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Pressure screening is a critical step in the production of high-quality paper.
In efforts to meet sustainable market demands, mill operators are forced
to push the limits of screening operation to the point where plugging
becomes a recurrent issue. This two-part study provides insights into the
limits of screening operations. In the first part, some published imaging
data was analyzed to delve into the plugging mechanisms. The observed
hysteresis and intermittency were measured by image processing
techniques, which revealed that an intermittent behavior of plug-and-
release events is intensified as permanent, stable plugs start to form. The
intermittency was characterized as changes in the distribution of open
area fluctuation peaks. Thus, the kurtosis of the fluctuation peak
distribution is proposed as a metric for a plugging soft-sensor. In part 2 of
this investigation, the limits of screening operation were characterized by
performing a series of screening trials. The utility of the soft-sensor metric
for plugging was assessed with the pressure fluctuation data.
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INTRODUCTION

Pressure screens are used in the pulp and paper industry to effectively remove
contaminants, including fibre bundles from pulp suspensions (Bliss 2002). Contaminants
are known to reduce the surface smoothness of paper, paper strength, as well as the optical
properties of the pulp. Pressure screening is also used as a means of fractionating fibres by
length with the purpose of manufacturing different value products. Overall, the use of
pressure screens is essential for the production of smooth, strong, high-quality paper.
Furthermore, the need to meet the demands of a sustainable market has made screening
increasingly important in the production of recycled furnishes. However, the biggest
challenge in screening is the balancing of improving capacity (i.e., maximum pulp
throughput) and contaminant removal efficiency while also reducing rotor power
consumption.

To this end, screens with smaller apertures are operated at progressively lower rotor
speeds, higher flow rates and pulp consistencies. Such conditions push the limits of
screening operation, where plugging is likely to occur due to the irreversible fibre
deposition in the screen apertures (Salem 2013). Screen plugging results in the reduction
of the screening efficiency and, in some cases, the sudden stoppage of pulp production
(Estevez-Reyes 1995).
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The primary motivation of this investigation is to gain insights into the limits of
screening operation as well as the underlying physical phenomena occurring in the
transition from the operational to the plugged regime. This knowledge prompts the
development of a method to predict the onset of plugging in the screen. The authors believe
that this mechanism will give insight into screening operations at every point during the
stock preparation process. The majority of the screening literature has addressed strategies
to improve different aspects of the screening operation with considerable focus on
enhancing the cleaning mechanisms by the rotor (Jokinen et al. 2007; Salem 2013; Li
2020), as well as, improving the fractionation efficiency (Wakelin and Corson 1997,
Ammala 2003; Jokinen et al. 2006; Mohamad 2012), and reducing the rotor power
consumption (Li 2003; Olson et al. 2004). However, the plugging mechanisms of fibres in
the screen apertures and their role on the limits of screening operation are less understood.

In attempts to understand the limits of screening operation from the theoretical
standpoint, Martinez et al. (1999) developed a mechanistic model based on the forces
acting on pulp floc. This model prescribes that the limits of screening operation and hence,
plugging, are dictated by a force balance between the hydrodynamic forces, the rotor
pulsation force, and the frictional force acting on a pulp floc in an aperture. More recently,
the interplay between the rotor tip speed V; and the slot velocity V; (i.e. accept flow) has
been shown to be a key factor dictating the limits of screen operation for different pulp
suspensions and screen geometries (Delfel 2009; Salem 2013). Indeed, the magnitude of
slot velocity dictates the extent of the fibre passage into the apertures, while the rotor is
responsible for clearing excess fibres and dispersing flocs by imposing turbulence and
pressure pulses (Gooding 1996; Salem 2013). The relationship between V, and V; at the
onset of plugging is strikingly linear (Delfel 2009; Salem 2013). However, little is known
about the underlying physical phenomena associated with the linearity of the limits of
screening operation. Other experimental and numerical studies have focused on the flows
of dilute fibre suspensions in the vicinity of apertures (Olson 1996; Gooding 1996; Ashok
1991; Salem 2013). These studies show that fibres tend to progressively accumulate in the
downstream edge of the aperture. The flow field and the fibre length to slot width ratio
£/w play a key role in the plugging of fibres in the dilute limit (Olson 1996). In the dense
limit, however, plugging has been given little attention likely due to the challenges of
visualizing flows of dense suspensions in a screen.

One unique study by Hoffmann et al. (2023) involved the direct visualization of the
plugging event in a small section of a pressure screen under typical screening conditions.
A schematic of the screen and visualization setup used in that study is shown in Fig. 1.
Sample snapshots from the visualization study are shown in Fig. 2. This visualization study
provided two key teachings. Firstly, it demonstrated that the screen apertures plug when
the rotor speed is reduced below a critical value. Notably, once the screen becomes
plugged, the rotor speed needs to be increased significantly to remove the plugs. This is
the signature of a hysteresis in the cleaning cycle. Secondly, there is an additional dynamic
whereby the frequency of the plug-and-release events (intermittency) increases
dramatically as the screen approaches the point of failure. This intermittent behavior has
also been widely reported for the plugging of particles in filtering and granular media
(Dressaire and Sauret 2017; Dai and Grace 2010), and more recently, for the plugging of
semi-dilute suspensions of nylon fibres in narrow constrictions (Villalba et al. 2023). It is
commonly reported by this body of literature that the intermittency based on the plugging
intervals predominantly follows an exponential distribution, indicative of a Poisson or
random process.
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Fig. 1. Schematic of the visualization setup used by Hoffmann et al. featuring the Hooper PSV
2100 Pressure Screen (left) and the top view of the rotor and screen (right). The screen has a
Plexiglas visualization window where plugging events were recorded with a video camera. Image
adapted from Gooding (1996). Images are not to scale.
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Fig. 2. Sample images of the plugging evolution for different pulp consistencies of (a) ¢ = 0.5%,
(b) c = 1.0%. Here the slot velocity is kept constant at V, = 0.5 m/s. Plugging is defined as the
temporary or permanent blockage of an aperture. Failure is defined here as the formation of
stable plugs over most apertures in the visualization window.

This present article is part one of a two-part work investigating the limits of
screening operation. The primary objective of part one of this investigation is to get insights
into the mechanisms that cause plugging in the screen. In this work it is assumed that
plugging is caused by fibre accumulations only. The effects of non-fibre “stickies” or
contaminants were not observed, although they could play a role in typical screening
operations. In detail, the formation of plugs adjacent to the apertures was analyzed using
image analysis tools in MATLAB with permission from Hoffmann et al. (2023). The focus
was on measuring the hysteresis and the intermittency of the plugging events. Furthermore,
statistical schemes such as probability distributions, which are typically used in the
jamming of granular and filtering media, were employed to characterize the intermittency
of plugging events for the first time in screening operations. Finally, the concept of a tool
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to detect plugging based on the fluctuation peaks of the open area data describing the
intermittency was introduced.

EXPERIMENTAL

In this work, image and signal processing techniques were exploited to analyze data
obtained from the direct visualization of the screen apertures. First, the experimental
procedure used in the screen visualization study by Hoffmann et al. (2023) was revisited,
and subsequently, an analysis of the video data was conducted.

The experiments had been carried out by Hoffmann et al. (2023) and Aikawa Fiber
Technologies (AFT). A Hooper PSV 2100 pressure screen, similar to that in Gooding
(1996), was used for the aperture plugging trials. The screen is equipped with a cylinder,
which is 0.45 m high and 0.28 m in diameter. The screen is fitted with 51 mm wide rotor
tips set at a nominal 2.5 mm rotor-cylinder gap, i.e. the minimum distance between the
outside of the rotor tip and inside (feed-side) of the screen cylinder. A Plexiglas window
was installed on the outer screen body to visualize a circular region of the screen cylinder.
The gap between the window and the cylinder is about 4.5 mm. The schematic of the
experimental setup is displayed in Fig. 1. The field of view (see Fig. 2a-b) includes 23
screen holes of diameter w = 2.2 mm that are equally spaced from each other.

A Pulnix TM-640 black and white video camera was used to record videos at 30
frames per second with a 1/150" second shutter speed. A Noram #10903 florescent ring
was used for illumination. Canfor, Prince George, supplied Northern Bleached Softwood
Kraft (NBSK) pulp for the study. The fully bleached pulps have a brightness of 90% ISO
and an arithmetic-average fibre length of roughly 2.5 mm and width of 27 um (Paterson et
al. 2021). These values are typical for NBSK pulps. Two sets of pulps with mass
consistencies of ¢ = 0.5% (wt/wt), and ¢ = 1.0% (wt/wt) were prepared for the plugging
experiments presented in this work. Although typically higher consistencies are employed
in screening, lower consistencies were used here to facilitate visualization.

The experimental procedure involved decreasing the rotor speed from an initial
value of N = 1000 rpm in a step-wise manner by 100 rpm every 30 seconds for the ¢ =
0.5% suspension and every 90 seconds for the ¢ = 1.0% suspension until plugging was
observed. Then, the rotor speed was increased back to the initial value to clear the plugs.
The volumetric reject ratio (ratio of reject flow to feed flow) was kept at roughly R,, = 0.15.
The feed pressure was around 410 kPa during normal operation. The flow rate was kept
constant such that the slot velocity was fixed at about V;, = 0.5 m/s. After the experiments
were completed, the videos were saved to a VHS tape for further processing. Further
experimental details can be found in Hoffmann et al. (2023).

In this work, the existing screening videos (Hoffmann et al. 2023) were digitized
and processed. Plugging was quantified by calculating the open area fraction of the
apertures using image processing techniques. A plugging event then represents any
instance in which the open area of the holes is reduced significantly. This includes the
formation of transient plugs caused by failure of the rotor to fluidize the flocs and the
formation of permanent plugs that remain stuck in the apertures. The procedure is
summarized in Fig. 3. First, the contrast in the images is enhanced. Then, the images are
binarized, thereby separating the clear apertures from the pulp suspension and the screen
surface. The aperture holes are isolated by applying a mask to remove the pixels outside
the region of interest. The open area fraction A(t) of the apertures is calculated as the sum
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of the pixels (given as matrices of ones) in the apertures at a given time divided by the pixel
sum in the apertures when the screen was fully operational (see Fig 3a).
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Fig. 3. Image processing procedure includes enhancing contrast, binarizing, removing noise and
masking. The open area fraction is calculated by adding all the “one” pixel values and dividing
them by the area of pixels in the operating regime (open holes). In this image, the dark pixels are
ones, while the white are zeroes. The open screen aperture is shown in (a); the partially plugged
screen is shown in (b). The signal of the corresponding open area fraction A as function of time is
shown in (c). The absolute value of fluctuation of the opera area data A" as function of time is
shown in (d).

The moving average of the signal in small time steps As was calculated as follows:
A 1 (At
A= Efo A(t)dt (1)

The fluctuation component of the open area signal A" was isolated by subtracting
the raw signal data A(t) by the moving average and presented as an absolute value:

A" =A() - Al ()

Sample plots of the open area data and the absolute value of the fluctuation
component as function of time are displayed in Fig. 3c-d. A combination of ImageJ
software and MATLAB are used for this analysis. ImageJ is used as a preliminary step to
enhance the contrast in the images. MATLAB is used to calculate the open area and
perform signal processing.
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RESULTS AND DISCUSSION

Plugging Phenomenology

The plugging events were observed in a small region of the screen cylinder. Sample
snapshots of the plugging evolution over time are shown in Fig. 2 for different pulp
consistencies. By visual inspection, plugging occurred by a flocculation mechanism, where
fibre aggregates form and block the apertures adjacent to the visualization window. The
flocculation events occur naturally due to the interaction of the fibres as they approach the
apertures. This occurs spontaneously in the concentration regime used in this study
(Martinez et al. 2001). The confinement causes the flocs to become stuck, with friction
keeping the plugs in place. Similar mechanisms were observed in the flows of dilute to
semi-dilute nylon fibres (Villalba et al. 2023) and in the flows of dense fibre suspensions
through constrictions (Kerekes 2006).

There were four different states in the evolution of screen plugging. First is the
operational state (1) where the high rotor speeds keep the pulp suspension fluidized. There
was no discernible change in the flow patterns of fibres and no sign of incipient plugging
observed in the images. As the rotor speed is decreased, an intermittent state (I1) of
pulsating plug-and-release events was observed, although the screen remained operational
and in a state of dynamic equilibrium. This behavior is particularly evident for the ¢ = 1.0%
pulp suspension. Once the rotor speed is decreased below a critical value, stable flocs start
forming progressively within seconds, signaling the start of the plugging state (I11). At this
point, the rate of floc formation overcomes the rate of floc dispersion and backflush
induced by the rotor. The final state (IV) is plug densification which happens when most
of the visualization window becomes blocked and the plugs densify.

The propagation of plugs across all apertures in the field of view was gradual,
taking about 9 seconds. For the ¢ = 0.5% pulp, the suspended fibres developed into visible
flocs that were roughly round in shape and are about as big as the aperture. For the ¢ =
1.0% pulp, the size of the flocs was much larger than the size of the aperture and their
shape was rather amorphous. Some flocs spanned across more than one aperture and
merged with other flocs as they collided with one another. These flocs become dense plugs
that end up filling the gap between the screen cylinder and the Plexiglas window.

Plugging and Cleaning Hysteresis

The extent of screen plugging and cleaning over time was monitored by calculating
the open area fraction A(t) of the apertures. The open area fraction signal as function of
time is presented in Fig. 4 for the ¢ = 0.5% and ¢ = 1.0% pulp suspensions. The stepwise
change in rotor speed is also shown for reference. Note that the fluctuation in the data is
larger for the denser suspension.

The average and fluctuations of the area signal were computed according to Egs. 1
and 2. Figure 5 shows the time-averaged open area fraction of all apertures for pulp
suspensions with ¢ = 0.5% and ¢ = 1.0%. The average of the open area signal remained
roughly constant as the rotor speed was decreased until a critical value was attained, after
which it dropped abruptly in the order of less than 15 seconds. For the ¢ = 0.5% pulp, the
critical rotor speed for plugging is N = 300 rpm. For the ¢ = 1.0% pulp, the critical rotor
speed is higher at about N = 400 rpm. These results represent a visual confirmation of the
findings by Salem (2013) that the critical rotor speed depends, when other things are
constant, on the consistency of the pulp suspension.
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Fig. 4. Open area fraction of the apertures A and rotor speed N as function of time for (a) ¢ =
0.5% and (b) c = 1.0% pulp suspensions
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Villalba et al. (2024). “Pulp screening: Pt.1-Plugging,” BioResources 19(2), 2404-2416. 2410



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

This article reports a hysteresis in the releasing of the plugs adjacent to the
visualization window. Notably, once plugging occurred, the rotor speed needed to be
increased significantly more to clear the plugs. In other words, the aperture cleaning
threshold was much higher than the plugging threshold. Figure 5 displays the average open
area as function of the rotor speed for the two pulp suspensions, where the hysteresis loop
is clearly highlighted by the horizontal arrow in the image. Evidently, the hysteresis was
more pronounced for the denser pulp suspension, suggesting a strong dependency on fibre
concentration. Not only does the higher pulp concentration facilitate fibre interactions and,
consequently, floc formation, but it also increases the strength of the plug due to the
increased network strength (Derakhshandeh et al. 2010).

The hysteresis could be generated by the effect of the rheology of the network, i.e.
elastoviscoplasticity (Martinez et al. 1999; Derakhshandeh et al. 2010; Nikbakht et al.
2014). Indeed, Paterson et al. (2022) showed a hysteresis in the mechanical response of a
networked suspension with elastoviscoplastic properties under uni-axial compression.
These mechanisms are thought to play an important role in the force balance criteria
governing the limits of screening operation and plugging (Martinez et al. 1999).

Plugging Intermittency and Detection

As is evident from the visualization study, the flocculation events displayed an
intermittent behavior of plug-and-release events. Following from the filtering media
literature (Dressaire and Sauret 2017), the plugging intermittency was characterized by the
time intervals t. between each plugging event by isolating the areas of the individual
apertures during the plugging phase. Here, the time intervals were normalized by the slot
velocity V, = 0.5 m/s and the depth of the apertures T = 6 mm. The results are presented as
the probability density function ¥ (t.) and the cumulative distribution function P(t.) of
the time intervals between individual plugging events, as shown in Fig. 6.
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Fig. 6. Probability density function ¥ (t.) and cumulative distribution function (inset) of the time
intervals between successive plugging events in the screen. The time is normalized by the slot
velocity V¢ = 0.5 m/s and depth of the apertures T = 6 mm. The fits of the curves follow
exponential distributions with R-squared values greater than 0.92 shown by the solid lines.
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Crucially, the plugging intervals followed an exponential distribution, which is
indicative of a Poisson or random process. This finding is consistent with the plugging of
spherical particles in filtering media (Dressaire and Sauret 2017). As expected, this is also
in agreement with the intermittency in the flows of semi-dilute nylon fibres under
controlled experimental conditions (Villalba et al. 2023). This agreement could indicate
that, fundamentally, similar flocculation mechanisms are at play in the intermittency
observed in screening. Furthermore, the time intervals depend on the pulp consistency with
the plugging events becoming more frequent as consistency increases.

Upon detailed examination of the screening videos, an increased intermittency in
the flocculation events seems to be a precursive behavior indicating the onset of permanent
plugging in the screen. Hence, characterizing the dramatic increase in the intermittency is
the first step to develop a plugging detection tool. To that end, the open area fluctuations
(Fig. 3c) were examined to get insights into the intermittency in screening with the goal of
developing a predictive tool for plugging.

To get a broad perspective of the intermittency of the data, the distribution of the
open area fluctuation peaks Z, were plotted in the form of probability density functions

¥(Z,). Note that the peak values Z, in the distributions are normalized, i.e., the data are

subtracted by the mean and divided by the standard deviation. Thus, the form of
distributions with different size peaks could be compared.

Gaussian
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Fig. 7. Sample probability density function ¥ (Z,,) of the normalized fluctuation peaks Z,, of the
open area data for ¢ = 1.0% NBSK pulp in (a) the operating regime and (b) during plugging. The
dashed-line represents a Gaussian distribution. The colored lines represent lognormal fits. Values
of kurtosis K are displayed in panel (b) for comparison.
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The typical probability distribution of the open area signal of ¢ = 1.0% pulp under
normal operation is shown in Fig. 7a. The distribution of the fluctuation peaks for pulp
under operating conditions seemed to follow the shape of a Gaussian or normal
distribution, which is shown as a black dashed line in the figure. However, as the rotor
speed was decreased, the distribution shifted away from the Gaussian form and started to
skew and peak with the fluctuations increasing prior and during plugging. This is clearly
depicted in Fig. 7b, which shows a distribution with higher arch and asymmetric tails. This
raises the question of whether the shape of the fluctuation distribution is an indicator of the
onset of plugging. First, the change in the distribution was quantified. The two metrics
typically used to describe the shape of a distribution include skewness and kurtosis. Both
are used as benchmarks for nonnormality (Prakash 2022). In this work, the kurtosis of the
distribution was calculated, as a measure of the “tailedness” and “peakness” of a
distribution that describes the extent of the data that falls in the tails of the distribution
(Rigby et al. 2019). In the case of the Gaussian distribution, the kurtosis has a value of K
= 1, as defined here. The distribution of the operational regime (Fig. 7a) had a kurtosis
value close to one, with K = 1.1. However, the kurtosis of the distribution of Z,, during

plugging increased up to K = 3.5, as seen Fig. 7b. This means that more data shifted from
the shoulders of the distribution to the end tails of the distribution indicating higher
intermittency. With this in mind, the kurtosis of the fluctuation peaks was used as a
parameter to estimate the degree of intermittency and the onset of plugging.

Figure 8a shows the kurtosis of the fluctuation data as function of rotor speed,
where different regions (I-1V) of the screen operation are identified. Figure 8b shows the
spatio-temporal average of the images corresponding to the highlighted regions in Fig. 8a.
The figure reveals that the fluctuation peaks followed a Gaussian distribution with K =1
at high rotor speeds N > 600 rpm (region 1). Before stable flocs were observed in the image,
there was a transient regime (region I1) in which the intensity of the plug-and-release events
increased even though the screen was operational. Note that in the spatio-temporal image
(see Fig. 8b), the apertures appear less dark in region Il than in region I, which is indicative
of the intensified intermittency of flocculation events. Crucially, this behavior is captured
by the small increase in the kurtosis in region Il of Fig. 8a.
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Fig. 8. Kurtosis as function of rotor speed for NBSK pulp in panel (a). Panel (b) shows the
corresponding spatio-temporal images of the highlighted regions from panel (a). Region |
corresponds to the normal operating conditions. Region Il is a transient state of increased

intermittency of flocculation events. Region Il presents the formation of plugs. Region IV shows
the densification of the plugs.
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At the threshold rotor speed of N = 400 rpm in region |11, stable plugs started to
progressively form. Accordingly, the kurtosis of the fluctuation data increased sharply due
to the rapid formation of the plugs. The spatio-temporal image revealed that both stable
and transient plugs formed over region I11. Finally, in region IV most apertures adjacent to
the window were blocked and the plugs became densified. This behavior is shown in the
images as large stable flocs form over region IV and was captured as a decrease in the
kurtosis of the data as the plugs reach a steady state.

This analysis has revealed insights into the physical phenomena behind the increase
in kurtosis of the fluctuation distributions. The kurtosis of ¥(Z,,) is a measurement of the
intermittency occurring near screen failure, and as such, this metric could be applied as a
soft-sensor to predict plugging in different screening systems. It is expected that other
parameters such as the equipment (i.e. rotor type and screen geometries) as well as the
stock parameters (i.e. pulp furnish and fibre length) will have a strong effect on plugging.
Therefore, further investigation of plugging is needed under different stock conditions and
screen geometries. In part 2 of this work, the plugging prediction metric is assessed with
readily available pressure measurements obtained in screening trials where different pulp
furnishes and screen geometries are employed.

CONCLUSIONS

1. Plugs form in the screen by flocculation mechanisms, which follows a Poisson
distribution. This is similar to findings in filtering and granular media and, crucially,
for the plugging semi-dilute nylon fibres in simplified geometries.

2. A hysteresis between the plugging and cleaning thresholds was measured and
confirmed. This effect is concentration dependent.

3. An increased intermittency occurs at the onset of permanent plugging. This
phenomenon was characterized by a change in the fluctuation distribution accompanied
by an increase in the kurtosis. Based on these preliminary results, the authors speculate
that kurtosis of the peak distribution is a metric of the precursory increased
intermittency.
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