were small. 

4.3. Drying times and rates 

The spatial distribution of drying times was a great benefit of using the infrared 

camera, but it was also interesting to look at the drying of the entire analysed area 

as such. Since the drying time will be heavily linked to the ingoing dryness, which 

varied between samples of different grammages, pulps and between trials, the 

area specific and mass specific drying rates (ASDR and MSDR) were used when 

comparing the drying of the analysed area. For samples of all grammages of both 

good and bad formation from Paper II, the ASDR as a function of formation 

number is seen in Figure 27. 

 

Figure 27. Mean area specific drying rate as a function of formation number of all samples 

with good and bad formation (four different grammages from Paper II). 

The ASDR illustrated that the bad formation did not have a significant effect on 

the drying of the samples in Paper II. There was no trend to be found between 

the ASDR and the formation number. As discussed previously, this is believed 

to be a consequence of the relatively high ingoing dryness. With little or no water 

in the inter-fibre pores, the formation did not significantly affect the drying rate, 

even though the non-uniformity increased as discussed in the previous chapter. 
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When the influence of grammage was considered, it was more relevant to use the 

MSDR, i.e. how much water was removed per hour and kg of fibre. In Figure 28, 

the MSDR as a function of modified permeability is seen for all grammages and 

pulps from Paper III (excluding acacia samples with a grammage of 60 g/m², due 

to previously mentioned limitations of the drying equipment). 

 

Figure 28. Mass specific drying rate as a function of modified permeability for all pulps and 

grammages from Paper III. 

For the higher grammages, there was a significant impact of the modified 

permeability on the MSDR. Interestingly, this dependence decreased with 

decreasing grammage and for the lowest grammage it had completely 

disappeared. This means that at the lowest grammage, the drying rate was not 

affected by the air flow rate. Increasing air flow would thus not increase the 

drying rate. This independency of grammage observed in the grammage range is 

very relevant for tissue products and for a large variety of pulp fibres, all of which 

are also commonly used in the tissue production.  

The MSDR results in Paper IV, where a HW and SW pulp was compared, 

replicated this behaviour with similar rates for low grammage samples with 

significantly varied morphology. The bottleneck for the drying rate was not an 

insufficient supply of air. Instead, it is suggested that the energy transfer from the 

air to the fibre wall and then through the fibre wall to the water was the limiting 

factor. 
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To get around the proposed bottleneck of energy transfer, an infrared radiator 

was added to the experimental equipment. The hypothesis was that energy 

transfer from the radiation would remove the bottleneck as the radiation could 

more readily reach the moisture in the fibre wall. In Figure 29 and Figure 30, the 

mass specific drying rates as a function of radiator power can be seen for the two 

pulps and four grammages from Paper V. 

 

Figure 29. Mass specific drying rates as a function of power level for the HW samples of all 

grammages from Paper V. 
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Figure 30. Mass specific drying rates as a function of power level for the SW samples of all 

grammages from Paper V. 

For the low grammages, which are relevant for tissue making, the MSDR 

increased with the addition of infrared radiation. The improvement rate of 

MSDR seemed to diminish as the radiation power was increased. Doubling the 

radiator power did not double the improvement. An optimal power level 

appeared to exist where the improvement was maximised in relation to the power 

consumed by the radiator. This indicated another bottleneck, where adding more 

power did not evaporate the moisture faster. At higher grammages, the 

improvement was not as pronounced. The highest grammage samples, especially 

the SW samples, had unintended high variations in the achieved grammage and 

ingoing dryness which explains why those samples behaved inconsistently. The 

results were generally very similar for both pulps. 

There is an interesting possibility for a more energy-efficient process layout when 

using infrared radiators. This is also mentioned by Pettersson16. Industrial 

electrical radiators need cooling air for the radiator (lamps) and as much as 35 % 

of the supplied power is lost in the form of heated cooling air. If the outgoing 

heated cooling air could be utilised in the through air drying process, the 

efficiency of the entire drying process could be substantially improved. 
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4.4. Energy utilisation 

Since a lot of temperature data was collected from the infrared camera, it was 

investigated to establish if this data could be used to determine how much energy 

had been utilised for the drying. By integrating the specific energy of the air 

multiplied by the air flow and the temperature difference between the drying air 

and the surface of the sample over time, the total energy transferred from the air 

was estimated. This was compared to the calculated energy needed to evaporate 

the total mass of removed water, as seen in Figure 31. 

 

Figure 31. Calculated energy added from the air as a function of energy required to 

evaporate all the removed water (Paper III). 

From the fairly simple estimation, it was shown that the energy values 

corresponded quite well, but the required energy was consistently slightly higher. 

It was speculated that some of the water was not evaporated but rather displaced 

by the momentum of the air flow. It was deemed a reasonable assumption that 

the displaced water could be the water outside of the fibre walls. Measured WRV 

was used to estimate the water in the fibre wall and the energy required to 

evaporate this water was plotted, as seen in Figure 32. 
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Figure 32. Calculated energy added from the air as a function of energy required to 

evaporate fibre wall water, according to WRV measurements (Paper III). 

The estimated energy from the air flow and the temperature data correlated even 

better with the energy required to evaporate the mass of water present in the fibre 

wall, as estimated from the WRV measurements. This corroborates the 

assumption that the free water in the inter-fibre pores was displaced by the 

momentum of the air flow. It implies that the very high drying rates generally 

obtained in TAD are partly achieved by physically displacing large parts of the 

water present in the web when it enters the drying section. The temperature data 

could thus be used to estimate drying rate curves for the drying of the fibre wall. 

The addition of an infrared radiator enabled more energy per second to be 

transferred to the sample. To compare the efficiency of the additional energy 

transfer, the estimated energy supplied from the drying air was calculated for 

samples with no additional infrared radiation. The estimated energy supplied by 

the radiator was then compared by plotting the energy per second and the grams 

of removed water (kW/g) as a function of the drying time, as seen in Figure 33. 
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Figure 33. Estimated power divided by the removed water, reaching HW and SW samples 

as a function of drying time. The theoretical required power and an example of industrial 

TAD values are included for comparison. Note the logarithmic scale. 

The supplied power per gram of removed water was low for samples with long 

drying times, but increased quickly as the lower drying times were approached. 

Interestingly, the two pulps, although different in regards to the mass of removed 

water, the air flow and the drying time, lined up very well when the estimated 

supplied power per gram of removed water was considered. 

Decreasing the drying time required increasingly higher power and did not 

discriminate between the different pulp types, grammages or ingoing dryness. 

The samples with no infrared radiation were generally close to the theoretical 

power required which was calculated from the latent heat of vaporisation. With 

added infrared radiation, the power increasingly deviated from the theoretical 

power required, indicating lower efficiency of the supplied power. The deviation 

appeared to extrapolate towards a similar efficiency as the industrial process. The 

samples underneath the theoretical curve were believed to be explained by the 

non-evaporative dewatering mentioned in the initial energy utilisation estimation.  
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5. Conclusions 

The influence of grammage, pulp type, formation, web-fabric interaction, and 

infrared radiation on the non-uniformity and the drying rates of through air 

drying was investigated. A thermographic method to study through air drying 

was developed. The method allowed for high spatial resolution which enabled 

local drying times to be determined on length-scales as small as 0.079 mm. The 

method also included air flow and total drying time measurements which allowed 

for the determination of drying rates and sample permeabilities. 

Sheet structure properties and grammages had a large influence on the 

measurement results. The modified air permeability at lower grammages was a 

function of grammage in contrast to the constant permeability obtained at higher 

grammages. At very low grammages, there also appeared to exist a threshold 

grammage which was close to the fibre grammage, below which no resistance to 

flow could be expected. 

Web formation and web-fabric interaction influenced the non-uniformity of 

drying. Samples with bad formation showed higher non-uniformity during the 

drying, but this did not have an impact on the total drying time, in contradiction 

to some findings in the literature. For hardwood samples, the web-fabric 

interaction resulted in longer local drying times in the areas in contact with the 

knuckles of the fabric weave. In contrast to that, the softwood samples did not 

clearly show discernible drying time patterns that could be associated with the 

weave pattern. 

Average drying rates were not influenced by the formation in these experiments, 

presumably because of the relatively high ingoing dryness. Surprisingly, mass 

specific drying rates were a function of permeability, i.e. the air flow through the 

sample, only at higher grammages, but not at lower grammages. Here, drying 

rates could thus not be increased by increasing air flow, for example, by having a 

different fibre type. This was consistently found throughout the papers where 

the mass specific drying rate was considered. 

The addition of infrared radiation increased the drying rates. When the power 

was further increased, the corresponding increase in the drying rate was less than 

proportional. For the samples with no added radiation, the estimated energy 

supplied by the air correlated well with the theoretical energy required to 
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evaporate the mass of water located inside the fibre wall. With the addition of 

infrared radiation, the estimated power supplied per gram of removed water 

showed an indiscriminate relationship with the drying time, with both pulps and 

all grammages behaving similarly. With increasing infrared radiation, the efficacy 

of the supplied energy appeared to diminish, as it increasingly deviated from the 

theoretical required specific power to evaporate the mass of water.  

The obtained differences in measurement results for lower and higher 

grammages illustrate the special situation when drying sheets with lower 

grammages. The resistance to air flow starts to increase only above a certain 

grammage. Modified permeability, a material parameter that should be 

grammage-independent, increased as lower grammages were approached. Drying 

rates, which generally should be functions of permeability, i.e. the air flow 

through the sheet, were nearly constant for the low grammage samples. As these 

effects occurred in the grammage range where most commercial tissue products 

are made, they have to be taken into account when analysing and optimising the 

commercial tissue making process. 
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6. Recommendations for future work 

This work resulted in interesting insight into the influence of the parameters 

related to grammage, pulp morphology, and process conditions on through air 

drying. Based on these results, some new ideas evolved and additional research 

work would be of great interest. Below, some ideas for future studies are 

summarised. 

The developed method proved valuable for determining differences in web-

fabric interaction, but the influence of the fabric design should be studied more 

in detail. A first step could be to investigate the drying process on fabrics with 

significantly differing structures, or 3-D printed model structures with patterns 

replicating commercial fabrics, to validate if differences could be seen. It would 

also be interesting to study the air flow on this length-scale using advanced flow 

visualisation methods to show the local variation in air flow, for example, by 

using model experiments with model fibres and structures. This type of work 

could be combined with flow modelling using computational fluid dynamics. 

In future laboratory studies, the conditions should be closer to those of the 

industrial process, in particular regarding air temperature and ingoing dryness. As 

this is difficult to investigate on a stationary web, it would be interesting to study 

this on a continuous web, for example, in a pilot paper machine where the highly 

transient conditions during the process can be reproduced much more 

realistically.  

It would also be beneficial to test and evaluate the concept of infrared-assisted 

drying in pilot or machine trials. Here, practical aspects of this new concept could 

also be investigated, for example, edge effects where the wire is exposed to the 

infrared radiation without being shielded by the wet web, or transient conditions 

during start-up and web breaks. The best way to combine through air drying with 

infrared drying may not be on a cylinder. Thus, it could also be worth considering 

other process configurations, in order to maximise the contribution from both 

means of drying. The transition from burning fossil natural gas to using electrical 

power could also enable an increase in use of renewable resources, such as solar, 

wind and water power for drying. This should also be considered when the 

sustainability of the drying process is assessed. 
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While the results from this work were promising, confirming the viability on an 

industrial scale could really show the potential environmental benefits and allow 

further implementation of through air drying around the world. 
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9. Appendix A 

 

Table 1. Sample properties from Papers I and II, good formation. 

Grammage [g/m²] Initial dryness [%] Final dryness [%] 

14.0±0.7% 53.6±0.6 92.4±0.4 

25.1±1.0% 50.1±0.2 92.7±0.8 

35.9±2.7% 52.2±0.1 92.4±0.3 

42.8±1.0% 49.2±0.6 92.5±0.1 

 

Table 2. Sample properties from Paper II, bad formation. 

Grammage [g/m²] Mean initial dryness [%] Mean final dryness [%] 

14.0±0.9% 50.3±1.8 93.1±0.3 

23.6±5.9% 51.9±0.1 92.4±0.3 

34.9±0.6% 49.1±0.3 93.3±0.1 

42.2±0.5% 47.3±0.3 92.0±0.4 
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Table 3. Sample properties from Paper III. 

Pulp AC EU SB SE 

Mean fibre length, length 

weighted [mm] 
0.603 0.651 1.799 1.843 

Mean fibre width, width weighted 

[µm] 
16.7 18.3 27.2 29.3 

Coarseness [µg/m] 79.4 95.4 214.0 194.0 

WRV [g/g] 0.802 0.975 0.876 0.925 

Dryness corresponding to WRV 

[%] 
55.5 50.6 53.3 52.0 

Initial dryness [%] 
31.8-

42.4 

31.5-

42.5 

40.7-

48.6 

41.1-

44.8 

Calculated FWT [µm] 1.08 1.18 1.79 1.48 
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Table 4. Sample properties from Paper IV. 

Targeted grammage [g/m²] 15 22 60 

SW Grammage [g/m²] 13.8±1.6 20.8±0.2 58.6±0.7 

HW Grammage [g/m²] 14.7±0.1 22.0±0.3 60.0±0.7 

SW Initial dryness [%] 35.5±1.6 36.0±0.9 32.2±1.1 

HW Initial dryness [%] 34.5±0.7 32.6±0.1 32.2±0.1 

SW Final dryness [%] 94.7±1.3 93.9±0.4 92.8±0.8 

HW Final dryness [%] 93.9±0.7 93.7±0.6 92.2±0.4 

SW Removed water [g/m²] 24.4±0.2 35.7±0.1 118.7±0.6 

HW Removed water [g/m²] 26.9±0.1 44.1±0.1 121.4±0.3 
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Table 5. Sample properties from Paper V. 

Targeted grammage 

[g/m²] 
15 22 30 60 

SW Grammage [g/m²] 14.4±0.8 20.9±0.5 29.7±0.2 59.0±9.6 

HW Grammage [g/m²] 14.5±0.1 22.0±0.3 30.5±0.3 62.3±3.4 

SW Initial dryness [%] 33.4±1.4 35.6±1.0 38.0±1.0 32.8±1.1 

HW Initial dryness [%] 33.3±0.2 31.9±0.4 31.3±0.2 32.0±0.4 

SW Final dryness [%] 95.7±0.4 94.7±1.4 94.3±0.7 93.6±0.2 

HW Final dryness [%] 94.7±0.4 94.5±0.2 94.5±0.2 93.4±0.3 

SW Removed water 

[g/m²] 
28.1±0.1 36.7±0.3 46.6±0.2 116.8±0.1 

HW Removed water 

[g/m²] 
28.3±0.1 45.8±0.1 65.2±0.1 128.1±0.2 
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