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Abstract: This work focuses on analysis of optical transmittance images, which are captured at the end of the wire

section of a pilot paper machine. The first priority is to evaluate the capability to estimate formation and floc size on
the basis of optical transmittance and secondly analyse how process conditions affect them.
Basis weight is one of the most important quality parameters in paper manufacturing. Optical transmittance seems to
provide information about basis weight. Reliable evaluation of basis weight on the basis of image data would
probably mean a new level of CD and MD profile controls. Formation means small-scale basis weight variation.
Good formation e.g. improves the tensile strength and printability of produced paper.
Camera unit located above and light source under the paper web at the end of the wire section to capture
transmittance images, which were used to calculate several image features. Process and laboratory data were
combined with image features for data based analysis.
An increase in the basis weight, ash content and the dryness of the paper web seem to reduce the value of optical
transmittance. On-line measured image features of optical transmittance were rather congruent with off-line defined
reference values, especially the illumination corrected standard deviation of optical transmittance, which is
connected to paper formation. Increased flow of headbox and lower consistency of pulp seemed to cause better
formation as fewer flocs are formed. However, on the basis of analysis it is difficult to determine process conditions
which provide with good formation and small floc size, because of the numerous interactions of process variables,
the basis weight varied during experiments and it was difficult to keep other variables except the studied one
constant.
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1 INTRODUCTION
Wire section of paper machine affects several important structural properties of paper. Basis
weight is probably the most important quality parameter and it can be categorised in machine
direction (MD), cross direction (CD) and random variations. Basis weight is typically measured
by the scanning sensor at the end of the paper machine, which moves back and forth across the
paper web resulting in long measurement delay and additionally only a fraction of the paper web
can be measured. Formation means small-scale basis weight variation, which can be mainly
affected by parameters of wire sheet, e.g. consistency of pulp and ratio of wire and jet speeds [1].
Pulp properties affect also formation as fibres tend to attach each other and form flocs. Good
formation typically requires shorter fibres and small floc sizes, which e.g. improve the tensile
strength and printability of produced paper [2]. Formation can be measured by beta radiation, Xray, electron beam or as optical formation [3]. Optical formation is characterised by
transmittance variation in a small area [2]. Traditional evaluation of formation presumes looking
through a paper sheet. Therefore optical formation testers have been calibrated to correspond to
the visual impression and the visual appearance is not equivalent to the structural nonuniformity,
which has more effect on the functional properties of paper [4]. The profile of formation is
typically worse at the edges in the paper web [1].
Reliable evaluation of basis weight on the basis of optical transmittance would probably mean a
new level of CD and MD profile controls. A camera system is located at the end of the wire sheet
section, which would radically reduce the measurement delay. The utilisation of several cameras
across the paper web would also enable the measurement of the whole paper web instead of a
limited area as in the case of the scanning system.
This work focuses on estimating formation and floc size on the basis of optical transmittance in a
pilot paper machine. The first priority is to estimate formation on the basis of optical
transmittance and secondly analyse in which process conditions good formation is achieved.
Pulp properties are excluded from studies and assumed to be constant. The studies reported here
are a part of EffNet project, which aims to measure paper web properties of paper machine in
high resolution, for example to enable better elimination of paper web disturbances.
Chapter 2 gives a brief introduction to the process and optical transmittance. In Chapter 3, the
potential of transmittance images is analysed and parameters affecting formation and floc size
are introduced in Chapter 4. Chapter 5 is discussion and Chapter 6 summarises the main
findings.
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2 PROCESS
AND
CHARACTERISATION

OPTICAL

TRANSMITTANCE

2.1 Process description
In paper manufacturing process raw material components of low consistency pulp mixture are
spread from headbox evenly on the wire sheet, which is transformed into paper by removing
water first by vacuums and foils in wire section and further by pressing and evaporation. Figure
1 illustrates the process environment of the pilot paper machine used in experiments. Pulp flow
was distributed to the wire by the slice lip headbox, and the width of the paper web was only 40
cm. The process is equipped with e.g. following measurements:







flow of headbox,
consistency of pulp,
speeds of the machine and jet,
the ratio of the wire and jet speeds,
the vacuums of dewatering positions and
the amount of removed water in several points (blue boxes in Figure 1).

However, there were no on-line measurements of basis weight or ash content, which were
managed on the basis of laboratory analyses. Camera unit was located above and light source
below the sheet at the end of the wire section to capture transmittance images, see Figure 2. The
light source was sprayed with water during experiments to avoid fouling.
There exists a press section after the wire, which enabled sampling of the paper web for
laboratory analysis as the moisture content was then sufficiently low, around 50 %. Paper
samples were used to manage the process but also as reference values for image features of
optical transmittance.
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Figure 1. Schematic illustration of pilot paper machine. Published by permission of VTT jyväskylä.

Figure 2. Measurement system for optical transmittance. Published by permission of VTT jyväskylä.
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2.2 Optical transmittance characterisation
Niskanen et al. have characterised the transmittance images and the theory background.
The most convenient formation parameters are the standard deviation of basis weight (  b ) and
normalised standard deviation of basis weight (fN), in which the standard deviation is divided by
the square root of the basis weight. [4]
fN 

b

(1)

b

where b is the basis weight.
Specific perimeter and microscale describe spatial characteristics of formation, see Figure 3.
Specific perimeter is the length of the borderlines where basis weight is above or below the mean
value in relation to the total image area. Microscale means the average length of the areas in a
given direction [4]

Figure 3. Specific perimeter and microscale [4].

Low consistency pulp normally leads to better formation as fewer flocs are formed [5]. Design of
the headbox and shakers of breast rolls cause turbulence and shear forces resulting in better
formation [6]. Formation can be influenced also by the ratio of wire and jet speeds, see Figure 4.
Good formation can be obtained using a small difference between wire and jet speeds [5].
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Figure 4. The effect of ratio of jet and wire speeds on formation [7].
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3 ANALYSIS OF TRANSMITTANCE IMAGES
This chapter provides first an introduction to experiments and transmittance image data, its
manipulation and feature extraction, then the effects of paper properties on optical transmittance
have been studied. At the end of the chapter, image features for formation and floc size are
evaluated with reference values.

3.1 Experiments and transmittance image data
Two experiment sets (A and B) were performed, which are analysed in this report. Process was
stabilised into process conditions according to the experiment plan, before experiments were
started. In each experiment 50 - 100 images were captured, process data was stored in databases
and paper samples were taken for laboratory analyses. There are also some calculated variables,
e.g. the estimated basis weight, which is calculated from pulp consistency, flow of headbox and
paper machine speed assuming constant retentions of fibres and fillers. This information was
combined into a data matrix for further analysis.
Basic laboratory analyses of e.g. basis weight and ash content were available in all experiments,
but reference values of optical transmittance were only available for experiment set B. Two
paper samples in each experiment were analysed by an optical formation analyser in laboratory
and the average of those were used as reference value. Some laboratory results were not
available (data is missing in certain Figures).
The camera unit captured 16 bit greyscale tiff format images. Resolution of a camera was 392
pixels in MD and 496 in CD. The sampling frequency in experiments A was 5 Hz and in
experiment B 1 Hz. The corresponding image area in experiments A was 100 mm x 100 mm
resulting in a resolution of 0.20 mm (CD) and 0.26 mm in MD. In experiments B image area was
80 mm (MD) and 100 mm (CD) giving a resolution of 0.20 mm per pixel in both directions.

3.2 Image manipulation and feature extraction
Figure 5 illustrates an original image and its histogram. The light intensity at the edges of optical
transmittance image is reduced and needs to be corrected. This was performed by calculating the
average illumination profile of 100 preceding images. Illumination corrected images were
obtained by reducing illumination profile from raw images. Figure 6 represents illumination
corrected image and its histogram. Optical transmittance images contain information about paper
web but also the wire cloth. Therefore Fourier transform was applied to images to separate
regular and irregular parts of an input image according to Vartiainen et al. [8]. Irregular part is
assumed to contain information only about the paper web.
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Figure 5. Original image and its histogram.

Figure 6. Illumination corrected image and its histogram.
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The following features of each image were defined after illumination correction and wire cloth
removal:
-

The standard deviation of illumination corrected image
M

 (x  x )

b 

i 1

2

i

(2)

M 1

where M is the number of image pixels xi and x is the average value.
-

Normalised standard deviation of basis weight fN (Equation 1). Information of basis
weights of laboratory analyses was used in normalisation.

-

Specific perimeter (Figure 3).

-

Microscale (Figure 3). According to its definition, microscale is the average of flocs and
voids. In addition the average size of flocs was calculated. This is later called “microscale
(only flocs)”.

In addition, the mean of optical transmittance without illumination correction was calculated for
the analysis of optical transmittance:
M

~
b

x
i 1

i

(3)

M
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3.3 Analysis of optical transmittance
The mean of on-line and off-line optical transmittance are compared in Figure 7, Second subimage illustrates the illumination corrected images and fourth basis weights of paper samples
based on laboratory analyses. The correlations between laboratory analysed and on-line
measured mean of optical transmittance is 0.31 and 0.21 for illumination corrected images. The
correlations between basis weight of sample and the mean of optical transmittance are -0.38 and
-0.27 for the illumination corrected images. Illumination corrected images have been defined
using 100 preceding images and have hence slower dynamical response in process state
transitions. Therefore only the mean of optical transmittance is used later in this report. The
mean of optical transmittance is typically smaller when basis weight is big as shown in Figure 7,
because less illumination penetrates the paper web.

Figure 7. The comparisons of optical transmittance with laboratory analysis, experiments B.

It can be assumed that the mean of optical transmittance also depends at least on ash content and
the moisture content of the paper web. Figures 8 and 9 illustrate the dependence of the mean of
optical transmittance on laboratory results and estimated basis weight. Dryness of the edge strip
samples at experiments B are taken next to the camera system, which hence give information
about the moisture content of imaged paper web. Paper properties are plotted against mean of
optical transmittance in Figures 10, 11 and 12.
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Figure 8. Dependence of the mean of optical transmittance on laboratory results and estimated basis weight,
experiments B.

Figure 9. Dependence of the mean of optical transmittance on laboratory results and estimated basis weight,
experiments A.
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Figure 10. Dependence of ash content of samples and mean of optical transmittance, experiments B.

Figure 11. Dependence of basis weight of samples and mean of optical transmittance, experiments B.
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Figure 12. Dependence of dryness of edge strip and mean of optical transmittance, experiments B.

The corresponding correlations for experiments A are (experiments B):
 basis weight: -0.46 (-0.32)
 ash content: -0.15 (-0.63)
 dryness: -0.64 (-0.30)
An increase in the basis weight, ash content and the dryness of the paper web seem to reduce the
value of optical transmittance. In experiments B ash content correlates best and dryness of edge
strip worst with mean of optical transmittance. However, in experiments A the results are
opposite.

3.4 Evaluation of on-line measured image features for formation and floc
size
Optical transmittance features are compared with reference values based on the laboratory
analysis. The aim at this point is to evaluate the capability of on-line optical transmittance to
estimate formation and floc size. The illumination corrected on-line measurement and laboratory
results of standard deviations of optical transmittance are compared in Figure 13. The correlation
is 0.71.
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Figure 13. Comparison of illumination corrected on-line measurement and laboratory results of standard
deviations of optical transmittance, experiments B.

Normalised standard deviations of optical transmittance of on-line measurement and laboratory
results are presented in Figure 14. The correlation is 0.48. As a comparison the correlation
between laboratory-defined normalised standard deviations of optical transmittance and standard
deviation of on-line optical transmittance is 0.69 and therefore this value is used later in analysis.
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Figure 14. Comparison of normalised standard deviations of optical transmittance of on-line measurement
and laboratory results, experiments B.

Comparison of on-line measured image features and floc size based on laboratory results are
presented in Figure 15. The correlation between floc size and specific perimeter is 0.32, -0.12
with second sub image and 0.47 with third sub image.
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Figure 15. Comparison of on-line measured image features and floc size based on laboratory results,
experiments B.

15

4 EFFECT OF PROCESS PARAMETERS ON FORMATION
AND FLOC SIZE
Another objective of the work was to study the effect of process variables on formation and floc
size. Figures 16 and 17 illustrate experiments A and B. The experiment plans consisted of sub
studies focusing on the ratio of wire and jet speeds, vacuum of forming board and retention
chemical dosage, which are studied more closely in the following sections. The ratio of wire and
jet speeds and vacuum of forming board are supposed to affect mainly formation and retention
chemical dosage on floc size, which are taken into consideration in the plotting of following
figures.

Figure 16. Experiments A.
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Figure 17. Experiments B.

4.1 Ratio of wire and jet speeds
The ratio between wire and jet speeds was studied during the second day in experiments A
(images 600 – 1500 in Figure 16). It was noticed afterwards, that the measured ratio of wire and
jet speeds was 0.028 larger than the set point. In experiments B the ratio of wire and jet speeds
was studied during the first and second days (images 1 – 2200 in Figure 17). The experiments
were performed at two levels of vacuum of forming board. On the basis of correlation values of
figures 18 – 19 illumination corrected standard deviation of optical transmittance seems to
decrease as the ratio increases.
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Figure 18. The dependence between ratio of wire and jet speeds and illumination corrected standard
deviation of optical transmittance, experiments A.

Figure 19. The dependence between ratio of wire and jet speeds and illumination corrected standard
deviation of optical transmittance, experiments B.
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4.2 Vacuum of forming board
Illumination corrected standard deviation of optical transmittance as a function of vacuum of
forming board in experiments A and B is shown in Figures 20 - 21. On the basis of correlation
values and visual evaluation of images there is no dependence between these variables.

Figure 20. The dependence between vacuum of forming board and illumination corrected standard deviation
of optical transmittance, experiments A.

Figure 21. The dependence between vacuum of forming board and illumination corrected standard deviation
of optical transmittance, experiments B.
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4.3 Retention chemical dosage
Mixtures of retention chemicals were also studied in experiments A and B. Figure 22 illustrates
studies of retention chemicals in experiments A (images 1600 – 2400 in Figure 16). Microscale
seems to be longer at images 200 to 380 and 600 to 700 in Figure 22, but also basis weight
appears to be higher. Therefore normalised standard deviation of optical transmittance is plotted
in Figure 23. Similarly, results of retention chemical experiments in case B are shown in Figure
24.

Figure 22. Effect of retention chemical dosage on microscale, experiments A.
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Figure 23. Effect of retention chemical dosage on normalised standard deviation of optical transmittance,
experiments A.

Figure 24. Effect of retention chemical dosage on microscale, experiments B.
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4.4 Other findings
Additionally, images of experiment B were split into 6 parts in cross- and machine directions,
thus an image was divided into 36 sub images. Profile 1/6 in Figure 25 means the CD position in
the left and 6/6 in right side of the paper web. Standard deviations of illumination corrected
optical transmittance were calculated from each subimage, which are (from left to right): 24.8,
26.1, 27.5, 25.9, 25.7 and 25.5.

Figure 25. Effect of retention chemical dosage on microscale, experiments B.

It was noticed during the experiments that the amount of removed water was decreased in the
forming section if the vacuum of forming board was increased. The y-axis in Figure 26
represents the mass of pulp suspension, which is mostly water. The x-axis means the position of
forming section, “Hivac” being at the end of it.
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Figure 26. Effect of vacuum (underpressure) of forming board on water removal in different positions of wire
section, experiments B.
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5 DISCUSSION
The uncertainty of laboratory results is presumably small, but the sampling interval varied
typically between 20 to 60 minutes and there was certainly variation between samples e.g. in
basis weight. Therefore basis weight was estimated using consistency of pulp, flow of headbox
and paper machine speed assuming constant retentions of fibres and fillers. In reality also
retention varied during experiments, which can be seen in differences between laboratory
analyses and estimated values. The light source was sprayed with water during experiments to
avoid fouling. However, it was noticed that water spray was uneven and affected also the values
of optical transmittance and it may explain some of variation between images. The experiments
were affected by numerous interactions of process variables and it is difficult to nominate
process parameters which initially affected output. It was also difficult to keep other variables
except the studied one constant. E.g. the dewatering of forming section was constant to obtain
certain dryness of paper web after forming section and reduction in one position caused increase
in the remaining ones. Experiments were performed in the pilot scale paper machine and results
are probably not similar in a mill scale machine.
Illumination corrected standard deviation of on-line optical transmittance and optical formation
defined in laboratory supposedly had mutual dependence. On the other hand is not equivalent to
the structural nonuniformity, which has more effect on the functional properties of paper [4].
This may reduce the potential of optical transmittance. In the applied methods to estimate floc
size on the basis of optical transmittance is sensitive to used threshold. The changes e.g. in basis
weight affect values of optical transmittance and thus also floc and void sizes. Threshold
apparently influences also the value of floc size and therefore obtained floc sizes are not
absolute. This can be seen e.g. from Figure 15.
Illumination corrected standard deviation of optical transmittance seems to be smaller when the
ratio of speeds of jet and wire increases. This supports earlier theory [7], but the effect should be
similar in inverse ratio. However, this was not shown in results probably due to reasons listed
above.
The vacuum of forming section was constant and a reduction in one position caused increase in
the remaining ones. This may partly explain why differences were not noticed and additional
experiments are required to make conclusion about the effect of vacuum on formation.
On the basis of retention chemicals results the dosage did not have significant effect on floc size.
Retention chemicals might had interactions due to chemical reactions and these could not be
taken into consideration in analysis. Some differences were noticed, but on the same time basis
weight was changed and might explain the variation.
The profile of formation is usually worse at the edges in paper web [1]. In this case there are no
significant differences in standard deviation of optical transmittance. This may be probably
explained by only 40 cm wide paper web.
It was noticed during the experiments that the amount of removed water was decreased in the
forming section if the vacuum of forming board was increased. The reason may be the clogging
of wire cloth.
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Increased flow of head box seems to reduce illumination corrected standard deviation of optical
transmittance in experiments A. The values of the same image feature are large at the beginning
of experiments B when the flow of head box is small. The operation of paper machine using
increased flow of head box means lower pulp consistency to achieve the same basis weight.
According to earlier theory low consistency pulp normally leads to better formation as fewer
flocs are formed [5].
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6 CONCLUSIONS
This work mainly focuses on analysis of optical transmittance images, which are captured at the
end of the wire section of a pilot paper machine. The initial objective was to evaluate the
capability to estimate formation and floc size on the basis of optical transmittance. Another
objective was to analyse how process conditions affect them.
The results of this work suggested that an increase in the basis weight, ash content and the
dryness of the paper web seem to reduce the optical transmittance. On-line measured image
features of optical transmittance were rather congruent with off-line defined reference values,
especially the illumination corrected standard deviation of optical transmittance, which is
connected to paper formation. Increase in jet to wire speed difference seemed to lead to better
formation, but the effect of vacuum of forming board was nonexistent. On the basis of retention
chemicals results the dosage did not have significant effect on floc size. The results can be also
explained that increased flow of head box and lower consistency of pulp seemed to cause better
formation as fewer flocs are formed. According to earlier findings the profile of formation is
worse at the edges in paper web, but this phenomenon was not noticed in this work, which may
be explained narrow paper web of pilot paper machine. Additionally, it was noticed that effective
water removal at the beginning of the wire section leads to lower dry content of paper web at the
end of the section. This can be explained by clogging of wire sheet if the water removal
efficiency is too high at the beginning of wire section.
Experiments were performed in pilot scale paper machine and results are probably not similar in
mill scale machine. The experiments were affected by numerous interactions of process variables
and it was difficult to nominate process parameters which initially affected output. Basis weight
was managed on the basis of laboratory analyses and at least variation of retention means
changes in actual basis weight between samples. It was also difficult to keep other variables
except the studied one constant. E.g. the vacuum of forming board was constant and reduction in
one position caused increase in the remaining ones. These had an effect on the results, which
decreases the substance of results.
The benefit of results is mainly the analysis of optical transmittance, which seems to provide
with information about paper web. Optical transmittance may provide with information about
basis weight if on-line information of other paper web variables is known. Reliable estimation of
basis weight on the basis of image data would probably mean a new level of CD and MD profile
controls. Good formation e.g. improves the tensile strength and printability of produced paper.
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