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ABSTRACT 
 
Softwood chips made from three different processes (canter head chipper, drum chipper 
headrig, disc chipper) were assessed for their impact on kraft pulping and pulp quality. 
While all chip types had acceptable size distributions for kraft pulping purposes, the drum 
chips had a 12% lower packing density that the other chip types. Differences in fibre 
lengths between the different chip types were less than 0.2 mm and are considered minor. 
The disk and drum chips, which had high levels of internal fissuring, pulped in a similar 
manner and had low reject levels. The conical chips lacked fissuring, were more difficult 
to pulp and had reject levels that were 3 fold higher than that of the other chip types. The 
effects of different chip types on kraft pulping justify the investigation of segregating 
chip flows at the sawmill level as a means of alleviating problems faced when pulping 
chip mixtures. 
 
 
INTRODUCTION 
 
Approximately 50% of a log, by volume, is converted to chips during lumber production. 
In Canada, these chips make up about 70% of the total fibre supply consumed annually 
by the pulp and paper industry [1].  The same situation exists in B.C. where of the 21 
operating pulp mills in the province, only five have operating wood rooms [2]. The 
majority of mills purchase their chips from the province’s over 135 operating sawmills 
[3] or from chipping plants. Many pulp mills, particularly in the central interior, rely on 
purchased sawmill residual chips for most, if not all, of their chip supply. In many 
instances, the sale of residual chips is an essential revenue stream for sawmills. Ensuring 
a high quality chip supply is vital for both the sawmilling industry, as a source of 
revenue, and to the pulp and paper industry as an end-user.  
 
Chip quality is defined by many factors and criteria differ between chemical and 
mechanical pulping processes. While it is recognized that chip quality has implications 
on both types of pulping, this study focuses solely on chemical (kraft) pulping.  
 
For kraft pulping, one of the main determinants of chip quality is size distribution. For a 
single chip, the dimensions of length (longitudinal), width (tangential) and thickness 
(radial), as outlined in Figure 1, dictate its overall size. Chip thickness is considered the 
most critical dimension as it dictates liquor diffusion into a chip and, therefore, the rate of 
pulping and the hydraulics and plug flow movement through a continuous digester [4, 5, 
6, 7, 8, 9, 10, 11, 12, 13]. Length is less critical, but still important as it impacts fibre 
length, a fundamental pulp property that is directly related to paper strength [11, 13, 14]. 
Width is considered inconsequential as its influence is secondary relative to the other 
dimensions [11].  
 
The literature suggests optimal chip thicknesses range of 2-6mm both for maximum pulp 
yield at a given kappa number and for preservation of pulp strength [6, 11, 15, 16]. Chip 
lengths of 25mm or longer are also deemed the most desirable because of the fibre length 
preservation [14]. However, because of the particular situation of individual mills, both 
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with respect to chip availability and mill operations, chips that fall outside these 
specifications are routinely accepted by pulp mills.   
 
 
 

 
Figure 1.  Identification of different chip dimensions. 

 
 
Chips can be produced by a number of different types of machines. The most commonly 
cited in the literature are disk chippers that reduce logs and large pieces of lumber 
directly into chips [17]. However, the most common types of machines used for chip 
production in a modern sawmill are the chipping headrigs, chipping edgers, and chipper 
canters that simultaneously produce lumber or cants, and chips from a log [18]. A key 
difference between disc chippers and these chipper headrigs is that the former is 
optimized solely for the production of chips, while the latter are typically optimized for 
lumber production [17]. A typical sawmill will have several different machine centers 
producing chips.  
 
The performance of disc chipper chips in kraft pulping is well documented [17]. These 
chips are characterized as rectangular, parallelepipeds and have internal fissures and 
cracks (lamellations) that facilitate liquor penetration into a chip. These result in a 
nominally thick chip that effectively pulps like a much thinner one [5, 6, 19]. The quality 
of the chips produced by chipper headrigs, edgers and canters has not been as well 
characterized. In a survey of the chip quality produced by different types of chippers, 
including headrigs, edgers and disc chippers, Hatton identified seasonality and wood 
species as major factors affecting chip quality for all chipper types [20, 21]. The disc 
chipper chips tended to have higher packing densities and lower levels of pins and fines 
(material passing through a 2mm aperture), than chips made by headrigs or similar 
machines (termed sawmill residuals). He suggested that while the thinner sawmill 
residual chips produce a kraft pulp of more uniform quality, the lower packing density 
reduces digester productivity [21]. His solution was to blend the chips made by the 
different machines, a situation that happens by default. He did not comment on how 
blending would affect the uniformity of the overall chip distribution.  
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Others have found that chips from chipper headrigs are less uniform, in that there is “no 
single characteristic shape” for these types of chips [22]. With this type of  chipping 
machine, which produces chips and lumber from a log, approximately 20% (by mass) of 
the chips were found to have a peculiar geometry that includes extended, or exaggerated, 
cross-sectional faces with distinct arches along the tangential face. This gives the chips a 
distinct “scalloped” or “wedged” appearance. The remaining 80% of the chips were 
mixtures of conventional chips similar to those produced by disc chippers and chips with 
only slight “scalloped” surfaces.  
 
This wedge-shape chip geometry results in a range of thickness within a single chip, 
which suggests that the significant proportion of the chip that is thin may pulp faster than 
the thicker portion of the same chip. The net result of overcooking the thin section and 
undercooking the thicker section of the chip, is a kraft pulp with a greater degree of 
variability. The most important aspect of this chip geometry is that it is indicative of 
excessive fibre damage, as is evident from the longer cut along the cross-sectional face 
(Figure 2).  The chipper headrig chips produced kraft pulps that were of similar quality to 
those made from disc chipper chips [22]. However, pulping a mixture of chips from a 
number of different trees may have masked any adverse effects on pulp quality.  
 

 
Figure 2.  Scalloped chip produced by chipper headrigs (top) and disc chip (bottom). 
Note exaggerated cutting surface on scalloped chip. 

 
The quality of the chips produced by chipper canters has also been examined [23, 24]. 
These types of machines also have drum-mounted knives, but the drum face is angled 
with respect to the log feed. Chips from these machines also had lower packing densities 
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than disc chipper chips and tended to be thinner than disc chips made from whole logs 
[23]. Kraft pulps made from these chips were of similar quality, or slightly better, than 
pulps made from whole log disc chips [23] which is likely due to the high juvenile wood 
content of the whole log chips [25]. The amount of scalloped shaped chips, if present, 
was not reported. Seasonality also affected canter chip quality [25] in the manner 
previously described [21]. The effects of cutting speed (rotational speed of the cutting 
head) [23] and knife angles [25] on chip quality were also evaluated. In general, the faster 
the cutting speed, the shorter the chips and the more fines produced [23]. The chip 
thickness varies with cutting speed in a non-linear manner, with a thickness increasing 
dramatically above a set speed [23]. 
 
In the various studies cited, the chip size distributions of the chipper headrig and canter 
chips was similar to or superior, in terms of thickness and uniformity, than those of  disc 
chipper chips [20, 21, 22, 23, 24]. Yet it has been recognized that current methods of 
analyzing chip size distribution – based on sieve screening through slots and holes, may 
not accurately reflect how a chip of a specific thickness may behave during kraft pulping 
[15, 19]. In particular, the internal fissures and cracks are not adequately considered.  
 
Pulp mills that rely on sawmill residual chips are concerned about fluctuations in the 
quality of their chip supply. For example, as sawmills increase their production rates, 
their equipment must operate at faster speed, which has been shown to affect chip size 
distributions [23]. Some pulp mills are reporting dramatic swings in pulp quality that tend 
to mirror these increases in sawmill production rates. Anecdotal evidence from chip 
procurement staff at many kraft mills has indicated that the proportion of scalloped chips 
is increasing either due to an increase in the prevalence of chipper headrigs or to changes 
in their mode of operation. The studies cited only examined the effects of relatively low 
levels of these types of chips on pulp properties. The effects of an ever increasing 
proportion of scalloped chips on kraft pulp quality need to be assessed. Intuitively, the 
combined effects of a shorter chip and exaggerated cut surfaces suggest that fibre length, 
and hence pulp strength, are being compromised.  
 
The blending of chip mixtures may seem to address many of these issues. In reality, it 
may only mask the situation. Chips that are difficult to pulp alone will still be difficult to 
pulp in a blend, even though the overall chip size distribution of the blend may be 
acceptable. Only by characterizing chips made by individual machine centers can their 
impacts on size distribution and, ultimately, kraft pulp quality be assessed. This would 
enable both the sawmill and the kraft mill to optimize chip furnish.  
 
This report compares the size distribution of chips made by chipper headrigs, chipper 
canters and disk chippers operated by a sawmill in William’s Lake, BC, which supplies 
nearby  kraft mills. The unique approach used in this study minimized the between tree 
variation by tracking individual stems through the various machines in the sawmill. This 
added effort in sampling should allow for a more precise comparison of chipping 
machines. In this way, we hope to provide more comprehensive information that can be 
used by both the sawmill and kraft mill to maximize value recovery from their fibre 
supply. 
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EXPERIMENTAL 
 
Samples were obtained from Riverside Forest Products Ltd. Williams Lake, B.C., 5 
September, 2003, stems were harvested from the Williams Lake region and delivered on 
the same truckload. Ten fresh logs (9-lodgepole pine, 1-sub-alpine fir) were selected for 
their dimensional similarity and minimal amount of sweep, 10cm cookies were obtained 
from the butt and crown of each log. Each of the approximately 15m logs were bucked 
into two 5m lengths the ends of each section were colour coded for identification through 
the sawmill (Figure 3). The logs were then fed through a 17 inch ring debarker 
(Nicholson).  

 

 

 

Figure 3.  The logs were selected, bucked into lengths and marked. The log crown 
section is indicated with this symbol � spray painted on the cut end, while the butt 
section was marked with this ⊗ symbol.  
 

The butt sections were processed with a drum head canter (Optimill) with all four heads 
operating, such that the maximum lumber output was obtained from each log, as per 
typical mill operations. The crown section from each sample was passed through a 
conical head canter (Optimill), with two (side) of the four chipper heads disabled.  Table 
1 provides specifications for the canter and chipper equipment.  The drum chipper 
headrig chips will be referred to as drum chips and the canter head chipper chips will be 
referred to as conical chips throughout this document. 
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Table 1.  Equipment specifications for chip production. 

Canter head/chipper Drum 
sawmill 

Conical 
sawmill 

Disc 
Paprican 

    
Manufacturer Optimill Optimill CM&E model 36 
Head diameter 20inch 10inch 36inch 
Head speed 2288rpm 685rpm 650rpm 
Chip length setting 1.15inch 1.125inch - 
Percent of total mill 
chip production 

40 15 - 

 

The sides of each crown section were chipped, and the top and bottom of each were 
slabbed and the slabs were chipped with a disc chipper (CM&E) at Paprican’s Vancouver 
laboratory. Chips and slabs were produced using the conical chipper such that the 
maximum lumber output was obtained (Figure 4). 
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drum chips and for the crown section of each log using the accepts conical chips. Chip 
density was determined with a modified water displacement method [CPPA standard 
A.8P].    
 

Approximately 4L of the three chip types, drum, conical and disc, were air dried and their 
size distributions determined with three chip classifiers, a Gradex, a Rader and a small 
Wennberg (Table 2). The weight of each fraction was recorded. The 7mm accepts 
fraction, obtained with the Wennberg classifier, were hand-sorted into scalloped, regular 
and irregular chips, the weights of each were recorded (the distinctions between chip 
types are described below). Thirty chips from each of the hand-sorted fractions were 
randomly selected and their dimensions measured with digital calipers (Mitutoyo 
Products), the maximum and minimum length (with the grain), width (across the grain) 
and thicknesses were recorded.   
 
 

Table 2.  Tray designation for the three chip classifiers used. RH- round hole, no 
designation indicates bar screen. By mill convention; “Pins” fractions are in boldface, 
“Accepts” are italicized only, “Overs” are underlined. NA – not applicable. 

Class or Tray Rader Gradex Wennberg 
    
1 (Smallest particles) Pan Pan Pan 
2 2 mm  3 mm RH 3 mm RH 
3 4 mm 7 mm RH 7 mm RH 
4 6 mm NA NA 
5 8 mm NA NA 
6 10 mm 10 mm  10 mm 
7 (Largest particles) 12 mm 45 mm RH 45 mm RH 

 

Six of the measured chips from the 7mm accepts fraction for each chip type sample were 
then selected (2 large, 2 medium, 2 small) and ~3mm slivers were cut longitudinally with 
a razor blade from the centre of each chip. Edges were not included to avoid edge effects.  
The excised sections were placed in test tubes, covered with deionized (DI) water, and 
boiled until saturated (approximately 16 hours). The free-water was decanted, and the 
wood covered with a maceration solution (1:1 glacial acetic acid and hydrogen peroxide 
(34-37% technical grade) and maintained at 70ºC for 48 hours. After this time, the 
solution was decanted off and replaced by DI water. The delignified wood was washed 
with DI water on a 150 mesh screen until all the acid solution was removed and was then 
vacuum filtered. The resulting fibres were air dried in a CTH room (50%±2 relative 
humidity, 23ºC±1) for 48 hours. Approximately 30mg of fibres were prepared using 
Paprican Vanlab Direct Weight/Dilution method such that approximately 1.8mg of fibre 
was analyzed per sample for fibre coarseness and length with a Fiber Quality Analyzer 
(FQA) (OpTest Equipment Inc.) fitted with a Papriarm [26]. 
 
Six logs were selected for kraft pulping based on drum chip fibre lengths determined via 
FQA analysis of the macerated chip sections, two with longer regular chip fibres (logs-3 
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and -7) two with equal scalloped and regular chips fibre lengths (logs-4 and -6) and two 
with shorter regular chip fibres (logs-1 and -8). 

 
Kraft Pulping 
 
Three representative aliquots of Wennberg accept chips (Table 2) from each of the chip 
types (disc, conical, regular drum, and scalloped drum) for logs-1, -3, -4, -6, and -7 were 
kraft pulped in bombs (50g, oven-dried charge) within a B-K micro-digester assembly 
[27], under conditions outlined in Table 3. Samples from log-8 (Sub-alpine fir) were not 
pulped as the chip packing densities were too low to be pulped under the conditions 
employed in this study. 
 
 

Table 3.  Kraft bomb cooking conditions. 

Time to maximum temperature :  135 min. 
Maximum cooking temperature :  170ºC 
Effective alkali, % o.d. weight of wood :  16% 
% Sulfidity :  26% 
Liquor to wood ratio :  5:1 
H-factor :  1050, 1350, 1650 
 
 
All the pulps were washed, oven dried and weighted to determine pulp yield.  Pulp kappa 
number and black liquor residual effective alkali were determined by standard 
procedures. From these results, the optimum cooking conditions required to produce kraft 
pulps at 30 kappa number were estimated by fitting regression lines through each set of 
data (r2≥0.95). All chip types from logs 1 and 7 were kraft pulped in a 28L Weverk 
laboratory digester under the conditions outlinged in Table 3, except the H-factors used 
were 1480 for tree-1 and 1532 for tree-7.  The pulps produced were disintegrated, 
washed, and screened through an 8-cut screen plate. The fibre length and coarseness of 
the pulps wee determined using a FQA. Five point beating curves were constructed using 
PFI mill runs of 0, 1000, 3000, 6000, and 12000 revolutions according to CPPA standard 
C7. Canadian standard freeness was determined for each point according to CPPA 
standard C1. Handsheets were formed and tested for physical and optical properties using 
CPPA standard methods.  
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Statistical Methodology 
 
Where indicated, the data sets where compared via a two-tailed, paired t-test, as evaluated 
by SYSTAT 7.0 (SPSS Chicago IL). This statistic determines whether the average of the 
differences between paired data ( µd ) is significantly different than zero. Paired datasets 
are those values for different chip types obtained within one log. The null hypothesis 
assumes that µd = 0. A significant alternative hypothesis (α = 0.05), namely that µd ≠ 0, 
indicates that, on average, one data set is greater than another. In this way, the effects of 
between log variability on the individual datasets were minimized.  
 

RESULTS 
 
Log sample Characterization 
 

The percentage of juvenile/mature wood was determined from the wood discs obtained 
from each log (Table 4). For the purposes of this study, juvenile wood is defined as 0-40 
growth rings from the pith and mature wood as growth rings beyond 41. 

 

The length of log sections ranged from 4.3m to 4.5m, while butt circumference ranged 
from 81cm to 97cm and crown circumference from 44cm to 71cm. The proportion of 
juvenile wood varied among log samples from 100-32.5% in butt sections and from 100-
41.5% in the crown. Based on the mill’s log reports from each canter station, the total log 
volume through the drum canter was 2.35m3 and 1.63 m3 through the conical. The 
average lumber recovery was 64% from the drum chipper and 67% from the conical 
chipper, therefore, 36% of the log volume through the drum chipper was converted to 
chips and approximately 16.5% of the lumber volume through the conical chipper 
became conical chips and the remainder was later converted to disc chips at Paprican. 

 

All of the logs were harvested from the same region, at the same time and they shared 
similar log diameters and volumes. However, there are wide variations in the percentage 
of juvenile and mature wood between trees and between the butt and crown sections. 
Because of these differences, the chips produced from these logs and the chip behaviours 
are likely to vary considerably between tree samples. Subsequent experiments were 
designed to mitigate this between tree variability, such that the differences originating 
from wood chip characteristics may be observed. 
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Table 4.  Characteristics of logs used in this study.  All of the logs were lodgepole pine, 
except for log 8 (Sub-alpine fir). 

 

 Percent Juvenile Log Diameter (cm) Log Volume (m3) 

Sample Butt Crown Butt Crown Butt Crown 

1 47.6 68.9 31 22 0.26 0.19 

2 32.5 41.5 27 20 0.26 0.16 

3 37.9 70.9 30 19 0.26 0.16 

4 40.9 48.9 26 19 021 0.16 

5 44.0 64.7 26 18.5 0.21 0.16 

6 23.0 48.6 24 17 0.16 0.12 

7 38.1 66.4 29 22 0.26 0.19 

8 100 100 26 14 0.21 0.10 

9 35.0 47.8 30 23 0.26 0.19 

10 48.9 49.0 27 21 0.26 0.19 

   Total Volume (m3) 2.35 1.63 

        Mill Lumber Produced (m3) 1.5 1.1 

                       Mill Recovery (%) 64 67 

 
 
Chip Sample Characterization 
 
Wood Density 
The drum chips were used to determine the average wood density for the log butt and the 
conical chips were used to determine the wood density of the log crown (Table 5). The 
butt density ranged from 421-325kg/m3 with an overall average density that is 
approximately 4% greater than the average log crown density, which ranged from 291-
397kg/m3 (paired t-test 95% CI, p=0.000). These results highlight both the between and 
significant within tree variability that exists within these samples. 
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Table 5. Wood density 

 
  DENSITY(kg/m3)  

Log  

Butt 
(Drum 
chips) 

Crown 
(Conical 
Chips) 

1 386 379 
2 401 397 
3 349 340 
4 325 319 
5 405 383 
6 421 390 
7 401 390 
8 328 291 
9 406 390 
10 417 395 

Average 384 367 
Standard Error 8 8 

 
 
Chip Packing Density 
The packing density was determined for air dry wood chip samples (Figure 5). The least 
squares means (and standard error (SE)) for each chip type were (defined by means of 
production as outlined in Table 1), 182kg/m3 (±2.4) for disc chips, 183 kg/m3 (±1.6) for 
conical, and 162 kg/m3 (±2.9) for drum chips. The difference in packing density between 
the disc and conical chips is statistically insignificant, as determined by paired t-test 
analysis, however, the drum chips had significantly lower packing density, these results 
are consistent with previous studies [21, 22, 23]. 
 
The higher wood chip density of the butt logs, from which the drum chips were derived, 
suggests that drum chips should have a greater chip packing density than the top log 
chips, but they do not. These results show that chip geometry has a greater influence on 
packing density than does wood quality, such that drum chips produced from more dense 
wood have at least 11% lower chip packing density when compared to the other two chip 
types.  If the wood density for the butt and crown were identical, the difference in 
packing density would likely be even more pronounced. Lower packing densities result in 
lower productivity for a given digester volume. 
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Figure 5.  Chip packing density values are the least squares mean, and error bars are the 
standard error.  Paired t-test show that the drum chip’s packing density is statistically 
distinct from the other chip types. 
 
It has been suggested that determining the diagonal to thickness (D/T) ratio, by screening 
through holes and slots, is an indirect way of estimating chip packing density [28]. Figure 
6 is a graphical representation of the relationship between D/T ratio and chip packing 
density, as determined in the present study, for each of the three chip types derived from 
the ten logs.  
 
Overall, a comparison of all the chip types together gave a significant inverse relationship 
(R2=0.5) between D/T and packing density. When the individual chip types were 
evaluated, no significant relationship exists. This correlation may not be as strong as 
noted by earlier authors, as the chip diagonal and thicknesses used in our study were of a 
narrower range (pass 10mm bar and held by 7mmRH), however, this accepts fraction 
represents greater than 85% of the total chip mass, therefore the effects of the other 
fractions are considered minor. These results indicate that the packing density and D/T 
ratio relationship is dependent on chipper type. Conical chippers and disc chippers have 
similar average packing densities, but their D/T ratios differ, while the drum and disc 
chips have comparable D/T ratios, their packing densities differ. 
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Figure 6.  The relationship between diagonal chip length - chip thickness ratio and chip 
packing density. The line is a least squares  regression line for the entire dataset (packing 
density = -4.07(D/T)+215, R2=0.506). 

 
Chip Size Classification 
All three chip types were classified by surface dimension with a Gradex chip classifier 
and for thickness using a Rader chip classifier. Figure 7 is a graphical representation of 
the size distributions obtained with a Gradex chip classifier. Very few chips were retained 
by the 45mm round hole screen (≤1%) for all chip types. The conical chips had the 
greatest percentage retained by the 10mm screen, more than double that retained for the 
disc chips. For all chip types the largest portion was retained on the 7mm round hole 
screen, drum chips provided the largest portion, approximately 4% more than for the disc 
chips. The Gradex chip size distribution for each log are provided in Appendix 1.  
 
Overall, each chip type produces a majority of acceptable quality chips (>80%) for pulp 
and paper production, having less than 10% of pins and fines, and less than or close to 
10% overs, based on Gradex classification. 
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Figure 7.  Percentage of screened fractions determined with a Gradex chip classifier. 
 
A Rader chip classifier was used to determine the distribution of chip thicknesses for all 
chip types. The chip size fractions vary considerably between individual log samples, for 
example, the 4mm fractions for disc chips ranged from 9.4-19.1% between log samples 
(Appendix 2).  
 
However, there appears to be a typical size fraction trend that is distinct for each chipper 
type as shown in Figure 8, a graphical representation of the least squares mean 
percentage of chips that are retained by the specified screen dimension. All chip types 
have less than 4% pins and fines.  The conical chips have the highest proportion of chips 
retained by the 10mm screen, approximately double the amount determined for the disc 
chips, which is twice as many as for the drum chips. Conical chips also have the highest 
proportion of chips in the 8mm fraction, twice as many as for the disc chips. There is no 
statistical difference between the proportion of conical and drum chips in the 6mm 
fraction, which is twice as many as the disc chips have in this fraction. The greatest 
proportion of conical chips (~60%) are distributed very evenly between the 4 and 2mm 
fractions, whereas the majority (>60%) of disc chips are in the 2mm fraction. Greater 
than 65% of drum chips are distributed between the 2mm and 4mm fractions.  
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Figure 8.  Percentage of screen chip fractions as determined with a Rader chip classifier. 
 
Whether chips were sorted by surface dimension (Gradex) or for thickness (Rader), the 
conical chips produced the largest proportion of overs, in both cases, more than 10% of 
the conical chips were classified in the overs fractions. Only approximately 2% of the 
drum chips are retained in the over size fraction. Furthermore, a greater proportion of the 
conical chips (~25%) fall outside of the optimum thickness (2-4mm) within the accepts 
fractions, while approximately 19% of the drum chips fall outside of this optimum 
thickness [6].  
 
Chip Fraction Characteristics 
Wood chips samples were hand-sorted to remove any irregular chips, those containing 
knots or bark or having an overall cubic shape.  
 
Disc chips (Figure 9) have fairly uniform thickness. The cut edge is nominally similar to 
the thickness. The conical chips share similar attributes (Figure 10). A visual inspection 
suggests that fissuring is present in the disc chips but not in the conical chips. 
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Figure 9.  Disc chips, note the distinct ribbed appearance and lamellations. 

 

 
Figure 10.  Conical chips, wood grain gives the appearance of texture, but there is an 
overall absence of lamellation and/or fissuring such that the thickness is quite uniform. 
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Figure 11.  Regular drum chips have an overall uniform thickness, and look similar to 
disc chips, some fissuring is present. 

 
Figure 12. Scalloped drum chips have varied thickness, abundant fissuring and 
lamellations. 
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Figure 13.  Drum chips in profile, regular above and scalloped below.  The yellow lines 
have been drawn in to indicate the differences in the maximum thickness and length of 
the cut edge surfaces between these chip types. 

 
 

 
Figure 14.  Scalloped drum chip with the fissures (cracks, lamellations) indicated with 
the yellow arrows. 
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The drum chips were further hand-sorted to separate the regular chips (Figure 11) from 
the scalloped chips (Figure 12). In this study, we determined that, on average, 
approximately 52% of the 7mm accepts, drum chips have a scalloped shape (Appendix 
3). This percentage is affected by machine centre operation parameters, such as cutting 
speed and knife angles [23, 25]. The regular chips have a uniform thickness and cut edge 
(knife edge) that is ~30-35º, or makes up less than ~1/3 of the overall chip length (a shape 
described as parallelepiped), thereby looking much like disc chips. The scalloped chips 
exhibit a cut edge (knife edge) that is greater than the chip thickness and have a distinct 
scalloped (arched) shape in profile, these distinctions are evident in the chip profiles as 
shown in Figure 13, the regular chip above and the scalloped chip below. Scalloped drum 
chips also exhibit fissures, that are readily observed, originating from the knife edge of 
the chip that propagate toward the interior of the chip, as shown in Figure 14. Fissuring, 
such as has been observed to some extent in the disc and regular drum chips, but to a 
major extent in the scalloped drum chips, reduces the effective chip thickness and 
subsequently increases the heat and mass transfer of liquor into the chip [5,6 ]. No such 
fissures or lamellations were noted in the conical chips. 
 
Hand Measurement of Accept Chip Fractions 
Hand measurements of individual chips within the 7mm accepts fraction (as outlined in 
Table 2) for all chip types, including the two types of drum chips, were performed. The 
averages for chip length, width and thickness, as defined in Figure 1, are provided in 
Table 6. The conical chips on average are 2mm thicker than the disc chips. The average 
accepts chip thickness of the conical chips is greater than the optimum thickness for kraft 
pulping, while the thicknesses of the other chip types are well within optimal thickness 
[6]. This result is in agreement with the results of the Rader chip classification performed 
on these chips. The scalloped drum chips are substantially longer than the other chip 
types, on average, approximately 25mm longer than the disc chips. Overall, the disc chips 
are wider, approximately 10mm wider than the regular drum chips. These results concur 
with those found for the Gradex and Rader chip classifications. 
 
It has been suggested that pulping longer chips will result in longer pulp fibres [6, 14], 
therefore pulping scalloped drum chips should result in longer pulp fibres when 
compared to the other chips examined in this study.  Therefore, a wood maceration 
experiment was performed to determine if this holds for the chips in this study. 
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Table 6.  Hand-measurements of 30-selected chips from the 7mm accepts fraction. 

 
Chipper Thickness 

(mm) 
Length 
(mm) 

Width 
(mm) 

Disc 4.3 (±0.1SE) 21.2 (±0.2SE) 34.7 (±0.7SE) 
Conical 6.3 (±0.1SE) 31.9 (±0.2SE) 27.4 (±0.4SE) 
Regular 
Drum 4.4 (±0.1SE) 34.4 (±0.3SE) 24.5 (±0.5SE) 

Scalloped 
Drum 4.7 (±0.1SE) 45.8 (±0.7SE) 31.2 (±0.6SE) 

 
 
Fibre Quality Analysis 
Coarseness and length weighted fibre length, for six of the thirty hand-measured chips 
from each chip type were obtained. The results suggest that there is no significant 
difference in fibre coarseness (Appendix 4). 
 
The difference in length weighted fibre length between chip types is significantly distinct 
(paired t-test, 95% confidence interval, p=0.015-0.00). Figure 15 is a graphical 
representation of the relationship between fibre length and fibre coarseness, the conical 
chip fibres are 0.24mm longer than the disc chips. The disc fibres are 0.06mm longer than 
the fibres from the drum chips, a statistically significant difference, yet in practical terms, 
a slight dissimilarity.  
 
These results are not in agreement with previous findings, which suggest longer chips 
will produce longer pulp fibres [6, 14]. The results presented in Table 6 suggest that the 
scalloped drum chips should contain the longest fibres, however, under the exhaustive 
pulping conditions used, the drum chips have the shortest fibres. This suggests that 
chipper type and operation influence the fibre length. Drum chippers may have caused 
greater fibre damage, as indicated by the greater cut-face across the wood grain (Figure 
2), than either the disc or conical chippers. It is important to note that the difference in 
fibre lengths between drum and disc chips is less than 0.1mm, an insignificant length 
difference when comparing softwood fibres. 
 
Kraft pulping was performed to explore the pulping kinetics of the different chip 
geometries and is presented in the next section.  
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Figure 15.  Fibre quality analysis of the relationship between the length weighted fibre 
length and coarseness. Values are the average of 6-selected chips from each chip type, 
error bars are the standard deviation. 

 

Kraft Pulping Analysis 

Exploratory Kraft Pulping 
All of the chip types followed the expected trends regarding chemical consumption, 
kappa number, and screened percent yield at each of the H-factors used for the laboratory 
bomb kraft cooks (Figure 16, 17, and 18). There is not a statistically significant 
difference between the disc, regular, and scalloped drum chips regarding chemical 
consumption at all of the H-factors used. The only significant difference occurred 
between the regular drum and conical chips, however, it was a mere 0.3% (H-factor 
1350). 
 
Residual lignin content provided more interesting results, the conical chips have 
significantly higher kappa numbers (paired t-test, 95% CI, p=0.002-0.012). There is an 
average difference of more than 7 kappa units between the disc and conical chips for a 
given H-factor (1350). 
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A comparison of screened pulp also suggests that there was no difference between the 
disc and either type of drum chips, however the conical chips have a much lower 
screened yield at any given H-factor. For example, the yield of pulp made from conical 
chips were on average 2% lower than those of pulps made from the disc chips at a given 
H-factor (1350). Appendix 5 contains all of the exploratory kraft pulping data.  
 
Overall, these data support the hypothesis that conical chips are more difficult to pulp in 
the laboratory setting, consume the least amount of EA, have the slowest delignification 
rate, and the lowest pulp yields, likely based on their abundance of thick chips within the 
accept fractions.  
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Figure 16.  Kraft bomb cook results for the percent EA consumed by the four chip types 
at three H-factors, 1050, 1350, and 1650. Values are the average of five different logs, 
independently pulped, per chip type, with standard deviation shown. 
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Figure 17.  The kappa numbers determined for the pulps derived from the kraft bomb 
cooks of the four chip types at three H-factors, 1050, 1350, and 1650. Values are the 
average of five different logs, independently pulped, per chip type, with standard 
deviation shown. 

 - 24 -



1000 1100 1200 1300 1400 1500 1600 1700
46

47

48

49

50

51

52

 Regular Drum
 Scalloped Drum

 

  Disc
 Conical

P
er

ce
nt

 S
cr

ee
ne

d 
Y

ie
ld

H-Factor

 
Figure 18.  The screened percent pulp yields of the four chip types at three H-factors, 
1050, 1350, and 1650.  Values are the average of five different logs, independently 
pulped, per chip type, with standard deviation shown. 

 
The lower screened yields observed for the conical chips are a direct reflection of their 
greater rejects content. Figure 19 shows the percent rejects for the each of the chip types 
at the three H-factors employed for the bomb cooks. These results follow the same trends 
noted previously, the conical chips produce the greatest percentage of rejects under each 
of the conditions investigated. At a given H-factor of 1350, the conical chip produced on 
average, 4.5% more rejects than any of the other chip types.  
 
The conical chips have up to two times the amount of thicker accepts (6-8mm) chips than 
the other chips types (Figure 8). This coupled with the lack of fissuring observed in the 
conical chips, contributes to the high portion of rejects and the greater variability in pulp 
properties. 
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Figure 19.  The percent pulp rejects of the four chip types at three H-factors, 1050, 1350, 
and 1650. Values are the average of five different logs, independently pulped, per chip 
type, with standard deviation shown. 
 
 
Figure 20 is a graphical representation of the relationship between the kappa number 
values and the screened percent yield for each of the chip types at the three H-factors 
employed. For each of the conditions investigated, the yield is typically 7-8-kappa units 
higher for the conical chips than for the disc chips, however, there is no significant 
difference between the disc and drum chips.  
 
These results concur with the rejects values obtained for these chips, suggesting that the 
conical chips have been incompletely pulped. Overall, the chips produced from the 
conical chipper behave differently than either the disc or drum chips. The lack of 
fissuring in the conical chips noted earlier may contribute to their poor pulping 
characteristics. The drum and disc chips appear to pulp uniformly, having low rejects, 
good yield values, and similar chemical consumption. Pulps made from the conical chips 
were more variable due to the relatively poor liquor penetration. Fibre quality analysis 
will determine if there are any adverse effects occurring to the pulp fibre length as a 
result of chipper type, as was suggested by the maceration fibre quality analysis.  
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Figure 20.  The relationship between kappa number and screened percent yield are 
presented. Values are the averages of five different logs independently pulped, per chip 
type, with standard error shown. 

 
Fibre coarseness and length were determined for 30-kappa pulps derived from each of the 
chip types (Appendix 5). The average values obtained for this analysis is graphically 
represented in Figure 21. Coarseness values for all samples are similar to those obtained 
for the maceration experiment. Unlike the maceration data, kraft pulp fibre lengths are 
not significantly different, except between the longest (regular drum) and shortest 
(scalloped drum) fibres, however, this difference of 0.1mm, although statistically 
significant (paired t-test, 95%CI, p=0.00), is minor in practical terms. 
 
Although these results suggest that no detrimental effects have occurred to pulp strength, 
this will be evaluated in the next section. 
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Figure 21. The relationship between pulp fibre length and coarseness is shown. Values 
are the averages of five different logs independently pulped, per chip type, and triplicate 
FQA of each, with standard deviation shown. 
 
Kraft Pulp Properties 
Kraft pulping was scaled up to the volume of laboratory basket cooks to provide 
sufficient pulp for physical testing. Chip samples from logs-1 and -7 were chosen as they 
provided the greatest differences in the exploratory pulp yields. Log-1 had the lowest 
yields and log-7 the highest.  Results from the other logs would be expected to fall within 
these two extremes. The results of the 30 kappa pulping experiment, are provided in 
Appendix 6 and are very similar to those determined for the exploratory cooks of these 
samples. This section will compare strength and other physical properties of handsheets 
produced from the various kraft pulps. 
 
The handsheets produced from the tree-7 pulps were photographed, Figure 22 shows the 
disc chip derived handsheet (a) and the conical chip derived handsheet (b). Photographs 
were taken at the same magnification and focal distance under the same lighting 
conditions. Notice the abundance of shives present in the handsheet produced from 
conical chip pulp (b) and the near absence of shives in (a). The handsheets produced from 
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the both types of drum chip pulps were visually similar to those produced from the disc 
chip pulps. 
 

 
a b

Figure 22. Photographs of handsheets produced from tree-7 pulps, on the left (a) is the 
disc chip pulp and on the right (b) is the conical chip pulp.  Note the greater proportion 
of shives present in (b) than in (a) for an equivalent area, the double headed arrow 
represents 5mm. 

 
Fibre lengths and coarseness values for the pilot scale kraft pulping of tree-1 and -7 chips 
(Table 7) were consistent with the average values determined for the exploratory pulps 
(Figure 21). 
 
 

Table 7.  Pulp fibre attributes. 

 

Log Chipper 
Fibre 

Coarseness 
(mg/m) 

Length weighted 
fibre length 

(mm) 
1 Disc 0.179 3.120 
1 Scalloped drum 0.192 3.020 
1 Regular drum 0.193 3.210 
1 Conical 0.191 3.153 
7 Disc 0.181 3.083 
7 Scalloped drum 0.182 3.070 
7 Regular drum 0.191 3.180 
7 Conical 0.185 3.065 

 
The data for the physical testing is presented in Appendix 7. Figure 23 is a graphical 
representation of the relationship between PFI Mill Revolutions and screened Canadian 
standard freeness (CSF). The screened freeness values are comparable between the 
various pulp samples at all levels of PFI mill beating employed. Tree-1 is somewhat more 
difficult to beat, suggestive of greater tree to tree variability than variability between chip 
types.  
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Figure 23.  The relationship between PFI beating and pulp freeness.  Values represent 
the average of five handsheets per pulp sample. 

 
Comparisons of tensile strength properties of the various pulps produced from the four 
chip types do not indicate any substantial differences (Figure 24). However, at higher PFI 
mill beating, the conical pulps produced from tree-7 have much lower tensile index 
values, and are lower, to some extent, for the conical pulps produce from tree-1.  
 

 - 30 -



0 2000 4000 6000 8000 10000 12000
70

80

90

100

110

120

130

140

 

 

Tree1   Disc
             Conical
             Regular Drum
             Scalloped Drum

Te
ns

ile
 In

de
x 

(N
*m

/g
)

PFI Mill Revolutions

Tree 7  Disc
             Conical
             Regular Drum
             Scalloped Drum

 
Figure 24.  The relationship between PFI beating and tensile strength.  Values represent 
the average of five handsheets per pulp sample. 

 
Figure 25 shows the relationship between tear and tensile strengths for all of the pulps 
produced.  Again, two clear clusters of values are produced, those for tree-1 (blue), and 
those for tree-7 (orange). These differences between pulps made from the different chip 
types cannot be attributed to differences in fibre length or coarseness (Table 7), as these 
were comparable for all pulps. With the pulping differences shown previously for these 
two samples, pulp produced from a mixture of the other samples analyzed would likely 
have strength properties that fall somewhere between the two samples shown.  
 
At a tensile value of 100, tree-1 shows greater variability between chip types, while tree-7 
pulp strengths are more uniform, suggesting that chip type is not producing a measurable 
effect with this tree. The results for the zero span breaking length follow the same trends 
observed for these other strength characteristics (Appendix 7).  
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Figure 25.  The relationship between tear and tensile strength.  Values represent the 
average of five handsheets per pulp sample. 

 
Sheet formation properties are shown in Figures 26-29; the pulps studied all follow the 
expected trends. Apparent sheet density for pulps of all chip types increased with beating, 
most notably between 2000-6000 PFI revolutions (Figure 26). All handsheets produced 
from log-1 were more dense than the corresponding sheets from log-7. Only minor 
differences were observed for the sheet densities at a given point on the beating curve 
between the pulps made from the different tree-1 chip types. Similar observations are 
noted with tree-7, with the exception of the handsheets made form the conical chip pulps. 
This poorer sheet formation is likely due to its inferior pulping characteristics (Figure 20) 
and higher rejects levels (Figure 19).  
 
These differences in the properties of the pulps made from the tree-7 conical chips, 
carried through to sheet formation characteristics, as indicated by the relatively poor 
bonding and lower scattering coefficient at a given sheet density (Figure 27). However, 
this was not as evident when comparing surface smoothness and porosity (Figures 28 and 
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29, respectively). As the coarsenesses of tree-7 pulps are similar, the lower scattering 
coefficients of the handsheets made from the conical chip pulps is attributed to their 
higher shives content (Figure 22). This also contributes to a rougher (Figure 28) and more 
porous sheet (Figure 29) at a given sheet density. 
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Figure 26.  The relationship between PFI beating and sheet density.  Values represent 
the average of five handsheets per pulp sample. 
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Figure 27.  The relationship between sheet density and light scatter.  Values represent 
the average of five handsheets per pulp sample. 
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Figure 28.  The relationship between sheet density and roughness.  Values represent the 
average of five handsheets per pulp sample. 
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Figure 29.  The relationship between sheet density and air resistance. Values represent 
the average of five handsheets per pulp sample. 

 

Therefore, in general, chip geometry has a large effect on kraft pulping. These effects are 
less apparent, yet still evident, in the handsheet properties. Conical chips, which are 
thicker and less fissured, are more difficult to pulp than the other chip types examined, 
the ensuing pulps produce handsheets of inferior quality due in part to their high shives 
content. 
 
INDUSTRIAL IMPLICATIONS 
 
 The goal of this study was to identify how methods of chip production affects chip 
properties and, ultimately, how this impacts kraft pulping and pulp properties. It should 
be noted that wood quality (density, fibre properties, etc) is still considered to be the 
major determinant of overall kraft pulp quality. This was certainly evident in this study 
where similar logs (species, log dimensions) from a single truckload, and hence harvested 
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and handled in a similar manner, were found to vary by over 100 kg/m3 in wood density 
and by 1.0 mm in fibre length, despite their similar form and volume (Table 4). Earlier 
studies that did not account for wood quality variability when investigating the impacts of 
sawmill residual chips would have faced similar challenges. By following logs from a 
single stem through the sawmill and using comparative statistics that accounted for the 
inherent variations in logs, we were able to mitigate some of the effects of between-log 
variability. The effects of within-log variability, primarily due to juvenile/mature wood 
ratios, was offset in part by the nature of sawmilling which utilizes juvenile (core) wood 
for lumber and mature (outer/slab) wood for chip production.  
 
In general, the main effects of chip type on overall chip quality were on packing density, 
a 12% drop in packing density was noted for the drum chips, which could result in a 
significant decrease in productivity. This has been recognized by others [19, 21, 23] and 
is thought to be inversely related to the ratio of the diagonal distance across of the face of 
the chip and the thickness of the chip, the D/T ratio [28].  However, the results of this 
study do not support this theory. For example the disc chips and the drum chips had 
similar D/T ratios but their packing densities varied by 12%. Conversely, the conical 
chips had D/T ratios that were 25% less than that of the disc chips, yet their packing 
densities did not differ significantly. This would suggest that the D/T : bulk density 
relationship may not be directly applicable to chips made by some types of chipping 
machines. It should be noted that more extensive sampling, on a number of different 
machines would be needed to conclusively address this question.  Regardless, increasing 
the packing density of chips made by a drum chipper headrig, while preserving lumber 
quality, remains a challenge.  
 
All chip types had size distributions, as determined by either Gradex or Rader classifiers, 
that would be deemed acceptable for kraft pulping. Specifically, accepts for all chip types 
were well above 80% and pins and fines were well below 10%. Oversized and overthick 
chips which would be screened out and diverted to either a chip crusher or slicer [29, 30, 
31] were most abundant with the conical chips (~10%), and least abundant (less than 5%) 
with the drum chips. The latter are notoriously fragile [22] and would not survive 
crushing or slicing. Furthermore, the extensive internal cracking and fissuring noted with 
drum chips would most likely make the oversized chips suitable for pulping without 
further treatment. It should be noted that the handsorted “scalloped” chips had fibres that 
were of similar length to disc chipper chips, pulped at a similar rate to disc chips and 
produced pulps of similar strengths to those of disc chip pulps. The quality of chips made 
by drum chipper headrigs should be assessed in the same manner as that of chips made by 
disc chippers. 
 
The lack of fissuring in conical chips would justify the crushing of those chips with 
thicknesses as low as 6mm [5, 6], which accounts for over 35% of the total chip mass 
(Figure 7). However, crushing alone may not reduce rejects to acceptable levels, and 
other problems with pulp quality may ensue [32]. Ideally, the conical chipper should be 
optimized to produce a thinner chip, without an excess of pins and fines, and while 
maintaining lumber quality. 
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Current methods of chip size classification cannot distinguish chip features such as 
scalloping of fissuring. No technology is available that can quantify internal fissuring or 
lamellation of chips. To date, the only way to quantify chips produced from different 
sources is by the hand-sorting of chips by a technician trained to recognize the 
differences in chip geometry and the degree of fissuring.  If a mill wishes to monitor the 
composition of their purchased chips for diagnostic purposes, the only way to currently 
do this is via hand-sorting of the different chip types within the sample used for size 
distribution classification. This cumbersome approach may be suitable for a short-term 
investigative study, but would not be practical for longer-term monitoring of purchased 
chips. 
 
The reality of the current chip supply situation is that chips purchased from a sawmill are 
a mixture, or blend, of chips made from all the machine centers in that sawmill. Blending 
has been proposed as a means of maintaining the uniformity of chip bulk densities and 
size distributions [21]. However, such blends, while superficially addressing quality 
issues, may only mask other quality problems. For example, in chip mixtures, oversized 
drum chipper chips would still be directed towards a crusher or slicer, where they would 
be converted fines, while conical chips that are inherently more difficult to pulp are 
directed to the digester without any conditioning.  If sawmills could deliver these two 
chip types as separate loads, and a kraft mill could segregate, screen and process them  
separately, then the pulp mill could potentially realize significant benefits in reduced 
fines, lower rejects and more uniform cooks than if the chips were delivered and 
processed as a blend. The logistics of this would be challenging but not insurmountable. 
Strategies that direct different chip types to different pulping operations have been 
successfully used in optimizing some kraft mill operations [33]. The key to developing as 
successful strategy would be to quantifying the technical and economic advantages of 
pulping different chip types separately, and then assessing the cost to both the kraft mill 
and the sawmill. It is hoped that the data presented in this study may serve as an initial 
step in the justification of such an assessment. 
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APPENDIX 1. GRADEX CHIP FRACTIONS 

    Screen 
Chipper Log Number 45mmRH 10mm 7mmRH 3mmRH Pan 
Disc 1 0.05 3.21 90.40 6.10 0.23 
 2 0.45 2.91 89.68 6.34 0.61 
 3 0.21 2.45 86.48 10.08 0.77 
 4 0.76 6.92 87.10 4.47 0.75 
 5 0.14 2.58 90.62 6.35 0.31 
 6 0.13 2.38 87.48 9.54 0.48 
 7 0.06 5.92 87.88 5.64 0.50 
 8 1.19 9.88 83.26 5.52 0.18 
 9 0.40 5.50 85.09 8.23 0.78 
 10 0.01 3.69 85.87 9.50 0.93 
 Average 0.34 4.54 87.39 7.18 0.55 
  Standard error 0.14 0.80 0.77 0.65 0.08 
Conical 1 0.83 8.47 85.57 4.92 0.40 
 2 0.30 7.79 86.38 5.40 0.21 
 3 0.64 9.80 86.78 2.49 0.31 
 4 0.90 11.99 81.58 5.03 0.50 
 5 0.40 4.87 88.48 5.77 0.48 
 6 0.14 5.41 90.32 3.93 0.20 
 7 1.86 16.85 75.82 4.69 0.79 
 8 3.63 11.01 79.71 5.16 0.50 
 9 2.09 15.64 78.42 3.51 0.35 
 10 0.22 10.85 86.97 1.72 0.23 
 Average 1.10 10.27 84.00 4.26 0.40 
  Standard error 0.44 1.27 1.56 0.46 0.06 
Drum 1 0.00 1.90 93.10 4.65 0.25 
 2 0.95 1.64 93.82 3.55 0.06 
 3 2.19 1.30 92.99 3.18 0.77 
 4 0.00 0.70 94.40 4.60 0.20 
 5 0.24 0.99 90.08 8.22 0.51 
 6 0.00 1.47 92.22 5.80 0.52 
 7 1.27 1.23 91.80 5.51 0.17 
 8 3.00 2.60 86.80 6.70 0.90 
 9 0.97 0.93 90.12 7.66 0.32 
 10 1.99 1.74 90.25 5.43 0.59 
 Average 1.06 1.45 91.56 5.53 0.43 
 Standard error 0.37 0.23 0.74 0.52 0.08 
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APPENDIX 2. RADER CHIP FRACTIONS 

    Screen 
Chipper Log Number 10mm 8mm 6mm 4mm 2mm pan 
Disc 1 3 1.8 11 13.6 68 2.7 
 2 2.5 3.8 7.7 11.3 65.8 0.9 
 3 1.7 2.6 8.6 10.1 63.1 1.1 
 4 9.4 2.6 7.9 14.7 59.2 1.3 
 5 6.5 3 8 14.6 57.5 0.5 
 6 3.2 1.9 8.8 19.1 52.8 0.6 
 7 8.5 4.7 9.7 15.3 54.4 0.7 
 8 9.3 2.4 7.9 12.1 62.9 1 
 9 5.6 4.5 8.4 15.1 55.5 1.4 
 10 3 2.4 7.1 9.4 61.8 2.5 
  Average 5.3 3.0 8.5 13.5 60.1 1.3 
  Standard error 0.9 0.3 0.3 0.9 1.5 0.2 
Conical 1 10 4.6 17.6 33.6 29.4 1.1 
 2 7.8 5.7 16.2 33.5 30.7 1.2 
 3 9.4 6.7 20.5 34.6 24.4 0.8 
 4 13.5 7.5 18.7 27.9 25.5 1.1 
 5 6.8 6.9 17.4 19.1 43 0.8 
 6 5.6 4.6 10.9 32.7 41.6 0.3 
 7 18.1 11.6 18.5 21.3 26.6 1.2 
 8 9.1 7.5 19.4 30.1 26.4 0.7 
 9 13.7 7.2 18.3 29.8 26.6 0.9 
 10 10.6 7.0 21.5 28.2 27.8 0.8 
  Average 10.5 6.9 17.9 29.1 30.2 0.9 
  Standard error 1.2 0.6 1.0 1.7 2.1 0.3 
Drum 1 1.9 2.8 16.3 20.8 52.4 0.2 
 2 0.9 3.3 17 20.7 51.7 0.2 
 3 4.5 6.6 18.9 20.6 47.4 0.1 
 4 0.8 5.4 21.6 21.4 44.1 0.1 
 5 0.7 2.7 11.8 16.4 56.6 1.5 
 6 0.4 2.8 18.9 22.5 46.6 1.1 
 7 4.7 5.9 15.8 20.3 46.6 1.2 
 8 2.9 8.1 18.4 27.2 36.8 1.1 
 9 3.4 2.4 15.1 18.6 52.0 0.9 
 10 5.2 3 16.4 21.3 47.2 1.3 
  Average 2.5 4.3 17.0 21.0 48.1 0.8 
  Standard error 0.6 0.6 0.8 0.9 5.0 0.2 
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APPENDIX 3. PERCENTAGE OF DRUM CHIP TYPES 

 Percent (AD Weight) 

Log Number Scalloped Regular 
1 57.46 42.54 
2 58.26 41.74 
3 47.03 52.97 
4 60.89 39.11 
5 51.35 48.65 
6 35.49 64.51 
7 31.93 68.07 
8 68.15 31.85 
9 59.41 40.59 
10 52.20 47.80 
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APPENDIX 4. CHIP MACERATION FQA 

Log  Chipper 
Average Length weighted 

fibre length (mm) 
Standard 
deviation 

Average fibre 
coarseness (mg/m) 

Standard 
deviation 

1 Disc 2.94 0.12 0.22 0.01 
2 Disc 2.88 0.19 0.19 0.02 
3 Disc 2.93 0.12 0.21 0.01 
4 Disc 3.08 0.12 0.20 0.01 
5 Disc 2.92 0.09 0.19 0.01 
6 Disc 2.54 0.10 0.19 0.01 
7 Disc 2.82 0.17 0.20 0.01 
8 Disc 2.32 0.49 0.15 0.01 
9 Disc 3.11 0.17 0.20 0.02 

10 Disc 2.68 0.24 0.18 0.01 
1 Conical 3.30 0.16 0.22 0.02 
2 Conical 3.31 0.10 0.22 0.02 
3 Conical 3.09 0.17 0.21 0.01 
4 Conical 3.32 0.17 0.21 0.01 
5 Conical 3.08 0.20 0.19 0.01 
6 Conical 2.84 0.07 0.20 0.00 
7 Conical 3.05 0.13 0.20 0.01 
8 Conical 2.68 0.11 0.18 0.01 
9 Conical 3.05 0.17 0.21 0.00 

10 Conical 2.90 0.14 0.19 0.02 
1 Regular drum 2.48 0.22 0.20 0.01 
2 Regular drum 2.37 0.33 0.21 0.03 
3 Regular drum 3.06 0.15 0.22 0.01 
4 Regular drum 2.65 0.18 0.22 0.01 
5 Regular drum 2.37 0.08 0.21 0.00 
6 Regular drum 2.67 0.26 0.21 0.01 
7 Regular drum 3.09 0.35 0.22 0.02 
8 Regular drum 2.73 0.40 0.20 0.01 
9 Regular drum 2.96 0.25 0.21 0.03 

10 Regular drum 2.85 0.13 0.19 0.00 
1 Scalloped drum 2.99 0.09 0.23 0.01 
2 Scalloped drum 2.60 0.19 0.22 0.02 
3 Scalloped drum 2.39 0.14 0.20 0.01 
4 Scalloped drum 2.66 0.32 0.22 0.01 
5 Scalloped drum 2.89 0.30 0.21 0.02 
6 Scalloped drum 2.64 0.30 0.20 0.01 
7 Scalloped drum 2.45 0.16 0.20 0.02 
8 Scalloped drum 3.02 0.11 0.23 0.01 
9 Scalloped drum 2.68 0.16 0.20 0.01 

10 Scalloped drum 2.98 0.26 0.21 0.02 
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APPENDIX 5. EXPLORATORY PULP DATA 

Log Chipper Kappa H-factor Un- 
screened 
yield (%) 

Rejects 
(%) 

Screened 
yield 
(%) 

Residual 
% EA 

Consumed 
% EA 

Fibre 
coarseness 

(mg/m) 

Length 
weighted 

fibre 
length 
(mm) 

1 Disc 38.4 1050 48.9 0.6 48.3 5.8 10.2 N/A N/A 
1 Disc 29 1350 47.7 0.1 47.6 5.4 10.6 0.199 3.155 
1 Disc 24.4 1650 46.9 0.2 46.7 5.1 10.9 N/A N/A 
3 Disc 41.7 1050 51.9 0.6 51.3 6 10 N/A N/A 
3 Disc 30.8 1350 50.1 0.1 50 5.6 10.4 0.200 3.143 
3 Disc 25.1 1650 49.2 0.2 49 5.3 10.7 N/A N/A 
4 Disc 40.9 1050 50.2 0.5 49.7 6.1 9.9 N/A N/A 
4 Disc 31.5 1350 48.6 0.3 48.3 5.9 10.1 0.189 3.370 
4 Disc 25.6 1650 47.4 0.4 47 5.5 10.5 N/A N/A 
6 Disc 41 1050 53.3 0.7 52.6 6.5 9.5 N/A N/A 
6 Disc 31.5 1350 51.8 0.6 51.2 6.2 9.8 0.192 2.887 
6 Disc 24.1 1650 50.4 0.4 50 5.9 10.1 N/A N/A 
7 Disc 39.3 1050 50.9 0.6 50.3 6.1 9.9 N/A N/A 
7 Disc 30.1 1350 49.2 0 49.2 5.7 10.3 0.185 3.027 
7 Disc 25.6 1650 48.6 0.1 48.5 5.5 10.5 N/A N/A 
1 Drum scalloped 40 1050 49.6 0.4 49.2 6 10 N/A N/A 
1 Drum scalloped 31.5 1350 48.8 1.6 47.2 5.7 10.3 0.194 3.103 
1 Drum scalloped 25 1650 47.4 0.4 47 5.3 10.7 N/A N/A 
3 Drum scalloped 43.4 1050 52.4 1.1 51.3 6.2 9.8 N/A N/A 
3 Drum scalloped 33.9 1350 50.8 1.1 49.7 6 10 0.199 3.147 
3 Drum scalloped 26.4 1650 49.1 0.1 49 5.5 10.5 0.194 3.127 
4 Drum scalloped 42.8 1050 51.4 1.9 49.5 6.2 9.8 N/A N/A 
4 Drum scalloped 30.7 1350 49.9 0.7 49.2 5.8 10.2 0.187 3.300 
4 Drum scalloped 25.3 1650 48.8 0.5 48.3 5.6 10.4 N/A N/A 
6 Drum scalloped 41.6 1050 52.8 1 51.8 6.3 9.7 N/A N/A 
6 Drum scalloped 32.4 1350 51.2 0.8 50.4 5.9 10.1 0.198 2.927 
6 Drum scalloped 26 1650 49.6 0.1 49.5 5.5 10.5 0.189 2.890 
7 Drum scalloped 38.7 1050 51 0 51 6.2 9.8 N/A N/A 
7 Drum scalloped 30.3 1350 50.1 0.9 49.2 5.8 10.2 0.189 3.093 
7 Drum scalloped 24.4 1650 48.9 0.1 48.8 5.5 10.5 N/A N/A 
1 Drum regular 45.4 1050 51 2 49 6 10 N/A N/A 
1 Drum regular 33 1350 48.8 0.6 48.2 5.5 10.5 0.201 3.250 
1 Drum regular 26.9 1650 48.1 0.7 47.4 5.3 10.7 0.192 3.283 
3 Drum regular 48.7 1050 53.1 3.2 49.9 6.2 9.8 N/A N/A 
3 Drum regular 35.5 1350 50.6 0.5 50.1 5.7 10.3 N/A N/A 
3 Drum regular 29.9 1650 49.9 0.7 49.2 5.5 10.5 0.194 3.217 
4 Drum regular 42 1050 51.7 1.5 50.2 6 10 N/A N/A 
4 Drum regular 31.9 1350 50 1.1 48.9 5.6 10.4 0.199 3.367 
4 Drum regular N/A N/A N/A N/A NA N/A NA N/A N/A 
6 Drum regular 42.5 1050 53.2 1.3 51.9 6 10 N/A N/A 
6 Drum regular 33.3 1350 52.6 2.5 50.1 5.7 10.3 0.209 2.940 
6 Drum regular 27.2 1650 50.2 0.6 49.6 5.3 10.7 0.193 2.923 
7 Drum regular 41.5 1050 51.9 1 50.9 6.2 9.8 N/A N/A 
7 Drum regular 31.4 1350 50.1 0.5 49.6 5.9 10.1 0.192 3.180 
7 Drum regular 25.9 1650 49.2 0.6 48.6 5.5 10.5 N/A N/A 
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APPENDIX 5. EXPLORATORY PULP DATA (continued) 
Log Chipper Kappa H-factor Un- 

screened 
yield (%) 

Rejects 
(%) 

Screene
d yield 

(%) 

Residua
l % EA 

Consumed 
% EA 

Fibre 
coarseness 

(mg/m) 

Length 
weighted 

fibre 
length 
(mm) 

1 Conical 44.5 1050 52.8 7.8 45 6.2 9.8 N/A N/A 
1 Conical 35.4 1350 51.2 6.2 45 5.9 10.1 N/A N/A 
1 Conical 31.4 1650 49.5 4.2 45.3 5.5 10.5 0.193 3.147 
3 Conical 48.5 1050 54.4 5.5 48.9 6.4 9.6 N/A N/A 
3 Conical 39 1350 52.8 4.9 47.9 6 10 N/A N/A 
3 Conical 31.7 1650 51.1 2.5 48.6 5.6 10.4 0.195 3.170 
4 Conical 45.1 1050 53.2 5.7 47.5 6.2 9.8 N/A N/A 
4 Conical 35.6 1350 50.6 2.7 47.9 5.7 10.3 N/A N/A 
4 Conical 28.8 1650 49.1 2.4 46.7 5.4 10.6 0.178 3.480 
6 Conical 52.2 1050 56.7 7.4 49.3 6.4 9.6 N/A N/A 
6 Conical 41 1350 52.9 3.8 49.1 6 10 N/A N/A 
6 Conical 35.1 1650 52 3.3 48.7 5.7 10.3 0.193 2.927 
7 Conical 45.6 1050 54 6.4 47.6 6.4 9.6 N/A N/A 
7 Conical 39.2 1350 52.1 6.8 45.3 6 10 N/A N/A 
7 Conical 31.8 1650 49.9 1.7 48.2 5.6 10.4 0.191 3.080 
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APPENDIX 6. BASKET COOK DATA 

Log Chipper Kappa Rejects (%) 
Screened yield 

(%) 
1 Disc 31.5 1.5 46.3 
1 Scalloped drum 31.2 46.2 
1 Regular drum 33.3 1.8 46 
1 Conical 35.8 5.8 43.8 
7 Disc 29.7 0.6 48 
7 Scalloped drum 30.1 0.7 48.8 
7 Regular drum 31.4 0.9 48.7 
7 Conical 35.4 4.7 46.6 

1.8 

 
 
APPENDIX 7. BASKET COOK PHYSICAL TESTING DATA 
  Tree 1 
  Disc Conical 
                  
PFI Rev. 0 3000 6000 12000 0 3000 6000 12000 
Screened CSF (mL) 717 680 593 391 714 679 602 417 
                  
Apparent Density (kg/m3)  536  643  667  687  521  632  662  678  
                  
Burst Index (kPa·m2/g) 6.8  10.1  11.0  11.8  6.7  10.0  11.5  11.7  
                  
Breaking Length (km) 8.6 11.4 12.1 13.5 8.6 11.9 12.3 12.9 
                  
Tensile Index (N·m/g) 84 112 119 132 85 116 120 126 
                  
Stretch (%) 1.35 2.81  2.90  3.36  1.41 2.84  3.02  3.13  
                  
Tear Index (mN·m²/g) (1 Ply) 15.0 11.8 10.5 9.3 14.9 11.9 11.4 10.7 
                  
Tear Index (mN·m²/g) (4 Ply) 14.6 10.5 10.2 9.0 15.0 10.5 9.6 9.3 
                  
Zero Span Breaking Length (km) 17.4 14.8  15.5  15.6  16.9 13.9  14.7  14.3  
                  
Air Resistance (Gurley) (sec/100 mL) 0.0  5.4  12.7  87.3  0.0  5.2  14.5  49.9  
                  
Sheffield Roughness (SU) 273  257  217  105  296  255  210  128  
                  
Opacity (%) 96.0 91.4  89.5  88.8  96.3 91.2  90.7  89.4  
                  
Scattering Coefficient (cm²/g) 249  163  142  128  248  161  144  132  
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  Tree 1 
  Drum - Regular Drum - Scalloped 
                  
PFI Rev. 0 3000 6000 12000 0 3000 6000 12000 
Screened CSF (mL) 711 681 585 359 716 680 576 367 
                  
Apparent Density (kg/m3)  526  626  650  670  521  636  671  683  
                  
Burst Index (kPa·m2/g) 6.6  9.8  11.3  11.8  6.3  9.4  10.8  11.8  
                  
Breaking Length (km) 8.9 11.9 12.6 13.8 8.9 12.2 12.7 13.3 
                  
Tensile Index (N·m/g) 88 116 124 136 88 120 124 130 
                  
Stretch (%) 1.61 2.95  3.11  3.20  1.61 3.04  3.25  3.47  
                  
Tear Index (mN·m²/g) (1 Ply) 14.5 12.2 11.6 10.1 14.1 11.4 10.1 9.5 
                  
Tear Index (mN·m²/g) (4 Ply) 16.4 11.7 10.7 9.9 15.2 11.1 10.2 9.5 
                  
Zero Span Breaking Length (km) 16.7 16.0  16.3  15.7  15.8 14.4  14.5  14.1  
                  
Air Resistance (Gurley) (sec/100 mL) 0.0  5.3  8.8  49.1  0.0  5.4  13.3  76.2  
                  
Sheffield Roughness (SU) 289  258  246  133  278  257  216  106  
                  
Opacity (%) 96.0 91.6  89.9  87.8  95.9 90.5  89.9  86.8  
                  
Scattering Coefficient (cm²/g) 247  170  145  130  254  162  142  126  
                  

  Tree 7 
  Disc Conical 
                  
PFI Rev. 0 3000 6000 12000 0 3000 6000 12000 
Screened CSF (mL) 720 660 521 269 718 674 559 286 
                  
Apparent Density (kg/m3)  473  607  637  667  443  585  614  646  
                  
Burst Index (kPa·m2/g) 5.5  8.9  10.1  11.4  4.4  7.2  8.7  10.1  
                  
Breaking Length (km) 8.1 10.9 11.9 12.7 7.6 9.8 10.7 11.9 
                  
Tensile Index (N·m/g) 79 107 117 125 75 96 105 116 
                  
Stretch (%) 1.43 2.97  3.15  3.48  1.28 2.72  2.89  3.43  
                  
Tear Index (mN·m²/g) (1 Ply) 18.0 18.1 15.2 15.2 20.0 18.1 16.7 13.4 
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Tear Index (mN·m²/g) (4 Ply) 23.4 16.3 13.8 12.0 25.4 18.4 16.0 13.8 
                  
Zero Span Breaking Length (km) 16.9 15.1  16.8  16.5  16.2 16.1  16.3  15.7  
                  
Air Resistance (Gurley) (sec/100 mL) 0.0  4.3  12.1  92.3  0.0  4.0  7.0  51.2  
                  
Sheffield Roughness (SU) 311  270  219  100  331  284  251  127  
                  
Opacity (%) 96.2 91.5  89.7  88.2  96.7 92.6  91.3  89.2  
                  
Scattering Coefficient (cm²/g) 276  173  152  139  277  176  152  137  
                  

  Tree 7 
  Drum - Regular Drum - Scalloped 
                  
PFI Rev. 0 3000 6000 12000 0 3000 6000 12000 
Screened CSF (mL) 719 664 535 262 717 653 518 251 
                  
Apparent Density (kg/m3)  475  604  638  676  477  612  650  675  
                  
Burst Index (kPa·m2/g) 5.9  9.1  10.4  11.5  5.5  8.9  10.2  12.4  
                  
Breaking Length (km) 7.7 10.2 12.2 13.0 8.8 10.5 11.9 13.0 
                  
Tensile Index (N·m/g) 76 100 120 128 87 103 117 128 
                  
Stretch (%) 1.19 2.63  3.06  3.45  1.52 2.69  2.99  3.20  
                  
Tear Index (mN·m²/g) (1 Ply) 19.4 15.6 13.7 12.3 17.2 16.0 14.4 12.1 
                  
Tear Index (mN·m²/g) (4 Ply) 23.3 15.6 13.6 12.1 22.9 15.5 13.6 11.9 
                  
Zero Span Breaking Length (km) 17.8 16.8  16.6  16.7  18.5 16.3  16.7  17.6  
                  
Air Resistance (Gurley) (sec/100 mL) 0.0  4.4  11.6  129.2  0.0  4.3  13.0  104.7  
                  
Sheffield Roughness (SU) 311  273  220  100  310  271  209  90  
                  
Opacity (%) 95.7 92.4  89.7  88.9  96.2 91.5  89.9  88.6  
                  
Scattering Coefficient (cm²/g) 270  174  149  136  275  172  148  136  
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