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1 Abstract 

For this master thesis, two methods to apply a pattern with a controlled amount of moisture to 

hand sheets were evaluated. The two methods evaluated were spraying and pressing. Spraying 

moisture onto the sheets was deemed the easiest method to control and was chosen for further 

studies. The sheets were sprayed with four spray times and patterns to create different 

moisture content variations (4.2, 8.0, 14.2 and 26.9 pp moisture content difference). The 

moisture patterns were designed so the sheets had either moist spots with drier surroundings 

or reversibly, drier spots with moist surroundings. The sprayed sheets were dried unrestrained 

or fully restrained to study how in-plane moisture variations could affect paper properties and 

out-of-plane deformation. 

Unrestrained drying resulted in out-of-plane deformation around the areas where moisture had 

been applied. Restrained drying resulted in no out-of-plane deformation but instead changes 

in opacity, permeance, grammage and thickness occurred. 

The severity of cockling and difference in paper properties after drying were found to increase 

with greater moisture content variation before drying. However all effects could be obtained 

even at the lowest moisture content variation. The resulting out-of-plane deformation varied 

between ±100 µm for 4.2 pp moisture content difference and ±250 µm for 14.2 pp moisture 

content difference. 
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2 Introduction 

2.1 Background 

When paper is exposed to moisture, it can deform. For many paper products this causes 

problems as the paper can both shrink and deform out-of-plane. A paper box which becomes 

less rigid, and newspapers or books which lose both aesthetics and some functionality, are a 

few of the many problems that could occur. 

In these mentioned cases, moisture content changed when a finished paper product was 

exposed to moisture, but moisture content also varies greatly during the papermaking process. 

Pressing and drying are two steps in the papermaking process where high moisture content 

variation can occur. From suspension to final product the dry solid content changes almost a 

hundred percentage points. The change in moisture content allows a significant shrinkage of 

the paper, mainly in the cross-machine direction.
1
 

The deformation of paper due to differences in moisture content can be divided into two 

groups, curling and cockling. Curling is when a uniform deformation is visible over a 

relatively large area, whereas cockling is defined as a small-scale out-of-plane deformation.
2
 

During the paper making process it has also been noted that in-plane moisture content 

variation is present. At Innventia this has been studied by high speed infrared photography. 

The graph in Figure 1 shows a relation between surface temperature, measured by infrared 

thermography, and moisture content measured by a quality control system. Above the graph is 

an infrared image of a real on a paper machine, where moisture content variations have been 

consciously induced by uneven dilution over the width of the image.
3
 

Figure 2 is a typical example of small scale in-plane temperature variation observed with 

infrared thermography on the real on a board machine.
3
 

 

Figure 1. A relation between moisture content and 

surface temperature observed using infrared 

thermography on the real of a paper machine.3 

Figure 2. Small scale in-plane temperature variation observed 

using high speed infrared thermography on the real on a board 

machine.3 
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One major reason for this master thesis was results obtained from a pre-trial carried out at 

Innventia in 2009.
4
 In the pre-trial saturated circular (~5 cm diameter) moisture patterns were 

applied to sheets with an initial moisture content of ~50%. The sheets were dried unrestrained 

and restrained. Unrestrained drying led to cockling and restrained drying led to changes in 

opacity, light scattering, permeance, grammage and thickness. During the pre-trial the 

moisture content variation was uncontrolled and extreme.
4
 Due to this, no conclusion could be 

made regarding the relation between applied amounts of moisture and changes in paper 

properties and out-of-plane deformation. It was also unknown if effects would appear at small 

differences in moisture content. 

2.2 Goals 

The results from the pre-trial were interesting but it was difficult to conclude anything since 

no details were known regarding the moisture content. For this master thesis, two methods to 

apply a pattern with a controlled amount of moisture to hand sheets were evaluated. The 

sheets were moisturized and dried with different straining conditions and the moisture pattern 

was varied to study how in-plane moisture variations could affect paper properties and out-of-

plane deformation. 

A hypothesis used for the work presented in this report is that if moisture is unevenly 

distributed in a sheet during drying the resulting shrinkage will also be uneven. Areas with 

more moisture will naturally take longer time to dry, and thus be restricted from shrinking by 

the surrounding dry areas. Since further shrinkage is then impossible, the shrinking force will 

result in small scale out-of-plane deformation (cockling) of the sheet. The process is 

visualized in Figure 3. If shrinking of the whole sheet is prevented by restraining the sheet, 

stress will build up in the sheet, and this stress cannot be relieved by out-of-plane 

deformation. Instead redistribution of mass might occur laterally. 

 

Figure 3. Hypothesis of the drying process of a sheet with spots with higher moisture content. Initially the surrounding 

area shrinks faster and this causes stress on the moist spots. When the surrounding area is dry, there is still some 

moisture left in the spots with higher initial moisture content, thus the spots will want to shrink further. The surrounding 

dry area is locked in place and restricts the shrinking in the spots. Stress build up, and causes out-of-plane deformation. 
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3 Materials 

Sheets were made from a bleached chemical pulp with a mixture of 60% hardwood and 40% 

softwood. The pulp had a freeness value of °SR 25. The sheets were made in a sheet former of 

Finnish standard, the area of the sheets was 165 mm*165 mm and the grammage was ~50 

g/m
2
. Accordingly, the dry weight of a sheet was ~1.36 g. 
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4 Experimental procedure 

4.1 Pressing 

To know the moisture content variations applied by 

either methods evaluated in this master thesis, it 

was vital to establish known initial moisture 

contents for all sheets. All sheets were vertically 

pressed with a Weverk hydraulic press (Figure 4) 

with a pressure of 0.2 MPa for five minutes to 

achieve an initial moisture content of ~34%. Before 

pressing, the sheets were put between two blotting 

papers each, stacked and finally put between two 

metal plates to even out the pressure over the 

whole area of the sheet. This complete stack was 

then inserted into the press. During pressing, the 

blotting papers absorbed the moisture pressed out 

from the sheets. 

4.2 Moisture content variation 

Creating consistent, known moisture content 

variations was critical for the study of effects on 

the dried samples. Two methods with different 

approach were evaluated before one was chosen for 

all further testing. Both methods had benefits and disadvantages, which will be mentioned in 

the description of each method. 

4.2.1 Pressing 

The first evaluated method was to seal a part of the blotting papers area before pressing, thus 

not allowing water to be absorbed at that part of the blotting paper during pressing. The 

pressure and press time could be changed to achieve different moisture variations.  

The blotting paper was sealed by cutting a suitable pattern of a 

thin plastic tape, and applying it to the blotting paper (Figure 5). 

In this work, a circular pattern with a diameter of 50 mm was 

used. The resulting moisture pattern was measured with a Fibro 

Moisture Content Analyser (MCA1410), using near-infrared 

light, to evaluate if a variation in moisture content was achieved. 

Pieces of a sheet pressed with the plastic tape present were 

weighed, dried and weighed again to gravimetrically determine 

the moisture content, both in the presumably more moist spot 

and the drier surrounding area. These values were considered the 

true moisture contents. 

Figure 4. Weverk hydraulic press, used for all 

pressing in this master thesis work. 

Figure 5. A blotting paper sealed 

with a thin plastic tape. 
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The moisture content of a reference sample, pressed without the plastic tape, was determined 

gravimetrically and compared to a sample pressed with the plastic tape present. The 

difference in weight was assumed to be attributed to more moisture in the area sealed by the 

plastic film. This calculated value was compared with the true value to evaluate the 

assumption that all extra moisture was located in the area where the plastic tape had sealed the 

blotting paper. The moisture content difference could then be obtained by a simple 

gravimetrical measurement of the total moisture content in the sample and comparing it to the 

reference.  

This method offered a quick and reliable way to induce moisture content variations. There 

were however some drawbacks. The plastic film resulted in a small indentation of the sheet, 

and thus induced density variations. It was also difficult to vary moisture content in the moist 

spot without also varying moisture content in the rest of the sheet. This made it complicated 

to compare sheets with different moisture content variations. 

4.2.2 Spraying 

The second method was to use a MS2250 AutoJet Modular Spray System (Figure 6) to spray 

a controlled amount of water onto a sheet. A precise nozzle (Figure 7) was used, designed to 

accurately deliver the same amount of water per second. Patterns were cut out of blotting 

paper and the blotting paper was placed on top of a sheet to restrict water transferral to parts 

of the sheet. The patterns used were circular with a diameter of 50 or 15 mm. The large 

pattern was applied on one central spot on the sheet, while the small pattern was applied on 

nine spots forming a square with one spot being in the centre. The patterns were also reversed, 

by using the parts of the blotting paper which were cut out, to achieve a pattern with dry spots 

with a moist surrounding area. The blotting paper patterns can be seen in Figure 8. The water 

was coloured with a small amount of ink to help determine if well defined spots were created, 

and to visualize where in the dry sheets more moisture had been present before the drying 

process. 

Figure 6. The MS2250 AutoJet Modular 

Spray system. 

Figure 7. The nozzle connected to the 

spray system. 
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Different moisture variations were achieved by changing the spray time. For unrestrained 

drying three spray times were used: 1.5 s, 3 s and 6 s. For restrained drying a spray time at 15 

s was also used to represent an extreme value. This was not done for unrestrained drying as 

preliminary results showed no significant effect as the applied water amount was increased 

over 6 s spray time. The water pressure was held constant at 0.1 MPa and the air pressure was 

held constant at 0.08 MPa. At each spray time and moisture pattern (a total of eight 

measurements for each spray time except 15 s, which was only used four times), a random 

sheet was selected to control the initial moisture content. 

Figure 8. The blotting papers used to create moisture patterns. a) Results in a wet spot with 

50 mm diameter. b) Results in a dry spot with 50 mm diameter. c) Results in nine wet spots 

with 15 mm diameter. d) Results in nine dry spots with 15 mm diameter. 

The amount of water transferred was calculated by weighting a sheet immediately after 

pressing and then spraying the sheet without any blotting paper, allowing water transferral to 

the whole sheet, and weighting the sheet again. This was repeated for all spray times, and 

from these measurements the weight of transferred water per square meter and second was 

determined. For all further comparison it was assumed that the initial moisture content and 

water transferral per second was constant, and resulted in an estimated difference in moisture 

content for each spray time. 

Using this method, it was very easy to induce moisture content differences, but there were 

some drawbacks. The handling time for each sheet was longer which lead to higher risk of 

evaporation of moisture between pressing, spraying and drying. There was also some concern 

that there might be a moisture gradient through the sheet as spraying was only done from one 

side of the sheet. 
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4.3 Drying of sheets 

Since it was known that restraining conditions would have an impact on the results, two 

methods of drying were chosen; one was considered unrestrained and one fully restrained. 

The sheets were dried immediately after the moisture variations had been introduced either by 

pressing or spraying. After visually comparing results from drying sheets with moisture 

content variation from both pressing and spraying, it was decided that only sprayed sheets 

were to be used during further experiments. This was due to the similarity of the results and 

the fact that spraying offered a simpler more easily controlled method to introduce moisture 

content variation. 

4.3.1 Unrestrained drying 

Unrestrained drying was done in a photo dryer at ~100 °C for 3 minutes (Figure 9 and 10). 

The temperature of the photo dryer was somewhat uneven and because of this sheets were 

dried one extra minute compared to restrained drying, to be certain all water was gone. The 

photo dryer used consisted of a slightly curved heat plate with a fabric lid over it. The sheets 

were placed under the fabric, which then moderately restricted large out-of-plane deformation 

to the sheets during drying. Unrestrained drying was used to allow for unrestricted shrinking 

during drying. Since the sheet was in contact both with the fabric lid and the heat plate, it 

could be argued that shrinking was not completely unrestricted. The allowed shrinking was 

however only compared to the completely restricted shrinking of fully restrained sheets. 

Comparing the two cases, it is reasonable to consider the shrinking of the sheets dried in the 

photo dryer unrestricted. A Teflon wire was used both over and under the sheets to further 

increase the shrinking ability by minimizing friction. 

Figure 9. Photo dryer shown with the 

fabric lid open. 

Figure 10. Photo dryer shown with the 

fabric lid closed and strained over the 

sheet and heat plate. 

4.3.2 Restrained drying 

A heat plate with a vacuum frame was used for restrained drying (Figure 11). The sheets were 

dried for 2 minutes at 100 °C. The sheets were placed on the heat plate and the vacuum frame 

was placed on top of it to completely restrict shrinking by locking all four edges in place. 

Only the edges were locked in place, which allowed the rest of the sheet to be affected by 

stress induced by the restricted shrinking. 



 

In-plane moisture variation and the effect on paper properties and out-of-plane deformation 

 

9 

 

  

Figure 11. The heat plate with the 

vacuum frame in place over a sheet. 

4.4 Characterization 

4.4.1 Unrestrained drying 

Sheets dried unrestrained showed well defined out-of-plane deformations, but lacked visual 

effects such as opacity differences, and therefore photography for visual comparison and 

stereoscopic imagery to provide related data were suitable characterization methods. 

Photos of sheets dried unrestrained were taken with raking light from a light source at a fixed 

angle of ~25°. 

Stereoscopic images were taken with Fibro System DST-3D 1231. The DST measures 

dimensional stability by projecting a grid on the area of interest while two cameras, 

perpendicular to the sheet, take pictures. The distortion of the grid is then related to out-of-

plane deformation. 

4.4.2 Restrained drying 

Sheets dried restrained showed no out-of-plane deformation and therefore, all characterization 

was focused on optical effects, permeance and grammage differences due to moisture 

variation. 

Photos of sheets dried restrained were taken with transmitted light from a light source behind 

the sheet. 

The grammage of the sheets were measured using β-radiography. β-rays are transmitted 

through the sheet and an x-ray film placed behind the sheet is hit with various amount of 

radiation depending on the mass variation of the sample area. From these radiation data, 

grammage maps are obtained. The average grammage was determined both outside and inside 

wet and dry spots of both applied sizes. 

Opacity was measured on a Lorentzen & Wettre Elrepho according to ISO 2471:1998. All 

measuring points were measured five times. Only sheets with large wet or dry spots were 

measured as the equipment could not properly read an area as small as 15 mm in diameter. 
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Such measurement would have included both the spot and parts of the surrounding area, thus 

rendering the result useless. 

Sample thickness was measured continuously along a line from one sheet edge to the other, 

crossing the moisture spot, on a STFI Thickness Tester M201 according to SCAN P 88:01. 

Permeance maps of the sheets were obtained from an Innventia Local Permeance Device. A 

perforated plate with holes with 2 mm diameter is placed on both sides of the sample. Air is 

blown through one hole at a time via a probe surrounded by a pressurized chamber, and the 

air flow is measured by the probe. The surrounding chamber has the same pressure as the 

probe, which restricts pressure loss laterally in the sample. Both sheets with large and small 

wet spots were measured. 
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5 Results 

5.1 Initial moisture content 

Table 1 shows the average initial moisture content and standard deviation as calculated from 

gravimetrical measurements done at each spray time and moisture pattern for both 

unrestrained and restrained drying. 

Average moisture content (%) Standard deviation 

33.8 2.0 

Table 1. Average initial moisture content calculated from data 

available in the appendix. 

5.2 Moisture content variation by pressing 

5.2.1 Moisture content analyser 

A profile of the moisture content from one edge to the other is shown if Figure 12. The sensor 

head was manually moved over the length of the sheet, while time was logged, thus time is 

representing position. The exact relation between mV and moisture content was not 

investigated and calibrated since the profile only was used to determine if a variation in 

moisture content had been achieved. A threshold is clearly visible in Figure 12, suggesting a 

successful introduction of moisture content variations. 

Figure 12. A profile of the moisture content from a sheet pressed with a sealed blotting paper. Time and mV was 

logged while the sensor was moved over the sheet. A distinct threshold is seen where more moisture is expected. 
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5.2.2 Gravimetrically measured moisture content 

The data in Table 2 is from weighting cut out pieces of a sheet pressed when plastic tape 

sealed a part of the blotting paper. The data shows an increase in moisture content inside the 

sealed area. 

 

 Outside sealed area Inside sealed area 

Weight after pressing (g) 0.1176 0.1094 

Weight after drying (g) 0.0696 0.0499 

Moisture content (%) 40.82 54.39 

Table 2. Gravimetrically determined values for moisture content both inside and outside areas which were 

pressed with sealed blotting paper. 

5.3 Moisture content variation by spraying 

For every spray time four sheets were weighed, sprayed and weighed again to obtain the data 

shown in Figure 13. The data from Figure 13 was used to calculate the content of Table 3. 

The moisture content for each spray time was calculated by assuming an initial moisture 

content of 33.8% and adding grams of water according to the spray time. As expected, there is 

a linear relation between time and transferred water. 

Figure 13. Transferred water during different spray times. The graph is based on data available in the appendix. 
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Spray time (s) Tranferred water (g/m
2
s) Moisture content (%) 

Est. Diff. in moisture 
content (pp) 

1.5 5.2 38.0 4.2 

3 10.4 41.8 8.0 

6 20.7 48.0 14.2 

15 51.7 60.7 26.9 

Table 3. Ideal values of moisture content, transferred water and estimated difference in moisture content 

(assuming perfect initial moisture content, grammage and water delivery during spraying). 

5.4 Pressing or spraying 

Figure 14 consists of two photographs stitched together. Above the red line is a sheet where 

moisture content variation was obtained by pressing, and below is a sheet where spraying was 

used. Both sheets were dried unrestrained. Figure 14 shows the similar results from moisture 

content variation by pressing and spraying. Based on these results, it was decided that only 

spraying would be used to achieve moisture content variations. 

Figure 14. Top half is a photograph of a sheet with moisture content variation by 

pressing, dried unrestrained. Bottom half is a photograph of a sheet with moisture 

content variation by spraying, dried unrestrained. 

5.5 Unrestrained drying 

5.5.1 Visual comparison 

Figures 15-26 are photographs of sheets dried unrestrained. 
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Figure 15. A photograph taken with raking light, depicting a sheet dried 

unrestrained with a wet spot with 50 mm diameter. The spray time was 1.5 s 

and the estimated difference in moisture content 4.2 pp. 

 

Figure 16. A photograph taken with raking light, depicting a sheet dried 

unrestrained with a wet spot with 50 mm diameter. The spray time was 3 s 

and the estimated difference in moisture content 8.0 pp. 
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Figure 17. A photograph taken with raking light, depicting a sheet dried 

unrestrained with a wet spot with 50 mm diameter. The spray time was 6 s 

and the estimated difference in moisture content 14.2 pp. 

 

Figure 18. A photograph taken with raking light, depicting a sheet dried 

unrestrained with a dry spot with 50 mm diameter. The spray time was 1.5 s 

and the estimated difference in moisture content 4.2 pp. 
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Figure 19. A photograph taken with raking light, depicting a sheet dried 

unrestrained with a dry spot with 50 mm diameter. The spray time was 3 s 

and the estimated difference in moisture content 8.0 pp. 

 

Figure 20. A photograph taken with raking light, depicting a sheet dried 

unrestrained with a dry spot with 50 mm diameter. The spray time was 6 s 

and the estimated difference in moisture content 14.2 pp. 
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Figure 21. A photograph taken with raking light, depicting a sheet dried 

unrestrained with nine wet spots with 15 mm diameter. The spray time was 

1.5 s and the estimated difference in moisture content 4.2 pp. 

 

Figure 22. A photograph taken with raking light, depicting a sheet dried 

unrestrained with nine wet spots with 15 mm diameter. The spray time was 3 

s and the estimated difference in moisture content 8.0 pp. 
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Figure 23. A photograph taken with raking light, depicting a sheet dried 

unrestrained with nine wet spots with 15 mm diameter. The spray time was 6 

s and the estimated difference in moisture content 14.2 pp. 

 

Figure 24. A photograph taken with raking light, depicting a sheet dried 

unrestrained with nine dry spots with 15 mm diameter. The spray time was 

1.5 s and the estimated difference in moisture content 4.2 pp. 

 



 

In-plane moisture variation and the effect on paper properties and out-of-plane deformation 

 

19 

 

  

Figure 25. A photograph taken with raking light, depicting a sheet dried 

unrestrained with nine dry spots with 15 mm diameter. The spray time was 3 

s and the estimated difference in moisture content 8.0 pp. 

 

Figure 26. A photograph taken with raking light, depicting a sheet dried 

unrestrained with nine dry spots with 15 mm diameter. The spray time was 6 

s and the estimated difference in moisture content 14.2 pp. 
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5.5.2 Stereoscopic images 

Figures 27-30 shows the out-of-plane deformation, obtained from stereoscopic images. The 

spray time is shown above the images. Figure 27 shows sheets with large wet spots, Figure 28 

shows sheets with large dry spots, Figure 29 shows sheets with small wet spots and Figure 30 

shows sheets with small dry spots. The peak-to-peak difference is clearly greater at higher 

moisture content variations, as seen for spray times 1.5 s and 6 s, where the peak-to-peak 

values are close to ±100 and ±250 µm. 

Figure 27. Out-of-plane deformation maps of sheets dried unrestrained with a wet spot with 50 mm diameter. 

The spray time is shown over each map. The estimated difference in moisture content from left to right is 4.2 pp, 

8.0 pp and 14.2 pp. 

 

Figure 28. Out-of-plane deformation maps of sheets dried unrestrained with a dry spot with 50 mm diameter. 

The spray time is shown over each map. The estimated difference in moisture content from left to right is 4.2 pp, 

8.0 pp and 14.2 pp. 
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Figure 29. Out-of-plane deformation maps of sheets dried unrestrained with nine wet spots with 15 mm 

diameter. The spray time is shown over each map. The estimated difference in moisture content from left to right 

is 4.2 pp, 8.0 pp and 14.2 pp. 

 

Figure 30. Out-of-plane deformation maps of sheets dried unrestrained with nine dry spots with 15 mm 

diameter. The spray time is shown over each map. The estimated difference in moisture content from left to right 

is 4.2 pp, 8.0 pp and 14.2 pp. 

 

5.6 Restrained drying 

5.6.1 Photographs 

Figure 31 shows a sheet with a large wet spot. The spray time was 15 s. Figure 32 shows a 

sheet with small wet spots. The spray time was 15 s. The photograph in Figure 31 was taken 

perpendicular to the sheet, while the photograph in Figure 32 was taken with a slight angle. 
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Figure 31. A photograph taken with transmitted light, depicting a sheet dried 

restrained with a wet spot with 50 mm diameter. The spray time was 15 s and 

the estimated difference in moisture content 26.9 pp. 

 

Figure 32. A photograph taken with transmitted light, depicting a sheet dried 

restrained with nine wet spots with 15 mm diameter. The spray time was 15 s 

and the estimated difference in moisture content 26.9 pp. 
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5.6.2 Grammage 

In Figure 33 and 34 two typical grammage maps are shown. The average grammage from 

inside the red rings of all grammage maps where used to create Figures 35-38.  

Figure 33. A grammage map of a sheet 

dried restrained with a wet spot with 50 

mm diameter. The red rings are tools in a 

soft ware which calculates the average 

grammage inside the rings. 

Figure 34. A grammage map of a sheet 

dried restrained with a dry spot with 50 mm 

diameter. The red rings are tools in a soft 

ware which calculates the average 

grammage inside the rings. 

 

Figure 35. Grammage differences for sheets after they have been sprayed and dried restrained. The diameter of the 

wet spot was 50 mm. The estimated moisture differences for 3, 6 and 15 s spray times are 8.0, 14.2 and 26.9 pp. Data 

is available in the appendix. 
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Figure 36. Grammage differences for sheets after they have been sprayed and dried restrained. The diameter of 

the dry spot was 50 mm. The estimated moisture differences for 3, 6 and 15 s spray times are 8.0, 14.2 and 26.9 

pp. Data is available in the appendix. 

 

Figure 37. Grammage differences for sheets after they have been sprayed and dried restrained. The diameter of 

the wet spots was 15 mm. The estimated moisture differences for 3, 6 and 15 s spray times are 8.0, 14.2 and 26.9 

pp. Data is available in the appendix. 
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Figure 38. Grammage differences for sheets after they have been sprayed and dried restrained. The diameter of 

the dry spots was 15 mm. The estimated moisture differences for 3, 6 and 15 s spray times are 8.0, 14.2 and 26.9 

pp. Data is available in the appendix. 

5.6.3 Opacity 

In Figures 39-40, the average opacity from five measurements is shown, related to spray time. 

Figure 39. Opacity differences for sheets after they have been sprayed and dried restrained. The diameter of the 

wet spot was 50 mm. The estimated moisture differences for 1.5, 3, 6 and 15 s spray times are 4.2, 8.0, 14.2 and 

26.9 pp.  Data is available in the appendix. 
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Figure 40. Opacity differences for sheets after they have been sprayed and dried restrained. The diameter of the 

dry spot was 50 mm. The estimated moisture differences for 1.5, 3, 6 and 15 s spray times are 4.2, 8.0, 14.2 and 

26.9 pp.  Data is available in the appendix. 

 

5.6.4 Thickness 

Figures 41-43 shows thickness profiles of sheets with various moisture content differences. 

Figure 41. Thickness profile of a sheet after it has been sprayed for 15 s and dried restrained. The diameter of 

the wet spot was 50 mm and the estimated difference in moisture content was 26.9 pp. Between position 50 and 

100 an increased thickness is seen. 
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 Figure 42. Thickness profile of a sheet after it has been sprayed for 6 s and dried restrained. The diameter of the 

wet spots was 15 mm and the estimated difference in moisture content was 14.2 pp. Around position 50, 85 and 

110 an increased thickness might be seen. 

 

Figure 43. Thickness profile of a sheet after it has been sprayed for 6 s and dried restrained. The diameter of the 

dry spot was 50 mm and the estimated difference in moisture content was 14.2 pp. Between position 55 and 105 

a decreased thickness is seen. 
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5.6.5 Permeance 

Figures 44-45 shows permeance maps of sheets with wet spots. Sheets with two different 

spray times were measured for both patterns. Permeance is significantly increased where 

moisture is applied before drying, and greater moisture difference results in higher 

permeance. 

Figure 44. Permeance maps of two sheets dried restrained with a wet spot with 50 mm diameter. The estimated 

moisture differences for 6 and 15 s spray times are 14.2 and 26.9 pp. 

 

Figure 45. Permeance maps of two sheets dried restrained with nine wet spots with 15 mm diameter. The 

estimated moisture differences for 6 and 15 s spray times are 14.2 and 26.9 pp. 
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6 Discussion 

When sheets were dried unrestrained, it was immediately obvious that cockling could be 

induced by applying moisture patterns. It was also clear that the cockling was directly related 

to the moisture pattern, as the cockling was formed exactly around where the moisture had 

been applied. This result is well documented in Figures 15-30 with both photographs and data 

from stereoscopic images. The figures also suggest that applying more moisture result in more 

cockling. This is clearly visible in the stereoscopic images, where peak-to-peak values for the 

longest spray time (14.2 pp est. moisture content difference) are as high as ±250 µm, and 

peak-to-peak values for the shortest spray time (4.2 pp est. moisture content difference) are 

around ±100 µm. 

There is however difficult to see the expected difference in the severity of cockling in Figure 

16 and 17 (Large wet spots but with different spray times, 3 s and 6 s equal to 8.0 and 14.2 pp 

estimated moisture content difference.). This could be attributed to the difficulty in achieving 

consistent moisture content during pressing (as seen in the relatively high standard deviation 

for the initial moisture content). Also, one of the drawbacks with spraying being used to apply 

water is that the sheets need to be handled between pressing and spraying. The handling time 

might vary somewhat and that could affect what amount of moisture is removed through 

evaporation. Due to these problems, some discrepancies might occur, but it should be strongly 

emphasized that taking all samples into account, there is no doubt that the amount of applied 

water has a significant effect. 

The initial moisture content was chosen on the basis of what could be consistently repeated. 

An initial moisture content of 50 % after pressing would be closer to real industry values. 

This should be kept in mind, as adding the same grams/m
2
 of water as in this master thesis 

would then result in a smaller moisture content difference. 

In some of the photographs there seem to be a directionality of the cockling. This could be 

explained by the curved nature of the heat plate in the photo dryer. The fabric which covered 

the sheets was probably tighter to the surface at the apex of the curved heat plate. 

Another interesting observation is that there seem to be a slightly increased effect for small 

spots, compared to the larger spots. This might be explained by the smaller area which needs 

to be affected for cockling to appear. 

Sheets dried restrained showed a completely different visual result compared to sheets dried 

unrestrained. As seen in Figure 31 and 32, the area where moisture was applied was visibly 

changed, but no out-of-plane deformation was noted. 

The grammage measurements showed interesting results. Areas which were sprayed with 

water always showed a lower grammage compared to the areas which were not sprayed. This 

result is reasonable if the hypothesis presented in the beginning of this report is considered. 

Stresses that build up in the sheet cannot be relieved by out-of-plane deformation, and the 

forces pulling on the fibres instead start transporting mass away from the more moist areas. 
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Comparing results from short spray times with results from long spray times showed that 

grammage differences were higher when more moisture was applied, however the results 

were not entirely conclusive as to how this relation functioned for the intermediate spray 

times. 

The opacity measurements confirmed the immediate visible impression that sprayed areas had 

higher opacity. As seen in Figure 39 and 40, it was also evident that the difference in opacity 

increased with increasing moisture differences. When looking at the figures it almost looks 

like a linear relation, however this is not expected as the spray times does not increase 

linearly. The opacity difference should be much higher for 15 s spray time. This could be 

because of the drying time and at what moisture content shrinking occurs. When the sheet is 

completely dried, the mechanisms behind the opacity change stop. If the sheets dry faster than 

the mechanism can work, the expected opacity difference might not have time to occur. 

According to the hypothesis from the beginning of the report, the sheets inclination to shrink 

is what triggers the effect. It is believed that most of the shrinking during drying happens 

when relatively little moisture is left in the sheet. Thus adding a high amount of water would 

not necessarily have as great an impact as expected, since most of the effect happens when the 

moisture content is low. 

The results from the thickness measurements were not as obvious as the other measurements, 

but still suggested that areas which were sprayed with water were thicker after drying than 

areas which were not sprayed. This was expected considering results in the pre-trial. In Figure 

41 there is a clear threshold where the moist spot were before drying. In Figure 42, three 

“bumps” are vaguely visible where the three small wet spots were before drying. When a dry 

spot was used, the surrounding area was thicker, which can be seen in Figure 43. There was 

however not possible to determine any clear increase related to amount of moisture applied. 

Change in opacity might be attributed to the increase in thickness, as more surfaces that could 

scatter light are present. 

The increase in thickness is interesting considering the decrease of grammage. This suggests a 

material with more voids, which is reasonable considering the results from permeance 

measurements. The permeance is clearly higher at areas sprayed with water, and the 

permeance is increased with longer spray times. 
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7 Conclusion 

In this master thesis is was concluded that moisture content variation before drying in sheets 

dried unrestrained resulted in cockling, and the severity of the cockling was closely linked to 

the moisture difference. At an estimated moisture content difference of 4.2 pp the out of plane 

deformation was measured to ±100 µm and at 14.2 pp it was measured to ±250 µm. Thus a 

controllable way of inducing cockling had been found. 

It was also concluded that straining conditions during drying greatly affected the outcome of 

the drying. Moisture content variations before drying in sheets dried restrained resulted in 

grammage differences, permeance differences, opacity differences and thickness differences. 

The difference in properties was increased when higher moisture content variations were 

induced before drying. 

It was also concluded that these effects appeared already at 4.2 pp estimated moisture content 

difference. That is to be considered a very low difference, making this a relevant issue for the 

paper industry. 
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8 Future work 

Considering the conclusions from this report, there are many interesting possibilities for 

further studies. It was concluded that unrestrained and restrained drying resulted in 

completely different effects but, what happens in between? The unrestrained and restrained 

drying used in for this master thesis could be considered extremes, and it is reasonable to 

assume that between the two, the effects co-exist in some way. Straining could also be made 

to simulate conditions relevant for industrial paper making. 

The initial moisture content of the sheets were chosen to be as repeatable as the pressing 

method allowed, but using other initial moisture contents could show different results and 

should therefore be examined. 

Similarly, the pulp and grammage used were chosen to promote cockling. Other pulps and 

grammages might behave differently. It should be evaluated for which pulps cockling is a 

significant problem. 

Since the grammage and thickness changes during restrained drying, it is obvious that 

mechanical properties will change as well. This could be evaluated to see in which degree it 

changes in relation to the moisture content variation. 

The moisture patterns used for the work presented in this report were primarily chosen for the 

relative ease by which they could be applied. It should be evaluated if it is possible to 

simulate patterns more related to the paper making industry, such as longer strokes and 

impressions from press felt. This could be evaluated on lab scale, but naturally it would be 

ideal to be able to investigate these effects in a large scale trial, where industry conditions 

could be applied. 

Finally, since it was concluded that the effects were related to the amount of water applied, 

which could be controlled, it would be very interesting to examine positive sides of the 

effects. Can anything useful be achieved by adding moisture variations? For instance, could 

the defects in the sheet allow for a tougher paper.
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10 Appendix 

10.1 Initial moisture content 

Before drying (g) After drying (g) Moisture content (%) 

1.86 1.284 30.97 

1.87 1.286 31.23 

2.01 1.322 34.23 

2.09 1.331 36.32 

1.99 1.314 33.97 

2.14 1.381 35.47 

2.05 1.335 34.88 

2 1.315 34.25 

1.87 1.291 30.96 

1.87 1.283 31.39 

1.96 1.287 34.34 

1.93 1.263 34.56 

1.92 1.312 31.67 

2.16 1.363 36.90 

1.99 1.306 34.37 

1.92 1.308 31.88 

1.89 1.286 31.96 

1.97 1.325 32.74 

2.07 1.329 35.80 

2.1 1.311 37.57 

1.97 1.313 33.35 

2.14 1.379 35.56 

2.07 1.328 35.85 

1.98 1.309 33.89 

1.93 1.292 33.06 

2.08 1.33 36.06 

1.71 1.184 30.76 

1.95 1.312 32.72 

 

10.2 Transferred water and spray time 

Spray time (s) Weight before spraying (g) Weight after spraying (g) 

1.5 1.96 2.08 

1.5 1.99 2.12 

1.5 1.97 2.09 

1.5 1.83 1.97 

3 1.91 2.21 

3 1.88 2.18 

3 1.89 2.18 

3 1.89 2.19 

6 1.91 2.52 

6 1.91 2.48 

6 1.92 2.53 

6 1.92 2.53 
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15 1.9 3.36 

15 1.89 3.28 

15 1.91 3.19 

15 1.88 3.24 

 

10.3 Grammage 

 Spray time (s) 
Grammage inside 

spot (g/m
2
) 

Grammage outside 
spot (g/m

2
) 

Large wet spot 3 47,41 48,28 

Large wet spot 6 45,93 48,82 

Large wet spot 15 44,18 48,12 

Large dry spot 3 52,12 50,83 

Large dry spot 6 51,26 49,85 

Large dry spot 15 51,43 46,38 

Small wet spots 3 46,74 49,45 

Small wet spots 6 47,14 49,8 

Small wet spots 15 45,31 49,33 

Small dry spots 3 49,04 46,99 

Small dry spots 6 49,9 46,74 

Small dry spots 15 51,79 48,68 

 

10.4 Opacity 

 
Spray 

time (s) 
Opacity 

1 (%) 
Opacity 

2 (%) 
Opacity 

3 (%) 
Opacity 

4 (%) 
Opacity 

5 (%) 

Avg. 
Opacity 

(%) 

Inside 
wet spot 

1.5 63.13 63.1 62.96 62.95 62.92 63.012 

Inside 
wet spot 

3 63.55 63.56 63.56 63.58 63.54 63.558 

Inside 
wet spot 

6 65.64 65.63 65.63 65.6 65.59 65.618 

Inside 
wet spot 

15 66.42 66.41 66.21 66.2 66.2 66.288 

Outside 
wet spot 

1.5 62.31 62.31 62.34 62.33 62.32 62.322 

Outside 
wet spot 

3 62.5 62.52 62.52 62.52 62.5 62.512 

Outside 
wet spot 

6 62.41 62.41 62.38 62.37 62.37 62.388 

Outside 
wet spot 

15 62.79 62.92 62.76 62.77 63.07 62.862 

Inside 
dry spot 

1.5 64.11 64.1 64.15 64.19 64.17 64.144 

Inside 
dry spot 

3 64.33 64.33 64.32 64.33 64.32 64.326 

Inside 
dry spot 

6 63.82 63.82 63.81 63.82 63.81 63.816 

Inside 
dry spot 

15 64.06 64.22 64.22 64.21 64.22 64.186 
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Outside 
dry spot 

1.5 64.46 64.44 64.44 64.44 64.43 64.442 

Outside 
dry spot 

3 65.34 65.33 65.33 65.35 65.33 65.336 

Outside 
dry spot 

6 65.85 65.81 65.79 65.81 65.8 65.812 

Outside 
dry spot 

15 66.97 66.94 66.92 66.92 66.93 66.936 
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