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Abstract: In this study, a two-stage, low-consistency (LC)
refining process at the Holmen Braviken paper mill in
Sweden was examined to evaluate the relationship be-
tween energy input, fibre distributions, and pulp proper-
ties, including handsheet properties. The LC refiners used
thermo-mechanical pulp based on 100 % Norway spruce,
with two specific energy levels: “low” (=80 kWh/adt) or
“high” (=100 kWh/adt). All four permutations of these set-
tings were examined. Overall, higher refining efficiency
(measured by the increase in tensile index per applied
energy) was observed in the first LC refiner stage than in the
second. To further explore the impact of LC refining, pulp
particle distributions were investigated. Samples from
before, between and after the two LC stages were analysed
using an optical fibre analyser, which provided detailed data
on length-width-curl-fibrillation distributions. The impact
of LC refining on these distributions was quantified using
Kolmogorov-Smirnov statistics, highlighting statistically
significant changes observed in the length and curl distri-
butions. We investigated the correlation between energy
input into the LC refiners and the impact on fibre distribu-
tions and handsheet properties. These insights underscore
the effectiveness of our analytical approach and its potential
for refining process control in mechanical pulping, offering a
method for more targeted and efficient adjustments.
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1 Introduction

Low consistency (LC) refining is widely applied in mechan-
ical and chemimechanical pulping for the development of
fibre properties. It can be applied in different positions in a
mechanical pulping process which, to some extent, affects
fibre development and refining efficiency, defined as ten-
sile index increment per applied specific energy (Sandberg
et al. 2017). From the mid-1990s, LC installations in ther-
momechanical pulp (TMP) lines were often as third stage
mainline refiners (e.g. Musselman et al. 1997) and in mod-
ern chemithermomechanical pulp (CTMP) lines both in the
main- and reject lines (e.g. Peng et al. 2018). Earlier studies
have shown that fibre properties are not developed in the
same way in LC refining as in high consistency (HC) refining
(Andersson et al. 2012; Ferritsius et al. 2012, 2020; Gorski et al.
2012). The fibres are subjected to less peeling in L.C than in
HC refining, resulting in fewer fines being generated. LC
refining seems to produce more internal than external
fibrillation, however the increase in internal fibrillation is
not more efficient than for high intensity HC refining
(Fernando et al. 2013; Ferritsius et al. 2020; Gorski et al. 2012).
This could be one reason for the comparatively lower in-
crease in light scattering coefficient across LC refiners.
Another distinct difference is that fibres are straightened
during LC refining, whereas they either maintain their
original shape or become more curled during HC refining.
However, the underlying reason for this disparate develop-
ment is not well understood.

When multiple LC refiners are incorporated into a TMP
line, they are often installed in parallel, which enables
convenient adaptation to the production rate in the pulp line.
However, it is also possible to arrange the refiners in series, a
configuration that is more common in the processing of
softwood kraft pulp but also in modern CTMP mills (e.g.
Guangdong et al. 2011). Two-stage LC refining was shown to be
beneficial for refining of high-freeness groundwood, as higher
tensile index was attained at a given freeness than for single-
stage refining (Montmorency 1958). LC refining of TMP in
two or more stages in series has been studied in pilot trials
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(see e.g. Gorski et al. 2012; Sabourin 2007). However, those
studies, and other earlier investigations, have not focused
the fibre development of each stage in detail. Moreover, the
refining efficiency, defined as the tensile index increase per
MWh/ton, for LC refiners in a two-stage process, is lower for
the second stage than the primary stage (Sandberg et al.
2021). The reason for this difference is yet to be understood.

The objective of this study was to examine how fibre
property distributions measured with an optical fibre
analyzer and handsheet properties are affected by changing
the specific refining energy in a two-stage LC refining process.
A combination of handsheet characterization, optical fibre
analysis, and fibre distribution analysis using Kolmogorov-
Smirnoff statistic and two-dimensional (2D) visualization
techniques was used to achieve this.

2 Theory

In this work, we take interest in comparing different pulp
particle distributions to identify statistically significant
differences between them, and to quantify these differences.
The purpose is to relate changes in the distributions to
changes in handsheet mechanical properties. We base the
test statistic on empirical cumulative distribution functions.

For a sample A = X3, X, ..., Xn, of size ny, we define its
empirical distribution function as

- 1 ma
Dy (x) =— Y I(x2X)), oy
Ny iz

where I(-) is the indicator function, and a superposed tilde
indicates an empirical distribution. The empirical distribu-
tion function is a lossless representation of A; the observa-
tions in A can be recovered from @, (x).

Consider two samples, A and B, with sizes n, and ng,
respectively. The samples are drawn from the continuous
cumulative distribution functions ®4(x) and ®z(x). The
null hypothesis is:

Ho : CDA (X) = CDB (X) (2)

The purpose of a two-sample test is to investigate
whether Hy can be rejected at a given level of significance a €
(0, 1) based on the samples A and B. Many two-sample sta-
tistical tests have been proposed based on the difference
(Anderson and Darling 1952; Cramer 1928; Kolmogorov 1933;
Kuiper 1960; Smirnov 1944; von Mises 1928),

Dap (X) = g (x) - D4 (x). ©)

Particularly, the one-dimensional, two-sample Kolmogorov-
Smirnov (KS) test (Kolmogorov 1933; Smirnov 1944) rejects H, at
significance a if (Stephens 1970)
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where n, = nyng/(n, + ng) is the effective number of sam-
ples, while the function for calculating the p-value is (Mar-
saglia et al. 2003):

Pys () =2 Y (<1yle ¥ 6)
=

Equation (4) is suitable for comparing pulp samples
before and after LC refiner steps, or indeed any unit process.
In addition, since fibre data from n = 6 to n = 12 beakers of
diluted pulp suspension are combined in each measure-
ment, Equation (4) can also test whether the content of any of
the beakers is significantly different than the other beakers
within the same pulp sample. This can either be performed
by comparing each beaker with a collective sample of all
other beakers, or by comparing all pairs of beakers. When
comparing several samples, the significance level a should
however be adjusted using Bonferroni correction, such that
the adjusted significance level becomes a* = a/N, where N is
the number of independent comparisons. The default value
of a is 0.05 in this work.

As an alternative to Equation (4), since pys: [0, ®) —
[0,1) is invertible, we can introduce a scaled distribution
difference,

Vi +0.12 + 28

Dy (x5 a) = @ D45 (X), 6)

which permits us to formulate the two-sample KS test as

sup|D;; (x5 @)| > 1. 7
xeR

Our introduction (6) of D, (X ; @) serves a multifaceted
role. Besides its extremal values signalling significant
distributional discrepancies through the KS test, we aim
herein to explore how it can be used as a more compre-
hensive metric for qualitative and quantitative distribu-
tional differences.

As a demonstration, we consider two different lognormal
distributions whose probability density functions, ¢, (x) and
05 (x), are illustrated in Figure 1a. When samples A and B are
drawn from these distributions, we obtain empirical CDFs
(Figure 1b). Finally, the scaled difference D, (X ; a) is plotted
in Figure 1c. It shows a peak located at x = 3, which is also
where the PDFs intersect. The fact that max,|D, (x)|>1
means that the difference between the empirical CDFs is sig-
nificant. A positive peak in D), (x;a) corresponds to an
overall reduction of the observable x in B compared to A.
Particularly, the frequency has decreased in the interval
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Figure 1: Ademonstration of how two distributions can be compared. (a)
PDFs for two different lognormal distributions. (b) Empirical CDFs for
samples, each one of size 100, drawn from the two different lognormal
distributions. (c) Scaled difference between empirical PDFs. The dotted
lines indicate a difference at significance level a = 0.05. A positive slope of
D* g indicates that frequency is increasing in B as compared to A within
that interval. The opposite holds true for a negative slope.

where D, (x;a) exhibits a negative slope, while it has
increased in the interval with positive slope.

3 Materials and methods

A two-stage LC refining process in the Holmen Braviken mill
in Sweden was studied. The LC refiners (TwinFlo 52, Andritz)
were fed with TMP based on 100 % Norway spruce from a
two-stage HC refiner line (Twin 60, Andritz). Pulp samples
were taken at the positions marked with red crosses in
Figure 2.

The pulp consistency was 4.5 %, the flow through the
refiners was 104-108 1/s and the production rate was around
17 bdt/h. The feed pulp temperature was around 77 °C during
the trial. Both refiners were equipped with Valmet segments:

HC Twin 60 LC TwinFlo 52

Spruce
chips

White water

Figure 2: The studied TMP line in Braviken with two-stage LC refining.
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Primary — SWPS258F37/M37 on the rotor and SWP5258E72/
M?72 on stators. Secondary — SWP5258D61/M61 on both rotor
and stators. The coarser segment design in the first stage is
used to avoid plugging by pin-chips which occasionally are
created during startup of the TMP line.

For each LC refiner, the load was set at either “low”
(=80 kWh/bdt) or “high” (=100 kWh/bdt), based on the typical
operating range in mill installations, where good refining
efficiency is achieved without excessive fiber length reduc-
tion. The specific refining energy was calculated from the
gross motor power, including the no-load (idle) power. Pulp
samples were collected for all four permutations of the Low
and High settings, as shown in Table 1.

All samples were hot disintegrated according to (ISO
5263-3:2004) before analysis. Canadian standard freeness
(CSF) was measured according to (ISO 5267-2:2001).

Handsheets were made according to ISO 5269-1:2005
without white water recirculation. The following measure-
ments were made on handsheets: apparent density (ISO 534),
tensile index (ISO 1924-2), light scattering coefficient, 550 nm,
(ISO 9416), burst index (ISO 2758), and SCT index (ISO 9895).
Each tensile index measurement was made on an increased
number of 16 strips.

Pulp samples were analysed in a L&W Fiber Tester plus
from ABB. The analyser assigns each detected particle five
attributes: fibre length L, width W, shape factor S (i.e. end-to-
end length divided by contour length), perimeter-based
fibrillation, and area-based fibrillation. The curl index, C, is
calculable from the shape factor (Page et al. 1985). Each data
point was based on measurements from 6 to 12 beakers of
diluted pulp suspension. The particle size constraint was set
to L 2 0.2mm, resulting in an average of approximately
80,000 particles analyzed for each data point.

4 Results
4.1 Energy efficiency

The energy split between the two LC refining stages (Low-
High or High-Low) did not affect the tensile index increase in
any systematic way, Figure 3. However, on average, the
tensile index increase was larger for the first stage than for
the second stage. The average refining efficiency (or the
slope in Figure 3) for the primary LC refining stage was 38
(Nm/g)/(MWh/bdt) and 24 (Nm/g)/(MWh/bdt) for the second LC
refining stage. In Figure 3, recalculated data from Sabourin
(2007) are also shown. The points represent three sequential
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Table 1: Process settings for the two LC refiners.
Trial 1 Trial 2 Trial 3 Trial 4
Low-Low High-Low Low-High High-High

Lc1 Lc2 Lc1 Lc2 Lc1 Lc2 Lc1 Lc2
Gross power MwW 1.38 1.37 1.72 1.4 1.39 1.71 1.69 1.67
Flow I/s 101 103 101 102 101 104 101 102
SRE, gross kWh/bdt 84 82 105 85 85 101 103 101
SEL J/m 0.99 0.63 133 0.65 1 0.86 13 0.83
LCrefining stages of white spruce in a pilot refiner. Sabourin’s 44
investigation similarly indicates a decrease in refining effi-
ciency for each stage, although Sabourin neither commented 421
on this trend nor showed any detailed data from each 20 |
refining stage. The refining efficiency of the pilot data is
higher compared to the present study, but it is not clear from 38
Sabourin’s work whether the presented specific refining
energy (SRE) was net or gross, i.e. whether the no-load power =2
was included or not. Most likely it is the net specific energy. In 34 |
the present work, the no-load is included in the SRE. Addi-
tionally, differences in spruce species between the TMPs 32 . . .
might influence the observed refining efficiencies. =i =40 cleé(O 0 A0 =00

m

The refining efficiency of the second LC refining stage is
only slightly higher than the 20 (Nm/g)/(MWh/adt) reported
by Hill et al. (2017) and Sandberg et al. (2017) for second stage

Tensileindex (Nm/g)
44

42
40
38
36

34

ve(’s?%f. -7

32 3
\’\C Ref\“\_“g’ S
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Specific Refining Energy (kWh/bdt)
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Figure 3: The average tensile index increase is larger for the first LC
refining stage than for the second stage. Data from three consecutive LC
refining stages are also shown, recalculated from Sabourin (2007). A line
showing average tensile index increase for second stage single disc HC
refining is included for comparison.

| -O-1Low-Low {F2 High-Low ~O- 3 Low-High - 4 High-High

Figure 4: Tensile index versus CSF.

single disc (SD) HC refining. The average total refining effi-
ciency of the two LC refiners was 31 (Nm/g)/(MWh/adt),
which is higher than for SD HC refining, but it is interesting
that the refining efficiency of the second LC refining stage is
similar to HC refining. Why is it so0?

In Figure 4, tensile index is shown as a function of
freeness (CSF), where the minimum CSF observed in our
trials is 132. The general trend is consistent with expecta-
tions; however, the tensile index after the first LC stage in the
Low-Low series appears to be approximately 2 Nm/g higher
than anticipated based on the overall trend. A similar devi-
ation can also be observed in Figure 3 (tensile index vs. SRE),
which suggests that this particular datapoint may be an
outlier. This deviation could arise from measurement vari-
ability or differences in fiber properties after the first LC
stage.

Other handsheet properties, e.g. apparent density
(Figure 5), burst index (Figure 6) and strain at break (Ap-
pendix, Table A1) as well as length-length-weighted average
fibre length (Figure 7) did not show a similar systematic trend
with a lower change across the second-stage refiner.
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Figure 5: Apparent density versus SRE did not show a lower slope for the
second refining stage.
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Figure 6: Burst index versus SRE did not show a distinctive lower slope
for the second refining stage, and the increase is comparable to the
average SD HC refining trend (dash-dotted line).

The data clearly shows that the most favourable mode of
energy application in terms of fibre length at a given tensile
index, is the Low-Low combination (Figure 8). The additional
energy applied from Low-Low to High-High did not result in
asignificant increase in tensile index but a clear reduction in
fibre length.

4.2 Analysis with KS statistics

The pulps in the present study were further analysed using
Kolmogorov-Smirnoff statistics, with the details of the four
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Ll.L.w.a. Fibre length (mm)
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Figure 7: The two refining stages affected length-length-weighted
average fibre length in a similar way. The trial with lowest specific energy
in both stages had lowest overall reduction of fibre length.
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Figure 8: The Low-Low combination resulted in the highest fibre length
at a given tensile index.

trials described in Table 1. Only pulp particles with L >
0.2 mm were considered in the analysis, thus excluding the
fines fraction. Moreover, we only present the distribution
analysis for fibre length and curl index, since fibre width and
fibrillation were less influenced by the LC refining according
to our KS test (not shown). The work by Ferritsius et al. (2020)
also shows that LC refining has a negligible effect on external
fibrillation.

The KS analysis was performed in two steps: First a
KS-test was applied to the individual beakers within each
sample batch, to ensure that the subsamples were sufficiently
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Figure 9: Typical KS probabilities when pairwise comparing 12 beakers
with sub-samples from the same pulp with the other beakers. Darker
colours indicate larger differences and red dots indicate that the samples
are statistically different according to KS statistics.

similar. The outliers were removed and thereafter a second
KS-test was applied to compare the effects of the four different
trials.

In the first KS-test, a typical result when comparing each
beaker from a batch to a collective sample of all other bea-
kers from that same batch is shown in Figure 9. The beaker
numbers are shown on the x-axes and the probability values
from Equation (4) are shown as colours in the figure. Darker
colours indicate lower p-values and thus larger differences
between the particle distributions of the beakers. The
number of independent comparisons is the product of the
four properties multiplied with (n-1) comparisons per
property, which is here N = 4(12-1) = 36. This gives an
adjusted confidence level a* = a/N = 0.05/36 = 0.0014. The
perimeter-based fibrillation of beaker 4 deviates from the
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Figure 10: Typical KS probabilities when pairwise comparing 12 beakers
with each other. The same beakers as in Figure 9 are analysed.
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others in our example (Figure 9), but otherwise it cannot be
refuted that particle distributions in different beakers are
equal.

More detailed information about the differences
between the beakers is obtained by also performing pair-
wise comparisons between each individual beaker in the
batch (Figure 10). This complementary analysis shows that
the fibrillation of beaker 4 deviates a lot from the other
beakers. The width distributions of beakers 11 and 12 also
differ a bit, but less than the adjusted confidence limit of
Figure 9. A strict confidence level for the p-values in
Figure 10 cannot be easily calculated, because some of the N
= 4(n-1)-n comparisons are dependent.

KS-analysis on individual beakers is useful for control-
ling samples prior to further analysis. For instance, Figures 9
and 10 indicate that beaker 4 should be excluded from that
batch. When assessing corresponding data for all batches,
the overall conclusion is that within each batch, the beakers
typically exhibit statistically similar fibre distributions. Only
a few exceptions were observed, and those beakers were
excluded from subsequent analysis. Henceforth, a sample
refers to the collective sample of all beakers from one batch,
after data cleaning as described above.

The second KS-test was applied to compare the effects
of different refining strategies. The four samples extracted
before the primary LC stage are nominally the same, i.e.
they were obtained at the same HC refiner settings. Since
max;|D} (L)| exceeds 1 when comparing Trial 1to each one
of the other trials (Figure 11), the pulps were significantly
different in Trial 1, even before LC refining. This deviation
in fibre length distribution for Trial 1 is probably due to a
temporary variation in the pulp quality from the preceding
HC refiners (Figure 2).

We can compare the distributions of fibre lengths and
curl index (Page et al. 1985) before and after each LC stage,
remembering that peaks with positive sign indicate reduc-
tion of the average value. In each trial, 1 through 4, we
observe that the first LC refining step has the greatest
impact. In Figure 12, with data for Trial 1 (Low-Low), the
magnitude of the D* peaks are clearly higher across the first
stage (LC1-Feed) than across the second stage (LC2-LC1). This
holds true both for fibre length DZB (L) and fibre curl
D5 (), although the effect for curlis more pronounced. This
points toward a saturation effect similar to the saturation
effect seen in the tensile index.

Performing the same type of comparison for Trial 4
(High-High), we see even stronger effects, especially for the
second stage (Figure 13). The peaks in the first refining stage,
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Trial 4

Trial 1

Trial 2

Trial 3

Figure 11: The length distribution of the LC

refiner feed pulp in each trial compared with
the other trials using KS statistics without
Bonferroni correction. Since the peaks of Trial

Trial 4

Fibre length [mm]

LC1-Feed LC2-LC1
. b
3 a
2
*Q 0 M__
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Fibre length [mm] Fibre length [mm]
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Curl index Curl index

Figure 12: Pulp distribution changes across LC stages in Trial 1 (Low-Low)
as quantified by D*. The impact on fibre length across (a) the first LC
stage, and (b) the second LC stage. Also, the impact on fibre curl across
(c) the first LC stage, and (d) the second LC stage.

indicating a reduction of fibre length and curl, are even more
pronounced than in Trial 1. In the second refining stage the
fibre curl is also significantly changed (Figure 13d), in

1 exceed the absolute value 1, the feed pulp of
Trial 1is significantly different from the feed in
the other trials.

LC1-Feed LC2-LC1
. b
3 a
2
1}
*\ 0
-1
-2
-3
-4
0.3 1 3 0.3 1 3
Fibre length [mm] Fibre length [mm]
LC1-Feed LC2-LC1

01 0.03 0.1 0.3 1
Curl index

0.01 0.03 0.1 0.3 d.

Curl index

Figure 13: Pulp distribution changes across LC stages in Trial 4 (High-
High) as quantified by D*. The impact on fibre length across (a) the first LC
stage, and (b) the second LC stage. Also, the impact on fibre curl across
(c) the first LC stage, and (d) the second LC stage.

contrast to the corresponding results for Trial 1 (Figure 12d).
The influence of using a higher SRE is thus clearly visualized
with the KS-distribution.
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4.3 Distribution analysis

As a complement to the KS-analysis, the fibre data were also
evaluated using distribution analysis. Two-dimensional
(2D) distributions, such as curl versus fibre length, were
generated by dividing the 2D domain into 25 x 25 bins, with
a logarithmic scale for fibre length and a linear scale for
curl. Each fibre was assigned to a corresponding bin, pro-
ducing a 2D histogram. To enable more effective compari-
sons, the distributions were normalized to a fixed number
of fibres (here 50,000) and smoothed using kernel density
functions, resulting in a less noisy dataset. A typical 2D
distribution for curl versus fibre length is shown in
Figure 14.

A 2D distribution plot can also be used to visualize the
changes imposed by an LC stage, as exemplified in Figure 15,
which shows the change in curl versus fibre length distri-
butions over each one of the two refining stages in Trial 1
(Low-Low). When comparing the effects of LC1 and LC2 in
distribution analyses across the four trials, the trends are
similar to the observations in the KS-analysis. For instance,
the peakin curl index in Figure 12c and d appear around Curl
=0.1, which corresponds to the approximate vertical position
where the change in curl index shifts from positive (red) to
negative (blue) values in Figure 15a and b.

Moreover, in Figure 15, both refining steps show
qualitatively the same behaviour (LC1in Figure 15a and LC2
in Figure 15b). A clear reduction of long fibres (2-4 mm) is
observed, while the number of shorter fibres (0.3-2 mm)
increases. The amount of short (0.1-0.2 mm) and curved
fibres decreases, whereas the number of short, straight
fibres rises. This reduction in curvature can be partly
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Figure 14: Two-dimensional distribution for curl versus logarithmic fibre
length, using data for Trial 1 (Low-Low) before LC1. This data is normalized
to 50,000 fibres. The interspacing between contour-lines is 20 fibres.
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Figure 15: Differences between two-dimensional curl versus fibre length
distributions, using data for Trial 1 (Low-Low). (a) LC1. (b) LC2. This data is
normalized to 50,000 fibres. Blue and red colours in the surf plot indicate
decrease and increase, respectively. The interspacing between contour-
lines is 5 fibres.

attributed to the geometric effect that naturally occurs
when cutting a curved line into smaller segments.

Both the distribution analysis and the KS-statistics dem-
onstrates that curl as well as fibre length decrease with
refining, although the two methods have different strengths.
For instance, distribution analysis illustrates (in 2D) where
changes occur, while KS-statistics can determine whether
these changes are statistically significant. By combining both
methods, a deeper understanding of how to evaluate subtle
differences in fibre distributions can be achieved. Note also
that the difference in average values is very small
(Figure 15a and b), so much more insight is gained by uti-
lizing distributions.

5 Discussion

This study shows that the changes in pulp properties across
the two refining stages differ. The refiners were equipped
with different segment designs with considerably coarser
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segments in the first refiner. This is a strategy from the mill
to avoid plugging of the refiner segments with coarse start/
stop-pulp from the preceding HC refiners. The resulting 56 %
higher intensity, calculated as specific edge load (Table 1) at a
given motor load for the primary refiner, ought to influence
the pulp properties development, especially the fibre length
reduction, as has been reported in earlier work (e.g. Luuk-
konen et al. 2010). Despite the large difference in specific
edge load, the fibre length reduction for the two stages were
relatively similar.

However, the change in fibre length over the two
refining stages depends on how fibre length is analysed.
The change, based on length-length-weighted average, is
similar for the two refining stages, whereas the unweighted
distributions analysed with KS-statistics indicates some-
what larger changes in the primary stage. Thus, this
investigation shows that analysing fibre distributions can
reveal changes that are not clearly seen when averages are
studied.

The split of applied energy (Low-High compared to High-
Low) resulted in similar pulp property development. In our
trial the difference between Low and High was relatively
small (around 20 kWh/bdt) since we wanted to keep the
conditions within the span of normal operation. Larger dif-
ferences, which will be considered in future trials, could
result in other conclusions.

Our KS-analysis revealed that each LC refining stage
induces a statistically significant change in the fibre curl
distribution, characterized by a shift to lower values of
curl, which is most pronounced in the primary stage. By
visual inspection, the shape of the DZB(C) curves are
consistent, but with different magnitude (Figures 12c and
d and 13c and d). Thus, the same particle fractions are
affected, but to a different extent depending on refining
stage and SRE. The lower tensile index increase across the
second stage might be associated with the lower reduction
in curl, since the curl often influences the tensile index
(Ferritsius et al. 2024). Moreover, a higher specific energy
yields a larger reduction in curl. A similar trend was noted
in the length distribution of fibres, albeit with lesser sta-
tistical significance. Other strength-related properties,
such as burst index (Figure 6), did not show a similar trend
as tensile index (Figure 3).

The KS-analysis thus revealed a larger impact of the first
refining step on the fibre distributions, in agreement with
corresponding experimental observations for the tensile
index. However, it is not yet fully understood why the tensile
index is the only investigated strength-related property
which shows a smaller change across the second refining
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stage. One possible explanation is that the tensile index is
more strongly influenced by fibre curl compared to, for
example, burst index.

6 Conclusions

Our study highlights the higher refining efficiency of the
primary LC refiner stage in terms of tensile index increment
per applied specific energy, indicating a saturation effect as
additional energy is applied in the second stage. Using KS
statistics, we demonstrated that the first LC stage leads to a
greater reduction in fibre length and curl index compared to
the second refining stage, with particularly strong signifi-
cance observed for the curl index. The saturation effect seen
in the tensile index is statistically linked to a reduction in
curl index.

The most beneficial mode of operation, in terms of fibre
length at given tensile index, was to apply low specific en-
ergy in both stages. The energy split between the two stages
(Low-High or High-Low) did not result in a significant dif-
ference in pulp properties development.

By identifying the saturation effect in tensile index, and
a presumptive connection to fibre curl, we contribute to a
more comprehensive understanding of LC refining of me-
chanical pulp as well as its limitations and potential for
increased energy efficiency.
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Appendix
Table A1: Data for the four trials.
Property Trial 1 Trial 2 Trial 3 Trial 4
Low-Low High-Low Low-High High-High

Feed LC1 LC2 Feed LC1 LC2 Feed LC1 LC2 Feed LC1 LC2
SRE acc. kWh/bdt 0 84 166 0 105 190 0 85 186 0 103 204
CSF ml 196 172 153 184 154 141 182 159 139 183 154 132
PulpEye
Shive weight % % 0.25 0.32 0.22 0.33 0.27 0.16 0.29 0.27 0.17 0.36 0.23 0.19
Shive sum No/g 637 802 706 734 686 586 724 737 618 870 728 649
Fibre length® mm 1.87 1.85 1.79 1.89 1.76 1.77 1.85 1.8 1.73 1.89 1.84 1.72
FiberTester
Fibre length® mm 1.74 1.7 1.67 1.69 1.63 1.62 1.72 1.67 1.63 1.7 1.64 1.58
Fibre Iengthb mm 2.67 2.66 2.63 2.64 2.57 2.52 2.69 2.62 2.55 2.64 2.56 2.48
60 g/m’ sheets
Density 60 g sheet kg/m3 250 260 272 258 270 276 259 281 294 249 268 292
Tensile index Nm/g 33.1 35.8 414 33.8 39.5 41.8 36.2 40.2 41.8 35.1 39.7 41.6
Stretch at break % 2.43 2.5 2.56 2.47 2.57 2.39 2.41 2.38 2.47 243 2.53 2.49
Tensile stiffness kN/m 203 214 245 209 245 265 218 249 257 211 241 259
Burst index % 2.05 2.23 2.46 2.1 2.24 2.35 2.09 2.39 2.46 2.18 2.41 2.55
120 g/m’ sheets
Density 120 g sheet kg/m? 285 310 344 294 318 327 297 340 365 299 322 366
SCT index Nm/g 11.3 12.4 15.4 11.3 13.2 14.4 11.5 14.8 16.5 12.2 13.2 17

3 ength-weighted average. °Length-length-weighted average.
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