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Abstract 
 

Through air drying (TAD) enables production of premium tissue products with increased 

softness, absorbency and bulk. On the other hand, the energy consumption of the TAD process is 

considerably higher than for conventional tissue drying alternatives. Previous studies on the TAD 

process have indicated that the drying rate for low grammage sheets is independent of the flow of 

air through the sheets.  

 

The objective of this work has been to investigate and quantify how drying times and drying rates 

for low grammage sheets are affected by the addition of external web heating in a TAD process. 

Moist Eucalyptus and softwood sheets with grammages ranging from 15 to 60 g/m
2
 were dried in 

a laboratory process by an air flow through them and an IR-dryer with a variable power output. 

During drying, pressure drop and air flow were measured and an IR-camera recorded surface 

temperatures which enabled calculation of drying times and drying rates. 

 

Using the IR-dryer to dry sheets shortened the drying time with at least 20 % and up to 60 % 

compared to sheets dried without IR-heating. Both pulp types and all grammages showed a linear 

relationship between drying times and the amount of evaporated water. Mass specific drying rates 

however, were very high for low grammage sheets and decreased rapidly with increasing 

grammage. Especially for low grammage sheets the drying rate had a very strong dependency on 

the IR-power and increased significantly with every increasing IR-power level. This finding 

implies that heat transfer could be a limiting factor when drying low grammage sheets in the 

TAD process. Another interesting phenomenon was observed for all grammages of the 

Eucalyptus sheets. Through these sheets the air flow rate increased with increasing IR-power, 

something that was not seen at all for the softwood sheets. 

 

To summarize, adding external web heating to a TAD process resulted in a positive effect on 

drying times and drying rates, especially for low grammage sheets typical for the TAD process.  
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Sammanfattning 
 

Genomblåsningstorkning (TAD) möjliggör produktion av högkvalitativt mjukpapper med 

förbättrad mjukhet, absorptionsförmåga och bulk som dess främsta attribut. Samtidigt är också 

energiåtgången för TAD-processen avsevärt högre än för konventionella torkalternativ för 

mjukpapper. Tidigare studier har påvisat att torkhastigheten för ark med ytvikter typiska för 

TAD-processen är oberoende av luftflödet genom arken.  

 

Målet med detta arbete har varit att undersöka och kvantifiera hur torktider och torkhastigheter 

för ark med låga ytvikter i en TAD-process påverkas av en yttre värmekälla, såsom en IR-

värmare. Fuktiga laboratorieark av Eukalyptus och en barrträdsmix med ytvikter från 15 till 60 

g/m
2
 torkades med hjälp av en luftström genom dem samt en IR-värmare med variabel uteffekt. 

Under torkprocessen mättes tryckfallet och luftflödet genom arken och en IR-kamera loggade 

yttemperaturer på arken, vilket möjliggjorde beräkning av torktider och torkhastigheter. 

 

Torktiderna förkortades med minst 20 % och upp till 60 % jämfört med ark som torkats utan IR-

värmaren. Alla ytvikter och båda massatyperna uppvisade ett linjärt förhållande mellan torktider 

och mängden förångat vatten. Torkhastigheterna var mycket höga för ark med låga ytvikter men 

minskade snabbt med ökande ytvikt. Särskilt för ark med låga ytvikter hade IR-effekten en stor 

inverkan på torkhastigheten då denna kraftigt ökade för varje pålagd IR-effekt under torkning. 

Denna observation antyder att värmeöverföring kan vara en begränsande faktor vid torkning av 

ark med låga ytvikter i TAD-processen. Vidare upptäcktes ett intressant fenomen gemensamt för 

alla Eukalyptusark; luftflödet för dessa ökade med ökande IR-effekt, något som inte alls var fallet 

för barrträdsarken. 

 

Det visade sig, sammanfattningsvis, att en TAD-process utrustad med ytvärmning av arken 

resulterade i förkortade torktider för alla provark samt högre torkhastigheter, i synnerhet för ark 

med ytvikter typiska för dem i en industriell TAD-process.  
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1 Background 

1.1 General Paper Production 
 

Overlooking papyrus, the first human initiatives of real papermaking can be traced back to China 

in the 1
st
 century of the Common Era. Back then, hemp and rags were common raw materials 

(Bristow, et al., 1991). Papermaking based on the same raw material later spread west to the 

Islamic world during the 8
th

 century where the process became more sophisticated. During the 

19
th

 century the Fourdrinier machine was invented in Europe allowing for industrial production 

of paper made from wood pulp. Today almost all paper products are produced from wood fibers. 

The modern papermaking process in short involves liberation of the wood fibers in a pulp 

suspension, even distribution of the fibers on a wire and removal of water.  The end product may 

additionally contain different additives to achieve or enhance a certain product property and to 

reduce raw material costs. 

 

Generally, paper machines, in which the pulp is being transformed to paper, are huge, complex 

installations that typically have a width of ten meters, a length of hundreds of meters and a 

production speed of 1 km/min or more (Gavelin, 1999). There are two fundamental processes 

being carried out in a paper machine; the achievement of a web with a good formation (even 

distribution of fibers) and the removal of water from it. The stock (i.e. the treated pulp 

suspension) enters the paper machine at typically 0.1-1.0 % dry content (Bristow, et al., 1991). A 

headbox evenly sprays out the stock on a moving wire and the dewatering takes place 

gravimetrically and with underside pulses and suction boxes. The web then enters a press section 

at a concentration of roughly 20 % and leaves it at a concentration of 50-55 % (Gavelin, 1999). 

The next section is a drying section where thermal energy is added to remove water to a 

concentration of roughly 90-95 % (Gavelin, 1999). In common for all drying sections is the 

extensive use of energy and the aim is always to remove as much water as possible before drying.  

 

Paper products are, unlike plastics or metal, a heterogeneous material. The fibers, which typically 

range from 1-3 mm (depending on wood type) in length, form a random, air-filled porous 

network with very strong bonds at crossing areas of fibers (Gavelin, 1999). There are many 

different product quality parameters, like opacity, brightness, bulk, tensile strength and tearing 

resistance to name a few. Depending on the end application of the product some parameters are 

more relevant than others; bulk and printability is important for packaging boards whereas 

softness and absorption capacity may be more important for a tissue product. 

1.2 Tissue Production 
 

Towels, napkins and toilet papers all fall into the product category of tissue paper. Tissue paper is 

low grammage paper that is manufactured both as uni- or multi-ply and from different raw 

materials. Generally, the desired attributes of tissue paper are softness and high bulk. Parameters 

such as different process conditions (e.g. different drying techniques), different pulps (chemical 

or mechanical) and different wood types give rise to different tissue properties. For toilet paper it 

is important that the paper is soft, bulky and has a low wet strength so it is easily dissolved and 

does not cause blockage of the sewage. On the contrary, a towel must have high water 

absorbency and wet strength.  
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1.3 Drying of Tissue 
 

A tissue machine starts with a forming section after the headbox. The pulp suspension, generally 

at concentrations as low as 0.10 to 0.25 %, is distributed by the headbox onto a forming wire 

where forming and dewatering take place (Gavelin, 1999). After the forming section the tissue 

machine, depending on what drying technique it accommodates, may have many different 

configurations.   

 

The DCT machine (Figure 1), typically with a crescent former, globally outnumbers other tissue 

paper machines. In the DCT machine, 40 % of the drying is done by a large, single, steam-filled 

cylinder, called a Yankee cylinder.  The remaining 60 % comes from a large hood enclosing the 

Yankee cylinder. The Yankee hood impinges the web with hot air temperatures of 500-550°C 

and speeds of 100-160 m/s (Karlsson, 2010). The Yankee cylinder, in addition to drying the web 

also has the function of acting as a roll in the pressing and to be the base upon which creping is 

performed.  

 

The web that exits the press nip of the Yankee cylinder typically has a dryness of about 40 % 

(Tysén, 2014). Web adhesion to the Yankee cylinder is enhanced by chemicals that are sprayed 

on the surface of the cylinder; likewise, the same surface coating acts to facilitate sheet release in 

the creping section. When the dried web has reached the doctor blade (the blade scraping the 

sheet off the cylinder) it has a dryness of 93-98 % (Karlsson, 2010). The creping introduces 

microscopic folds in the sheet that gives the tissue paper its characteristic qualities; bulk, 

softness, absorbency and stretch.  

 
Figure 1. A typical configuration of a dry creped tissue machine (Tysén, 2014). 

The energy source for heating of the impinging air in today’s conventional DCT machines is oil 

or predominantly, gas. With the current speed of today’s tissue machines, the mill’s internal 

steam does not have a pressure high enough to be able to heat the air (in steam coils) to the 

required temperature range in the Yankee hood (Karlsson, 2010).  
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The through air drying (TAD) machine is and has not been deployed to the same extent as the 

DCT machine in the past. However, TAD machines have experienced more attention lately. In 

North America, many improvement projects or new investments incorporate a TAD machine 

nowadays (Uutela, 2014). The value proposition for this technique is the highly improved product 

qualities it enables: enhanced softness, bulk and water absorbency (Weineisen, 2007). TAD 

produced tissue paper is therefore recognized as a high quality premium product. Furthermore, as 

a result of increased bulkiness (with up to 75% compared to DCT), a lower basis weight may be 

used. This can help cut down on raw material costs (Karlsson, 2010).  

 

There are many different machine configurations but a general setup of a TAD machine is 

displayed in Figure 2. It first has a forming section (using vacuum dewatering molding boxes) 

after which the web at 20-28 % dryness is transferred to a fabric with a three dimensional 

structure (Valmet, 2014). The structured web then enters the Through Air dryer and leaves it at   

~ 70 % dryness. Hot air at 150 – 250°C is being sucked through the web and fabric into the 

cylinder (Stenström, 2000). After the TAD section there can be a Yankee cylinder that crepes the 

paper and evaporates the remaining water. Alternatively there can be series of TAD cylinders. 

The reason for the superior properties of TAD tissue paper lies in the buildup of a structured web 

(enabled by the molding fabric) and the maintenance of it throughout the drying process. Unlike 

the DCT method, wet pressing does not occur in the TAD process as it would destroy the 

structures that make TAD tissue products unique. 

 
Figure 2. A typical configuration of a TAD machine (Tysén, 2014). 

The TAD cylinder is more or less in the same size and shape as a Yankee cylinder but its surface 

area is open to 85 – 95 % (Karlsson, 2010). This is to ensure that the hot air can effectively 

penetrate the web without experiencing too large pressure drops. There are also different flow 

configurations: in some cylinders the hot air flow is outward; in other it is inward. The TAD 

cylinder is, just like a Yankee cylinder, encapsulated by a drying hood.  

 

A comparison between a conventional DCT machine and a TAD machine reveals the magnitude 

of the TAD machine’s extensive energy consumption. In Table 1 the energy consumption 

constituted of electricity and natural gas is compared between the two drying techniques. Please 

note that the Yankee cylinder do not use natural gas but the corresponding energy content of the 

steam it uses has been converted into the corresponding heating value for natural gas. 
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Table 1. A comparison of the energy consumption between a DCT and a TAD process (Weineisen, 2007). 

 Natural gas 

[MJ/kg 

D.S.] 

Electricity 

[MJ/kg 

D.S.] 

Total 

[MJ/kg 

D.S.] 

Removed 

water [kg 

H2O/kg D.S.] 

Spec. total 

energy [MJ/kg 

H2O] 

Typical DCT 7.50 3.50 11.00 1.45 7.58 

Typical TAD 20.00 8.00 28.00 2.82 9.93 

As can be seen in Table 1, the specific energy required for removal of 1 kg water is about 31 % 

greater in the TAD process. Specifically, this is already a pretty big difference in energy demand 

but increasingly so when taking into account that double the amount of water has to be removed 

in a TAD section. Nevertheless, because of the great product properties and the raw material 

savings, the TAD process is still by many tissue makers regarded as competitive. An 

improvement of the process that can achieve a tangible energy reduction or increased drying rate 

will increase the probability of producing premium quality tissue at a lower cost.  

 

The drying rates of the TAD machine clearly outperform those of DCT machines. A TAD 

cylinder has a drying rate range of 170 – 500 kg/hm
2
 whereas a Yankee cylinder with 

impingement hood has a drying rate of 98 – 170 kg/hm
2
 (Karlsson, 2010). The high drying rate in 

the TAD machine is due to the more effective heat and mass transport mechanisms. As seen in 

Figure 3 the drying medium is in direct contact with the whole web (not only the surface) and the 

evaporated moisture do not have to diffuse upwards through the web to reach the transporting 

medium (as is in the DCT machine). Instead all evaporated water is forced through the web due 

to a vacuum. Additionally, free water is easier to remove in a drying process. The web entering 

the through air dryer has a lower dry content, i.e. more free water, and will therefore initially 

achieve very high drying speeds.   

 

 
Figure 3. Comparison of the transport mechanisms in a DCT and TAD system.  

The high energy consumption of the TAD machine is however the drawback of this technology. 

Only heated air and no steam is used to dry the tissue and since the TAD machine has no wet 

pressing section there is even more water to be removed. In a conventional DCT machine the web 

that reaches the Yankee dryer has a dryness of typically 40 % (1.5 kg water/kg fiber). In the TAD 

machine the web that enters the dryer has a dryness of around 25 % (3.0 kg water/kg fiber) which 

consequently is double the amount of water to be removed (Jewitt, 1999).  
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1.4 Related Studies on the Field of Through Air Drying 
 

In 1977, Gummel and Schlünder established an experimental methodology for measuring the 

drying rate of through drying of permeable products like paper and textiles. Their aim was to 

create a standardized laboratory setup that experimentally would determine drying rates. They 

saw the need for this as previous attempts to determine drying rates had been approached through 

determination of physical material properties and from these in turn a theoretical modelling of the 

drying rates; something that was not very easily done.  

Gummel and Schlünder’s setup continuously measured exhaust air temperature and humidity 

which allowed for the determination of the drying rate as a function of the moisture content. 

Many following studies on the field use Gummel and Schlünder’s approach for determination and 

measuring of the drying rate. 

 

Polat utilized Gummel and Schlünder’s experimental methodology of measuring drying rates. 

Polat, during the drying process, investigated how specific moisture contents of the material 

impacted different drying rate periods. He varied grammages, air flow rates and air temperatures 

and screened a large number of samples. One important finding is that low grammage sheets (like 

tissue) typically do not have a period of constant drying rate (Polat, Crotogino, & Douglas, 1991). 

Likewise he found that in industrial TAD applications there is never a period of a constant drying 

rate as the drying intensities are much higher. Polat also ruled out Darcy’s law (that links air flow 

rates to pressure drops in packed beds) at the flow speeds relevant in through drying processes 

(Polat O. , 1989). Other researchers in the aftermath of Polat’s work investigated the effect of a 

combination of impingement drying and through air drying on the drying rate curves. Chen and 

Douglas (1997) found that the add-on of impingement drying did not significantly affect the 

drying rate curves.  

 

Tysén (2014) presented two aspects of through air drying: the influence of (1) formation and (2) 

pulp type on non-uniform drying and air flow through low grammage sheets. In line with 

suggestions from Rosén and Vomhoff (2010) (and several other independent researchers) Tysén 

applied infrared thermography to study mean and local drying times of laboratory sheets. For 

sheets with an initial dryness around 40 % Tysén found that differences in sheet formation did 

not have a significant impact on mean drying times, local drying times and the air flow through 

the sheet. The influence of different pulp types was expressed through a decreasing air flow 

through the sample with increasing sheet density and fiber wall thickness. Another important 

finding in his work was that for low grammage sheets, in the range for tissue products, the drying 

rates were independent of the flow of air through the sheet (i.e. the permeability, a material 

property that describes the material’s ability to transmit fluids). This is seen in Figure 4 where 

mean drying rates for different pulp sheets at different grammages are plotted as a function of the 

permeability.  

 

As seen in Figure 4 at higher grammages the drying rates are highly dependent on the 

permeability of the samples but as the grammage decrease the dependency diminishes. At 15 

g/m
2 

there is basically no difference in drying rates between all four different pulp sheets despite 

the fact that the permeability of the sheets are highly different.  
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Figure 4. Mass Specific Drying Rates (MSDR) of sheets made from different pulps and with different grammages as a 

function of permeability (Tysén, 2014).  

1.5 Project Scope and Objective 
 

Looking back on Figure 4 it is seen that for low grammage sheets the permeability has no further 

influence on the drying rate of the sheets. The air in the TAD machine has two functions: to 

provide the heat necessary to evaporate the moisture in the web and to transport the evaporated 

moisture away from the web. In Figure 4, for 15 g/m
2 

sheets, it appears that mass transfer is not a 

limitation as, regardless of the permeability, roughly the same drying rate is achieved. Therefore 

it can be assumed that the heat transfer process does not occur fast enough.  

 

Tysén (2014) suggested future studies on a TAD process with the addition of some kind of 

external web heating, possibly in the form of infrared heating. The basic idea was that this could 

somewhat separate the two transport mechanisms of through air drying. The air flow would be 

highly responsible for the mass transfer and the infrared heating would play a more important 

role for heat transfer. Adding external heat would make up for the low specific heating capacity 

of air. At the same time, the air flow through the sheet at lower grammages does not seem to have 

a huge influence on the drying rates, and it could perhaps be reduced. Alternatively less natural 

gas for heating of the air might be required. A sketch of what the suggested improvement would 

mean for the transport processes is displayed in Figure 5.  
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Figure 5. A basic sketch of the improvement idea for the TAD process. 

The objective of this thesis was to investigate and quantify the influence of external web heating 

on the dewatering process for low grammage sheets in a TAD process.   

 

This objective was experimentally achieved through modification of an existing laboratory TAD 

equipment. The major modification was the addition of an IR-dryer to the equipment that already 

measured sheet surface temperatures (with an IR-camera), air flow rates, pressure drop, ambient 

temperature, humidity and exhaust air temperatures.  
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2 Materials and Methodology 

2.1 Experimental Setup 
 

For the evaluation and quantification of the IR-assisted through air drying, a laboratory drying 

equipment, that allowed data acquisition of surface temperatures and air flow through a wet sheet 

sample, was used. An air flow and an IR-dryer were used to dry the wet sample sheets.                

A schematic drawing of the laboratory equipment setup is seen in Figure 6.  

 

 
Figure 6. A schematic drawing of the laboratory equipment setup. 

An IR-dryer (2) with an approximate angle of 45° to the sheet was mounted on an arm that made 

it possible to quickly slide the dryer in over the sheet horizontally. The dryer was connected to a 

rectifier that allowed control of the DC voltage into the IR-dryer. The power corresponding to the 

AC voltage entering the rectifier for AC/DC conversion was measured with a power meter. A 

pipe connected a wet sample sheet (14) on a wire (12) to a centrifugal fan (11) that sucked air 

through the sample. A pneumatic valve (9) made it possible to quickly turn the air flow on and 

off. One segment in the pipe was a Venturi pipe (10) that allowed for measurement of air flow. 

The first differential pressure transmitter (6) on the Venturi pipe measured the relative pressure to 

atmosphere at the broader part of the Venturi pipe and the second (7) measured the relative 

pressure between the broader and narrower part of the Venturi pipe. The third differential 

pressure transmitter (8) was located right under the wire to measure the pressure drop over the 

sheet and wire at drying.  

As seen in Figure 7, the sheet was placed on a plastic film (13) that blocked all flow except for a 

5×5 cm hole through which the air was sucked. A metal frame (15) restrained the samples and 

prevented the layers below from moving during the drying process. An IR-camera (1) positioned 

perpendicularly above the sheet recorded the sheet’s surface temperature during the entire drying 

process.   
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Figure 7. The arrangement and placement of the sheet sample in the drying equipment. 

The standard procedure for a drying experiment was carried out in the following manner: 

 

I. A wet sheet (14) was placed on the plastic film (13) which in turn was placed at a 

predetermined location on the wire (12). 

II. Differential pressure transmitters (6, 7, 8), the IR-camera (1) and the thermocouple (16) 

were turned on for logging. 

III. The pneumatic valve (9) was opened to start the air flow and the IR-dryer (2) was quickly 

inserted over the sheet. 

IV. Drying and data logging were conducted 60 seconds for each sample and after that the 

sheet was considered well dried and the test was over. 

 

The experiments were carried out for two different pulps (Eucalyptus and softwood), four 

different grammages (15, 22, 30 and 60 g/m
2
) and 5 different IR-powers (0, 500, 750, 1000 and 

1250 W).   

2.2 The IR-camera 
 

The IR-camera, a FLIR SC6000 MWIR, had a resolution of 640×512 and a spectral range of 3.0-

5.0 µm. With a distance of 30 cm from camera lens to the sheet sample the pixel resolution was 

found to be 0.31×0.31 mm
2
/pixel. Every test was recorded with a frame rate of 10 Hz which was 

concluded sufficiently when studying the surface temperatures. The camera by default filmed 

with one integration time which defined the sensibility for a temperature range of only 60°C. For 

sheets dried with the IR-dryer four different camera integration times were used in combination 

to make the camera sensible for a temperature range of -10 – 160°C. In the FLIR software 

(ResearchIR Max 4.3) ambient conditions and material property parameters were set in order to 

obtain correctly calculated surface temperatures. These parameters are found in Table 2. 
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Table 2. Lists the parameters typed in to the IR-camera's software program in order to obtain correctly calculated 

sheet surface temperatures. 

Parameter Value 

Camera Distance from sheet 30 [cm] 

Reflected Temperature  23.7-24.7 [°C] (varied from test to test) 

Ambient Temperature 22.5-24.0 [°C] (varied from test to test) 

Relative Humidity  43 [%] 

Emissivity 0.8 

 

In Table 2 relative humidity and the ambient temperature entries were obtained from the 

Humidiprobe (seen as (3) in Figure 6). The reflected temperature was measured by filming a 

surface with Lambertian reflectance (i.e. diffusive reflectance) with the IR camera. The reflected 

temperature is an important parameter that is input to compensate for temperatures from 

surrounding objects that reflect heat on the filmed object in question. The emissivity, briefly 

speaking, is a material property that describes a material’s capacity in emitting thermal radiation 

from its surface. Mathematically emissivity represents the ratio of the thermal radiation from an 

arbitrary body’s surface to the thermal radiation from a perfect black body’s surface of the same 

temperature. The emittance of paper is a function of the moisture content of the paper (Hyll, 

Vomhoff, & Mattson, 2014). Consequently, during drying the emissivity of paper will change. 

An emissivity of 0.8 has been evaluated by Tysén et al. in previous works to give the smallest 

deviations in measured surface temperatures during drying of sheet samples. As the samples 

tested in this work had a dryness content similar to those in Tysén’s studies it was deemed 

appropriate to use the same emissivity in this work.  

2.3 The Airflow and Measurement System  
 

The laboratory setup was equipped with three pressure sensors; one under the wire and two at the 

Venturi pipe. The pressure sensors at the Venturi pipe enabled calculation of the air flow rate 

through the sheet. Three Kimo CP102-AO differential pressure transmitters were used for all 

measurements. Pressure transmitter specifications are found in Table 3 below. 

 
Table 3. Displays differential pressure transmitter specifications. Locations of differential pressure transmitters 6,7 and 

8 are found in Figure 6. 

Pressure Sensor Model Kimo CP102-AO 

Response Time [s] 0.3 

Accuracy [%] ±1.5 

Measuring Range [Pa] 0/+2500 (6 & 8) 

-500/500 (7) 

 

The sensors received a 24 V DC power supply from a converter of the brand Mascot and model 

6823. The analogue output signals from the pressure sensors were fed to a LabJack U12 DAQ 

board converting them to a digital signal transferred to a PC directly with a USB cable.  
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2.4 Samples 
 

Two sets of unrefined pulps were used for creating sheet samples; a hardwood pulp and a 

softwood pulp mix. The first was a Eucalyptus pulp and the second a spruce and pine mix, both 

from UPM. Material characteristics for the pulps are found in Table 4. 

 
Table 4. Fiber properties of the pulps used for making sheet samples in this work. 

Pulp type 
Coarseness 

[µg/m] 

Mean 

Length 

[mm] 

Mean 

width 

[µm] 

Fiber 

grammage 

[g/m
2
] 

Cell wall 

thickness 

[µm] 

BDDJ 

Fines 
SR 

Eucalyptus 

(UPM) 

84.3 0.6 18.2 4.6 1.0 9.1 15.8 

SW (UPM) 249.3 1.9 29.7 8.4 1.9 3.2 12.8 

 

Samples of four different grammages (15, 22, 30 and 60 g/m
2
) were made in a Finnish standard 

sheet former according to standard ISO-5269-1. Since the purpose of this work was to examine 

drying speed, the samples needed to be wet. Therefore no pressing and drying of the samples 

were carried out.  

 

In order to be able to calculate a drying rate, the initial and final dryness of the samples were 

examined. It was found that low variations in dryness existed between sheets that had been dried 

but the initial dryness differed somewhat, especially between the two pulps. In Table 5, mean 

grammages, mean initial dryness and mean dryness after drying from 2-3 samples for each pulp 

type and grammage are displayed. Mean grammage and mean initial dryness was determined 

gravimetrically i.e. by first weighing a wet sample, completely drying it in an oven and then 

weighing it again. The mean dryness of the analyzed 5×5 cm area that had been dried was also 

determined gravimetrically. The 5×5 cm area was quickly cut out from the sample with a scissor, 

then weighed, heated in an oven and weighed again. 

 
Table 5. Mean dryness before and after drying as well as the mean grammages. 

Pulp type Grammage 

[g/m
2
] 

Initial Dryness 

[%] 

Final Dryness 

[%] 

SW 16.3 51.4 92.7 

SW 18.1 50.2 92.8 

SW 29.5 51.2 92.0 

SW 59.0 47.9 92.6 

Eucalyptus 14.6 41.2 92.5 

Eucalyptus 21.8 42.7 92.5 

Eucalyptus 30.1 42.4 92.7 

Eucalyptus 59.8 36.6 (42.1) 92.6 

 

For the SW samples that should have had a grammage of 22 g/m
2
 it was found that the grammage 

had been made too small. This is something that should be kept in mind when interpreting the 

drying times etc. It should be pointed out that the initial dryness of the samples was greater than 

the initial dryness of the web in a real TAD machine.  
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When making the sheets there was a tradeoff between whether it was preferable to have sheets 

with dryness close to TAD applications or sheets that were easy to handle without breaking or 

tearing them apart. The latter was chosen after first making a batch of samples with a dryness of 

20 % that were impossible to handle at lower grammages without tearing them apart.  

 

2.5 Evaluation of Air Flow Rate and Pressure Drop 
 

During the drying process one transmitter measured the relative pressure drop to atmosphere over 

the wire, Δ𝑝𝑤. The relative pressure drop to atmosphere at the broader part of the Venturi pipe, 

Δ𝑝1, and the relative pressure difference between the two measuring points of the Venturi pipe, 

p1 − p2 were also measured. This allowed the absolute pressure drop at the narrow part of the 

Venturi pipe, 𝑝2 , to be calculated. The reason for measuring the relative pressure difference 

between 𝑝1 and 𝑝2 was that it gave more stable values, especially at lower flows. The air flow 

rate, 𝐺, through the sheet could be calculated from 𝑝1 and 𝑝2 using equations [1], [2] and [3] 

(Blevins, 1984). In equation [1], 𝑘 represents the heat capacity of air at 25°C, 𝑑 represents the 

diameter of the narrow part of the Venturi pipe and 𝐷 the broader part of the Venturi pipe. 
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1
2

  [−] [1] 

 

𝑌 represents the expansion factor that is used to calculate the mass flow rate,   �̇�,  in equation [2]. 

In equation [2], 𝐶 is the discharge coefficient and 𝜌 the density of air at 25°C. 

 

�̇� =
𝑌𝐶𝜋𝑑2

4 √
2𝜌(𝑝1 − 𝑝2)

1 − (
𝑑
𝐷)

4    [𝑘𝑔 ∙ 𝑠−1] [2] 

 

By taking into account the drying area, 𝐴, studied by the IR-camera the air flow rate, 𝐺, could be 

determined: 

𝐺 =
𝑚

𝐴

̇
  [𝑘𝑔 ∙ 𝑚−2 ∙ 𝑠−1] [3] 

  

The maximum flow through the 5×5cm opening of the wire was calculated and found to be 15.2 

kg/m
2
s.  Likewise the maximum capacity of the fan was tested by totally blocking the air flow 

through the wire. This test revealed that the equipment did not have a leakage flow which meant 

that the real tests did not need to be offset.  

 

The values of the constants used in equations [1] - [3] are found in Table 6. 
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Table 6. Values of constants used for calculation of the air flow rate (Blevins, 1984). All values are valid at an ambient 

air temperature of 25°C and at atmospheric pressure. 

Constants Value 

𝑪 [−] 0.958±1.5% 

𝒅 [𝒎] 0.04 

𝑫 [𝒎] 0.08 

𝝆 [𝒌𝒈 ∙ 𝒎−𝟑] 1.184 

𝜿 [−] 1.401 

𝑨 [𝒎𝟐] 0.0025 

 

All pressure data, recorded before the pneumatic valve was opened, was sorted out by putting a 

condition on the derivative of the pressure drop across the wire. An example of this is seen in 

Figure 8. 

 
Figure 8. From the raw data (red curve) all data before drying was initiated was removed in a Matlab routine to obtain 

the analyzed data (blue curve).  In this case a softwood sheet of 30 g/m
2
 was dried at a power of 750 W. 

2.6 Evaluation of IR Camera Temperatures and Drying Times 
 

When recording a drying sequence with the IR camera, 640×512 pixels were captured in each 

frame. Each pixel in each frame represented a temperature value. Not all pixels were relevant to 

study as the camera image contained many pixels outside the dried area. In order to avoid edge 

effects the chosen area to be analyzed by the IR-camera was a 4×4 cm
2 

area within the 5×5 cm
2
 

hole in the plastic film. Given the pixel resolution of the camera of 0.31×0.31 mm
2
/pixel the 

analyzed area contained 129×129 pixels.  

 

Figure 9 displays six camera frames from the 4×4 cm
2
 area during the course of an arbitrary 

drying sequence. 
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19.5°C, 0.0 s 

     (Before drying) 
83.4°C, 1.0 s 

(IR-dryer in place) 
115.0°C, 8.9 s 

(Dry sheet) 

   
15.2°C, 0.4 s 

(Air flow on) 
(1-2) 100.0°C, 3.0 s 

(During drying) 
115.5°C, 60 s 

(Dry sheet) 
(3-6) 

Figure 9. Screenshots of frames during a typical drying process of a 30 g/m
2
 Eucalyptus sheet dried with 750 W. 

Elapsed time and mean sheet temperatures are indicated for each frame. The left temperature scale belongs to 
screenshots 1 & 2 and the right to the remaining screenshots. 

All frames of a drying sequence were exported as separate Matlab files that could later be 

analyzed. The general appearance of a mean surface temperature curve is seen in Figure 10. For 

each sample, when the pneumatic valve was opened the temperature always dropped a few 

degrees due to the increased cooling from the increased evaporation rate. Just like for the 

pressure data, this rapid decrease was used as a criterion for the start of the drying process, 𝑡𝑠𝑡𝑎𝑟𝑡.  

 
Figure 10. The typical appearance of a mean surface temperature curve during drying of a 30 g/m

2
 Eucalyptus sheet 

dried with 1250 W. The red curve represents the raw data and the blue curve represents the data that was used and 
analyzed. 

For the evaluation of the drying time of the whole sheet, Tysén et al. (2014a) found that during 

drying, the pixels’ temperatures were non-uniform and that at completion of drying there were 

very small variations in temperature. In that study, the Coefficient of Variation (CoV) was used 

in a drying criterion for the whole sheet.  
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The same methodology was used when evaluating sheets’ drying times in this work. In equation 

[8], 𝜎𝑖 and 𝜇𝑖 represent the standard deviation and the mean temperature of all pixels in frame 𝑖 
respectively. 

𝐶𝑜𝑉𝑖 =
σi

μi
 

[8] 

 

The CoV curve would typically first decrease quickly, then increase until reaching a peak and 

then decrease and level out at a low constant value where the sheet was considered dry. The CoV 

peak represented the point during drying where the temperature variations within the studied area 

were greatest. In order to capture the correct drying time, 𝑡𝑑𝑟𝑦, automatically, a condition was set 

on the derivative of the CoV stating that when it had reached zero or stabilized around zero 

(depending on the inherent level of temperature variation at completion of drying) the sheet was 

considered dry. Because of the high-frequency measurement noise a moving average with an 

extent of -5/+5 frames was applied on the CoV curve in order to get smoother lines, suitable to 

put conditions upon. The moving average did not risk the validity of the determined drying time 

as each sample was cross-checked for this purpose. A picture of the mean temperature curve, the 

CoV and its derivative of a 30 g/m
2
 Eucalyptus sheet dried with 0 and 1250 W respectively is 

seen in Figure 11. 

 

  

  
Figure 11. A visual display of how the criterion for drying times worked for sheets dried with and without the IR-dryer. 

In this case a Eucalyptus sheet with 30 g/m
2
 was dried with a power of 0 (top plots) and 1250 W (bottom plots).  
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Throughout all the experiments in which samples were dried with the IR-dryer there was a delay 

between the opening of the pneumatic valve and the insertion of the IR-dryer over the sheet. This 

time difference could not be exactly reproduced every time which introduced small errors in the 

drying time measurements. For samples with lower grammages (i.e. short drying times) this error 

had a greater relative impact. 

 

By looking at the left side plots in Figure 11 it is seen that the drying time determined by the 

drying criterion approximately corresponded to the time it took for the temperature curve to 

become constant (i.e. reach a plateau). To be certain that sheets could be regarded dry according 

to the drying time criterion, a few control tests of dryness at different locations on the drying 

curve were made. In these tests, half of the samples were dried the full test length and the other 

half were just dried the time it took for them to reach the temperature plateau. A visualization of 

where in the drying curve the samples were withdrawn is provided in Figure 12 below. 

 

 
Figure 12. The figure indicates at what times the samples were withdrawn for measurement of dryness. 

Furthermore, it was necessary to find out if the final dryness of the sheets was largely dependent 

on the power output from the IR-dryer. Therefore an unrefined softwood sheet with a grammage 

of 30 g/m
2 

was dried at two different IR-dryer powers (500 and 1250 W) and during two different 

periods of time; 60 seconds and ~ 3 - 4 seconds. The results of these drying tests are displayed in 

Table 7. 

 
Table 7. The table features the final dryness of sheets as a function of different drying time and IR-dryer effects. 

Pulp/Grammage  

[g/m
2
] 

IR-dryer effect  

[W] 

Drying Time  

[s] 

Final Dryness 

[%] 

SW/30 500 3-4 91.7 

SW/30 500 60 91.9 

SW/30 1250 3-4 91.6 

SW/30 1250 60 92.9 
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In Table 7, it is seen that there was a very small difference in dryness between a sheet that had 

been dried for 60 seconds and a sheet that had been dried the minimum time required for the 

camera to indicate that the sheet was dry. This final dryness difference increased somewhat with 

increasing IR-dryer effect, nevertheless a sheet with a dryness of ~ 91.50 % is still industrially 

considered a dry sheet. Therefore, for all drying tests made in this work, it was assumed that all 

sheets were considered dried around the onset of the temperature plateau. Consequently and most 

importantly, this strengthened the certainty of the CoV-method for evaluation of drying times.  

 

It was also interesting to evaluate if the IR-dryer or any edge effects gave rise to temperature 

gradients across the sheet during drying. With the CoV-method applied, any temperature gradient 

across the sheet would have an impact on the drying time of the sheet. To understand and 

visualize non-uniformity during drying, individual pixels’ temperature variations were also 

studied during this work. Since the CoV method could not be used for individual pixels another 

methodology was used. Drying times were calculated for every individual pixel within the 

analyzed area and defined as the time it took for its temperature to reach 98 % of its maximum 

temperature. That percentage was used to avoid erroneous values from high-frequency 

measurement noise. The drying times of all individual pixels were used to plot a colormap for 

each test. In Figure 13, a typical colormap of drying times is shown.  

 

 
Figure 13: A colormap of drying times for all pixels within the analyzed area for a 22 g/m

2
 Eucalyptus sheet dried with 

750 W. The mean drying time for this sample was 4.0 seconds. 

In Figure 13 the red dots represent areas of the sample that took longer time to dry and the dark 

blue areas are areas that dried fastest. No large spatial gradients in drying times were observed for 

the tests performed in this work. Therefore it was concluded that neither the IR-dryer nor the 

edges of the samples gave rise to variations in drying of the sheets.  
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3 Results and Discussions 

3.1 Mean Temperature plots 
 

A representative set of mean temperature curves dried without and with the IR-dryer is displayed 

in Figure 14. Depending on sample grammage, the minimum temperature was different, with the 

lowest temperatures recorded for samples with the highest grammage. As the amount of moisture 

in the sample decreased the temperature of the sheet started to increase until a temperature 

plateau was reached. For sheets dried with the IR-dryer the temperature rapidly increased as soon 

as the dryer was inserted above the sample. For IR-dried samples the mean temperature plateau 

was clearly elevated and would typically level out at temperatures above 100°C depending on the 

IR-power applied. Furthermore, the height of the temperature plateaus was different depending 

on the grammage of the sheet, with the highest plateaus for the highest grammages. The reason 

for the higher plateaus for higher grammages is probably due to that the air flow through is lower. 

Consequently, less air would cool the sheet resulting in more absorbed heat in the sample.  

 

  
Figure 14. Mean temperature curves and drying times for SW sheets at different grammages dried without and with 

the IR-dryer. The left plot is softwood samples dried at 0 W and the right are softwood samples dried at 1000 W.  

The temperature curves’ behavior at different IR-power from the dryer is displayed in Figure 15. 

For IR-dried samples and low grammages it was seen that the mean temperature curve almost 

instantly reached the temperature plateau, preceded by a small bend. This indicated that the 

samples dried almost as soon as the IR-dryer had been inserted. In contrast, for IR-dried samples 

at higher grammages the temperature first rose steeply but then reached a knee where it was clear 

that the evaporation process within the sheet held back the temperature increase.  

  



19 

 

  
Figure 15. Mean temperature curves of Eucalyptus samples of 15 (left) and 30 g/m

2
 (right) recorded at different IR-

dryer powers. 

In Figure 15 it is also notable that for both grammages the temperature plateau was shifted 

upwards for each increase in IR-dryer power. When the IR-power was increased this clearly 

shifted the equilibrium between the cooling effect of the supplied air and the supplied heat from 

the IR-dryer. 

 

As mentioned in the methodology section, each test started with the opening of the air handle and 

the insertion of the IR-dryer above the sample. For low grammage sheets with short drying times 

(especially for softwood sheets) this delay had an impact on the calculated drying time. By 

comparing the green curve (1250 W) and the purple curve (1000 W) in Figure 16 it is evident that 

the IR-dryer was inserted slightly slower for the green curve resulting in longer drying time. 

Intuitively this is erroneous as a higer IR-dryer power would result in a shorter drying time.  

 

 
Figure 16. Temperature curves for 15 g/m

2
 softwood samples dried at different IR power levels. 
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3.2 Drying Times and Drying Rates 
 

Drying times were shortened substantially for all samples when the IR-dryer was used during 

drying. Figure 17 shows drying times for all samples tested during this work. It is clear for all 

samples that the biggest improvement in drying time occurs from 0 – 500 W. From 500 – 1250 W 

drying times keep getting shorter but with smaller and smaller improvements for each IR-step. 

For the lower grammages with short drying times the impact of the practical maneuvering is once 

again seen as some samples have longer drying times than other samples of equal grammage but 

lower IR-power. The intensity of the radiation from the IR-dryer received on the surface of the 

sheet was not determined in this work but it is reasonable to assume that it was proportional to 

the input of power to the IR-dryer.  

 

  
Figure 17. Drying times for Eucalyptus (left) and softwood (right) samples as a function of applied IR-power. The red-

circled sample in the graph to the left represents a sample that had lower dryness than the rest of the samples. 

A quantification of the drying time improvements is displayed for a representative set of samples 

in Figure 18. The bars represent the percent of improvement in drying time compared with sheets 

dried without an IR-dryer. For all samples it is seen that it is possible to reduce drying times 

substantially with the addition of an IR-dryer during drying.  
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Figure 18. Relative drying time improvements for a few samples. 

The Eucalyptus samples with 15 g/m
2
 show a great reduction in drying times for the three first 

IR-power steps. For the 60 g/m
2
 Eucalyptus samples there is hardly a difference in drying time 

reduction between the different IR-power steps. The higher grammage could mean that the mass 

transfer process becomes the limitation as the air flow through is lower and therefore an increase 

in IR-power becomes less important for the drying time. When looking at the softwood samples 

of 15 g/m
2
, the earlier mentioned experimental artefact for short drying times is once again 

present. The smallest reduction in drying time for these samples is seen for the highest IR-power 

step. The drying time reductions for 60 g/m
2
 softwood samples however exhibit a similar pattern 

as the 15 g/m
2
 Eucalyptus samples and not the same as the 60 g/m

2
 Eucalyptus samples. The 

reason for not showing the same pattern as the 60 g/m
2
 Eucalyptus samples could perhaps be due 

to the higher permeability of the softwood sheets which never made mass transfer the limiting 

factor.  

 

As grammage does not give information about the initial water content of a sample, another 

interesting perspective of the drying times was to examine them as a function of the amount of 

removed water for each sample. In Figure 19, the drying time for every sample in this work is 

plotted against the amount of removed water during drying. Sheets of the same grammage had 

approximately the same water content and therefore became vertically grouped. This means that 

the vertical dots in each plot to the far left represent 15 g/m
2
 sheets and the vertical dots to the far 

right represent 60 g/m
2
 sheets etc.  
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Figure 19. The figure shows drying times as a function of the amount of removed water for each sample. 

From Figure 19, a few things can be said. First of all, as noted already, drying times decreased 

when the IR-dryer power increased. The relationship between drying times and the amount of 

removed water seemed to be somewhat linear all the way from the lowest to the highest 

grammages. It is not otherwise too far-fetched to believe that the denser fiber network of the high 

grammage sheets would allow a smaller surface area accessible for evaporation and hence a non-

linear relationship. However, for Eucalyptus, the 60 g/m
2
 sample dried without the IR-dryer 

somewhat deviated from the otherwise linear pattern.  

 

The drying rates for each sample as a function of the amount of removed water could be 

calculated from the information provided by Figure 19. Figure 20 shows the drying rates for the 

different tests made in this work. The drying rates, as indicated by the figure below, were very 

much dependent on the amount of removed water and the relationship between drying rates and 

amount of removed water did not seem to be linear. It was evident that the drying rates at first 

decreased rapidly with an increasing amount of removed water. 

 

  
Figure 20. The mean drying rates (expressed as kg removed water per kg fibers and hour) for all samples in this work 

are displayed by the two graphs in this figure. The left graph represents Eucalyptus samples and the right softwood 
samples.  



23 

 

Another very important finding was the confirmation of the assumption that drying rates for 

samples with the same grammages increased as a function of increasing IR-dryer power. 

Specifically, it was noted that the drying rates for the lowest grammages of Eucalyptus increased 

the most as a function of increased IR-power. This was a very successful result as this whole 

work aimed to improve the drying rates for the low grammage sheets. This result could be seen as 

a confirmation of the hypotheses that heat transfer is the limiting factor for low grammage sheets 

through which the air flow is already high enough to not be a limiting factor.  

 

The energy efficiency for the IR-assisted TAD process studied in this work has not been 

evaluated. Nevertheless, the fact that the drying rates increased could be of great importance 

industrially as the drying section for many paper machines often is a bottleneck. Based on the 

findings made in this work, drying times could be cut with up to 60 % for 15 g/m
2
 sheets 

adopting IR-assistance in the TAD process. Even if the energy efficiency of this process would 

be worse than in a conventional TAD process the ability to dry the paper faster would increase 

the production rate and bring extra sales revenue. A modern TAD section has a design speed 

around 2000 m/min and an annual production around 113,000 tons (Valmet, 2014).  If drying 

times are cut with 60 %, the design speed and therefore the productivity of a TAD section could 

also, technically, be increased with 60 % (given that no other bottle neck appears). It should 

however be pointed out that the drying rates achieved in this work is nowhere near those in real 

industrial TAD systems. It is also not reasonable to assume that as large drying time reductions as 

recorded in this work would be achieved in an industrial TAD process assisted with IR-dryers. 

Therefore the estimate above serves only as an example that makes it easier to relate to the 

potentials of the process studied in this work. 

3.3 Pressure Drop and Air Flow 
 

Pressure drops over wire and sheet were measured and examined for all samples. In Figure 21 the 

typical appearance for some pressure drop curves are displayed. The pressure drop for all samples 

reached a constant level instantly when the air handle was opened. This behavior meant that even 

while evaporation was still taking place the pressure drop was constant. This indicated that most 

of the water in the sheets was located inside the fiber walls and not between the fibers as free 

water. The pressure drop behavior was similar for all grammages, pulps and IR-dryer powers 

applied. For softwood samples the pressure drops were, as expected, slightly lower due to the 

more permeable nature of the fiber network for softwood.  

 

It was found that the pressure drop caused by only the wire was already quite large (~ 1040 Pa) 

due to the small opening area on the wire. The maximum capacity of the fan was measured to 

1440 Pa. This gave a quite narrow range for discovering the part of the pressure drops caused by 

the addition of a web. Therefore all pressure drop curves were consequently found in a very 

narrow range.  
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Figure 21. Pressure drop curves for Eucalyptus samples of different grammages dried with 1250 W. 

The air flow rate during drying increased rapidly the first few seconds but only seemed to reach a 

constant level at the approximate time when the sheets were considered dry. Figure 22 shows air 

flow rate curves for Eucalyptus and softwood samples with a grammage of 30 g/m
2
 dried with 

different IR-dryer powers. The Eucalyptus sheets, naturally, allowed a lower air flow through 

than the softwood sheets. This is due to the higher density of the Eucalyptus fiber network and 

possibly also because of the network’s interaction with the wire. Eucalyptus has shorter and 

thinner fibers that would fill the gap between the web and the wire to a larger extent than the fiber 

network of softwood. Air flow rates, also as expected, decreased with increasing grammage. The 

air flow rate curves for Eucalyptus initially were less steep than for the softwood samples. The 

reason for this might be due to both the material properties of the fibers and the fact that the 

Eucalyptus samples had a lower initial dryness than the softwood samples, indicating that there 

could be more free water located between the fibers.   

 

  
Figure 22. The figure displays the air flow through Eucalyptus (left) and softwood samples (right) of 30 g/m

2
 dried at 

different IR-dryer powers. 
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One very interesting trend in common for all grammages of the Eucalyptus samples was that the 

air flow rate increased with increasing IR-power. This was a surprising finding that was not seen 

for any of the softwood samples, whose air flow rate plateaus instead were random and not to the 

same extent dependent on the IR-power from the dryer. One reason for the air flow rate increase 

of the Eucalyptus samples could be that a higher dryness equilibrium was reached at completion 

of drying due to the thinner fiber walls. The walls of Eucalyptus fibers are thinner than for 

softwood and therefore possibly more prone to shrink the drier the inside of the fiber gets. So it is 

possible that the more the fibers shrink, the greater the porosity of the fiber network becomes and 

therefore the greater the air flow through it. 

4 Conclusions 
 

Drying times and drying rates for sheet samples in an IR-assisted TAD process were determined 

based on surface temperature data recorded with an IR-camera. This method was successful as 

long as the drying times of the sheets were not too short as for these samples experimental 

artefacts had a larger impact on the determined drying time.  

 

Using the IR-dryer to dry sheets shortened the drying time with at least 20 % and up to 60 % 

compared to sheets dried without IR-heating. 

 

When drying the sheets with the IR-dryer, drying times were substantially shortened with at least 

20 % and up to 60 % compared to sheets dried without IR-assistance. The biggest reduction in 

drying time for all samples was seen for the first step, i.e. from 0 to 500 W, and for each step 

after that the reduction was smaller and smaller. For every IR-power level, both pulp type 

samples, from the lowest to the highest grammage, showed a linear relationship between drying 

time and the amount of removed water. It was somewhat surprising that the samples with the 

highest grammages, despite lower air flow rates and (possibly) denser fiber networks, also 

adhered to this linear relationship. The drying rate of the sheets on the other hand revealed a 

strong (and not linear) dependence on the amount of removed water. Drying rates were very high 

for low grammage sheets but decreased rapidly with increasing grammage. Previous studies 

(Tysén, 2014) have indicated that the mass specific drying rate was independent of the air flow 

rate through the sheets for low grammage sheets at high ingoing dryness. In this study, it was 

seen that the drying rate significantly increased as a function of increased IR-power from the 

dryer and most of all for the low grammage sheets and especially the Eucalyptus sheets. 

 

The reduction of drying times and increase of drying rates in this work indicate that productivity 

could be increased for TAD-machines. It is not known how the energy efficiency of an IR-

assisted TAD process would fare against a conventional TAD machine, nevertheless, increased 

productivity definitely has a value of its own. Operationally, improved energy efficiency means 

cost reduction while increased productivity means increased sales revenue.  
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The mean temperature curves of samples dried with the IR-dryer reached different temperature 

plateaus at the end of drying depending on grammage, pulp type and applied IR-power. The 

temperature plateau increased with increasing grammage and IR-power and the plateaus would 

typically be higher for the Eucalyptus samples. This behavior implied that more heat is absorbed 

in samples with higher grammage and a denser fiber network due to the lower flow of cooling air 

through these samples.  

 

The air flow rate through the sheet during drying was larger for the softwood sheets and it 

decreased with increasing grammage as expected. The air flow rate through the Eucalyptus sheets 

unexpectedly increased with increasing IR-power (for all grammages) during and at completion 

of drying. It is difficult to discuss the reason for this behavior but it could originate from more 

extensive shrinking of the Eucalyptus fibers resulting in higher fiber network porosity and 

therefore a larger air flow through.  

5 Future Studies and Improvements 
 

Even though the results obtained from this work gave many important insights and indications on 

drying time and drying rate improvements, the accuracy of the results is not as satisfying as could 

be. Most samples in this work were just tested once at each IR-dryer power level and so it is 

advised that the tests performed in this work are repeated a few more times.  

 

The accuracy of the calculated drying times for low grammage softwood samples was low due to 

the influence of the practical maneuvering. In the future it would be advisable to modify the 

laboratory equipment in a way that standardize the time between the opening of the air handle 

and the insertion of the IR-dryer. Alternatively, sheets with lower dryness content or a lower air 

flow through the sheets (achieved by using a larger opening area on the wire) could be used. The 

second, however, would mean that the sheets dry slower which increase the amount of data from 

the IR-camera, making calculations and processing of results slower.  

 

It would be interesting to evaluate how the permeability of the samples changes during drying 

with the IR-dryer. By using a stronger fan than the one used in this work or by using a larger 

opening area on the wire (that would create lower pressure drops) the permeability could be 

calculated. 

 

In order to find out the initial dryness’ influence on drying times and drying rates it could also be 

interesting to produce and run tests on samples with different initial dryness. Running these tests 

could give information about for what initial dryness the drying rate is fastest. Furthermore, 

running tests on sheets with lower dryness (around 20 %) would move the tests closer to the 

conditions found in a real TAD dryer.  

 

If the intensity, W/m
2
, of the IR-dryer was known at the surface of the sheet, the energy 

efficiency of the drying process could be evaluated together with the information readily 

accessible from the thermocouples attached just below the wire (measuring the temperature of the 

exhaust air). It would make sense to evaluate the energy efficiency of the process as it is a very 

important aspect of the IR-assisted TAD technology. 
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