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Abstract 

The process conditions and fractionation efficiency of two hydrocyclone 
designs, a novel and a conventional conical design, were evaluated. The 
novel design comprised a modified inlet section, where the pulp suspension 
had to pass a narrow ring-shaped opening, and a very compact fractionation 
zone. The influence of feed concentration and fine fraction mass ratio was 
studied. The trials were performed with never-dried, unrefined bleached 
chemical softwood pulp. Fractionation efficiency was evaluated in terms of 
change of surface roughness of handsheets made out of the fractions and 
the feed pulp respectively.  

The fractionation efficiency increased considerably with decreasing fine 
fraction mass ratio, especially at higher feed concentrations. This finding 
prompted a hypothesis on the existence of a radial gradient in the 
composition of the suspension inside the novel hydrocyclone. Using the 
novel hydrocyclone in a feed-forward fractionation system would therefore 
prove to be more favourable as a larger total fine fraction of better 
properties can be obtained. A three-stage feed-forward fractionation system 
was evaluated in laboratory scale. Here, it was indeed possible to extract 
fine fractions with improved surface properties in each of the three 
consecutive stages. All three fine fractions had about the same surface 
roughness. 

The fractionation performance of the novel design was benchmarked 
against that of a conventional, best available technology (BAT) design. In 
terms of fractionation efficiency, the BAT design performed better. 
However, the fractions produced with the novel hydrocyclone had a much 
smaller difference in concentration, implying a much less pronounced 
enrichment of fines in the fine fraction. It is unclear, to what extent the 
lower share of latewood fibres and the increased fines content, respectively, 
contributed to the improved surface roughness of the fine fractions. 
However, it is clear that the lower enrichment of fines in the novel 
hydrocyclone makes it easier to install it in industrial applications without a 
need for auxiliary equipment to redistribute large water flows.  
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Background 

Hydrocyclones are a common piece of equipment in the pulp and paper 
industry and are used for cleaning and fractionation. In a standard 
hydrocyclone, a swirling flow is created by feeding a suspension through 
inlets arranged tangentially at the top, see Figure 1. 

Inlet

Overflow

Underflow  
Figure 1: Schematic drawing of the spiralling flow in a typical conical 

hydrocyclone (Bradley 1965). 

The suspension exits the hydrocyclone through one of the two outlets that 
are often referred to as overflow (or accept flow) and underflow (or reject 
flow). In the present thesis, the overflow and underflow will be named fine 
fraction and coarse fraction, respectively, as both streams are intended to be 
used. The terms “accept” and “reject” are more appropriate when 
hydrocyclones are used as cleaners, i.e. when one fraction is discarded.  

The feed flow rate through a hydrocyclone is controlled by changing the 
feed pressure, which consequently also changes the tangential velocity at 
the inlet. The volume flow to the two outlets is usually controlled by the 
use of valves at the outlets of the hydrocyclone. 

The swirling flow creates a centrifugal force which causes a movement of 
the particles relative to the liquid. Centrifugally generated movement of 
solid particles relative to the liquid is outwards if the particles have a higher 
density than the fluid and inwards if the density is lower (Ho et al. 2000). 
The radial speed of the particle depends on centrifugal and radial flow 
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speeds, fluid viscosity and particle shape. Fibres will thus move towards the 
outer wall and the coarse fraction outlet at the bottom of the hydrocyclone 
when the centrifugal force is dominant, while, if the drag force onto the 
fibres is dominant, they will move to the middle and into the fine fraction 
outlet.  

The first hydrocyclone patent was granted in 1891 for a “water purifier” 
designed to remove impurities from drinking water, see Figure 2 (Bretney 
1891).  

 
Figure 2:  The “water purifier” invented by Bretney (1891). 

Following that, most applications of hydrocyclones were in the coal and 
mining industries. In the 1930s, hydrocyclones also started to be installed in 
the pulp and paper industry. Here, they were used for the removal of sand 
and other heavy contaminants from pulp streams (Bergès 1935; Freeman 
and Skelton 1939; Bradley 1965). Numerous installations were made, and 
in the late 1940s hydrocyclones were widely used in the pulp and paper 
industry for pulp cleaning.  

In the late 1960s, hydrocyclones were further developed to remove lighter 
contaminants such as plastics (Bliss 1997). Developments in the 1980s and 
1990s has also seen hydrocyclones being proposed for deinking of recycled 
pulp, see for example Chamblee and Greenwood (1991). In this application 
air bubbles were introduced through a porous outer wall. 

Pulp for tissue, paper and board production consists mainly of wood fibres. 
The morphology of wood fibres varies greatly depending on species, place 
of growth, placement within the stem and season of growth. Fibres vary in 
length, width, fibre wall thickness and chemical composition (Sjöström 
1993). Fibre flexibility depends on wall thickness and collapse of fibres. 
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Fibre flexibility has been shown to affect the sheet smoothness with an 
increased flexibility giving a smoother sheet (Paavilainen 1991).  

Apart from fibres, pulp also contains fines. Fines are small particles in the 
pulp which can consist of fragments from fibres, vessel elements and ray 
and parenchyma cells. Fines have a large surface area to volume ratio and 
play an important role in papermaking as they contribute to strength and 
densification of the sheet. But they also contribute to an increase in the 
dewatering resistance, due to their ability to swell much more than fibres 
(Seth 2002). Fines present in a chemical pulp prior to refining are referred 
to as primary fines. During the refining process secondary fines are 
produced that consist of fibrillar material. 

Given the importance of the different pulp components for the properties of 
the final product, fractionation would allow the production of fractions with 
different properties for different uses. The first patent concerning the use of 
hydrocyclones for fibre fractionation was proposed by Pesch (1963). He 
showed that it was possible to fractionate thinwalled earlywood fibres from 
thickwalled latewood fibres. As it was known that pulp made from trees 
with a different earlywood fibre content differed greatly in many paper 
properties, this was a very interesting finding. Other patents related to 
hydrocyclone fractionation were granted around that time, see for example 
Malm (1967). 

When comparing the fractionation efficiency of different equipment, 
Paavialinen (1992) showed that a hydrocyclone is the most efficient 
fractionation method for separating thinwalled from thickwalled fibres. 
However, Paavilainen also pointed out that the energy consumption of the 
process was too high to be economically feasible. Hydrocyclone 
fractionation of refined pulps has been shown to enrich treated fibres in the 
accept flow (Park et al. 2005). In their microscopic analysis of the fibres in 
the fine and coarse fractions, Östlund and Vomhoff (2008) confirmed that 
the more fibrillated fibres are enriched in the fine fraction. 

In TMP production, hydrocyclone fractionation separates fibres based on 
bonding ability, i.e. fibre wall thickness and external fibrillation (Kure et al. 
1999; Reyier et al. 2008). This allows hydrocyclone fractionation to be 
used to accomplish a more energy-efficient pulping process, see for 
example (Sandberg et al. 2001; Sandberg 2007). Here, fibres, suitable for 
papermaking after primary refining, are sorted out of the pulp while the 
more poorly developed fibres are subjected to secondary refining. Despite 
the additional energy required for the fractionation process, the total 
specific energy consumption of the process can be lower, as not all fibres 
need to pass through a secondary refining process.  
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Other applications for hydrocyclone fractionation have been describes in 
the literature, for example combining fractionation with multi-ply forming 
(Vollmer and Fredlund 1999), or the separation of fibres of differing 
properties for different bleaching treatment (Brännvall et al. 2005). The 
combination of screen and hydrocyclone fractionation, and the use of the 
fractions in different plies of a board product have also been applied 
industrially, see for example Ortner (2006). 

The feed concentration is an important factor influencing the fractionation 
efficiency in hydrocyclone fractionation. The interaction between fibres 
increases with increasing concentration until, at a certain concentration, a 
network is formed and fibres cannot move relative to each other, see for 
example Kerekes et al. (1985). The degree of interaction between 
individual fibres depends on the morphology of the fibres; according to 
Kerekes’ crowding number definition, the fibre length and coarseness as 
well as fibre mass concentration are the relevant parameters. In addition to 
that, the concentration most likely varies inside the hydrocyclone as the 
concentration of the suspension in the outlets differs considerably. This 
results in local variations of the degree of fibre-fibre interaction, as can be 
seen indirectly for example in the flow field measurements of Bergström et 
al. (2007).  

Fractionation, using hydrocyclones or screens, is usually done in several 
stages to improve the overall fractionation efficiency. Several examples of 
fractionation systems are shown in Figure 3.  
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Figure 3: Proposed fractionation systems (Allison and Olson 2000). 
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The feedback cascade is a very common system for fibre fractionation, see 
for example (Sandberg et al. 2001; Shagaev and Bergström 2005; Sandberg 
2007). Here, the reject flow from the first stage is used as feed for the 
second stage. The accept flow from the second stage is fed back before the 
first stage. This implies that the accept flow of the system is taken from the 
first stage, i.e. this stage has to be operated with a fairly high fine fraction 
mass ratio. This system also requires more specific pumping energy than a 
feed forward system due to the significant flow that is recirculated. 

A significant enrichment of fines in the fine fraction occurs in conventional 
hydrocyclones. This is a result of the thickening of the coarse fraction. 
Most of the fines are, due to their large specific surface, washed out of the 
coarse fraction and follow the water flow. The thickening occurs in the long 
conical section of the hydrocyclone, due to increasingly higher centrifugal 
forces towards the outlet, and a comparatively long residence time of the 
suspension in this section. This suggests that if similar outlet concentrations 
want to be achieved, the conical section should be shortened or even 
removed. 

A design for a modified hydrocyclone was proposed by Bergström (2006) 
and is described by Kemper et al. in a patent application (2006). Compared 
to the traditional design, the inlet was modified and the conical section was 
replaced by a cylindrical section, see Figure 4. 

S = inlet

L = fine fraction

H = coarse fraction

W = dilution water inlet

S = inlet

L = fine fraction

H = coarse fraction

W = dilution water inlet

 
Figure 4:  Hydrocyclone design according to patent application (Kemper et al. 

2006). 
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A previous study has shown that this hydrocyclone fractionates with similar 
efficiency as a reference hydrocyclone while reducing fines enrichment in 
the fine fraction (Bergström 2006). Modifications to the hydrocyclone used 
by Bergström (2006) were proposed by Levin and Vomhoff (2008). The 
results of their computational fluid dynamics modelling suggest a more 
compact design of the inlet section in order to avoid stagnation or 
recirculation zones. Furthermore, they proposed a gradual reduction of the 
radius of rotation in order to continuously accelerate, thus stabilise the flow 
in the inlet section. The results of simulations by Ko et al. (2006) also 
suggest that a long cylindrical section can give rise to secondary flow 
patterns, which would lead to unwanted mixing of the two fractions.  
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Based on the previous experiences and suggestions a novel hydrocyclone 
design was proposed. The objectives of the present study were: 

1. Investigate the fractionation performance of the novel 
hydrocyclone design. 

2. Evaluate a multi-stage feed-forward fractionation system with the 
novel hydrocyclone design. 

3. Benchmark the novel hydrocyclone design against a conventional, 
best available technology (BAT) hydrocyclone design, in terms of 
process conditions and fractionation efficiency. 

The results of this study are reported in three reports: 

 Report 1: 
Andersson R. and Vomhoff H. 
Evaluation of a Novel Hydrocyclone for Pulp Fractionation 
Innventia Report 81, to be submitted for publication. 

 Report 2: 
Andersson R. and Vomhoff H. 
Evaluation of a Multiple Feed-Forward Fractionation Approach 
Using a Novel Hydrocyclone Design 
Innventia Report 82, to be submitted for publication. 

 Report 3: 
Andersson R. and Vomhoff H. 
Benchmarking of a Novel Hydrocyclone Design for Pulp 
Fractionation 
Innventia Report 83, to be submitted for publication. 
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Materials and Methods 

Fractionation Loop 
The trials with the novel and conventional hydrocyclones were carried out 
in an experimental set-up at Innventia AB, see Figure 5. 

 
Figure 5: Schematic of the fractionation set-up. 

In the set-up, the pulp suspension was supplied from a tank using a 
centrifugal pump capable of supplying a maximum feed pressure of 4 bar 
and flow rate of 120 l/min. Air-controlled pinch valves were used to control 
the flows in the two outlets of the hydrocyclones. This type of valve allows 
a good flow control, even at low flow rates, with a low risk of clogging. 
Two systems, based on double three-way valves each, allowed for sampling 
without affecting the flow in the hydrocyclone by not changes in 
downstream pressure when opening or closing the sampling valves. This 
was achieved by letting the suspension flow through a by-pass loop during 
the trial. When taking the sample, the two valves were simultaneously 
switched to straight-through position, trapping the sample in the by-pass 
pipe. The sample could later be taken out through a sample valve. A 
submerged pump was installed in the tank to ensure continuous mixing of 
the feed suspension. More details on the experimental set-up can be found 
in Report 1. 

A sketch of the novel hydrocyclone design is shown in Figure 6. 

Fine fraction 
sample 

Tank
1,1 m³

By-
Pass 

Hydrocyclone 

Feed 
sample 

Max 100 l/min

Coarse fraction 
sample
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2 tangential 
inlets 

(180° apart)

Ø 10 mm

2 tangential 
outlets 

(180° apart)

Ø 10 mm

2 tangential 
outlets 

(180° apart)

Ø 10 mm

Vortex finder

Vortex finder 
opening

Pin

40 
mm

100 mm

 

13 
mm

20 
mm

2,5 mm 
gap

Feed FeedFine Fraction

Coarse Fraction

Fractionation 
zone

15 mm

29 mm

 
Figure 6: Overview sketch (top) and detailed drawing of the fractionation zone 

(bottom) of the novel hydrocyclone design. 

In this design, the feed had to pass, after being injected tangentially, 
through a narrow ring-shaped opening so that all fibres that entered the 
fractionation zone had approximately the same distance to the vortex finder 
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opening. A pin opposite to the vortex finder had the function of both 
exactly defining the fractionation zone and also avoiding a recirculation 
zone in the lower part of the hydrocyclone. The conical section of the novel 
hydrocyclone design was much shorter than in conventional hydrocyclones.  

Three-stage trials were carried out batchwise with the coarse fraction used 
as feed for the consecutive stage. These trials were carried out at fine 
fraction mass ratios of 7% and 15%, respectively, in each stage; for details, 
see Report 2. 

Dilution 
water

Dilution 
water

Feed

Coarse 1

Coarse 2

Coarse 3

Fine 2

Fine 1

Fine 3

Stage 1

Stage 2

Stage 3

 
Figure 7: Schematic of the 3-stage fractionation set-up. 

In the benchmarking trial a Noss AM80-F fractionation hydrocyclone, 
considered to be best available technology (BAT), was used. It had an inner 
diameter of 80 mm, and, when fed with the recommended 100 l/min, a feed 
velocity of 9 m/s in the two tangential inlets (Bergström 2010). The Noss 
hydrocyclone was connected to the experimental rig in order for all 
surrounding equipment, such as valves and flow meters, to be the same. 

Pulp Type and Evaluation 
All trials were carried out with a bleached, never-dried, unrefined, chemical 
softwood pulp that was made with a high share of sawmill chips (Södra 
Blue). Trials were carried out with varying feed concentrations and fine 
fraction ratios in order to understand how these process parameters affect 
the fractionation efficiency.  
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The concentration, fines content and drainage resistance of the feed pulps 
as well as the fine and coarse fractions were analysed. Handsheets were 
produced from the feed pulp and the obtained fractions. Their strength and 
surface properties were analysed. It should be pointed out that the fines 
content of the handsheets was not measured, implying that the exact fines 
content of the handsheets is not known. For selected fine fractions, a 
microscopy analysis was done to determine the latewood content in these 
fractions.  

Bendtsen roughness was chosen to evaluate the fractionation as the change 
in this paper property has been shown to be a good measure of fractionation 
efficiency (Vomhoff et al. 2006). Also, surface roughness is an important 
paper property which can motivate a papermaker to integrate a fractionation 
process in their manufacturing process. 

A more detailed description of the trials and analysis methods can be found 
in Report 1, 2 and 3.  
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Results and Discussion 

When comparing the performance of the novel hydrocyclone with that of 
the conventional best available technology (BAT) design, a large difference 
in process conditions was observed. As an example, the concentrations of 
the fractions as a function of the fine fraction mass ratio are shown in 
Figure 8 for the two hydrocyclone designs. 
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Novel Fine Fraction

 

Figure 8:  Concentrations of fine and coarse fractions of the novel and BAT 
hydrocyclones as a function of the fine fraction mass ratio; feed 
concentrations 3,5 g/l (novel) and 3,7 g/l (BAT) (Report 3). 

The results show that there was a clear difference between the 
concentrations of the fine and coarse fractions; with the concentration of the 
fine fraction being lower and that of the coarse fraction higher than the feed 
concentration. The differences in concentrations were much larger for the 
BAT hydrocyclone. 

The thickening, i.e. the ratio between the concentration of the coarse 
fraction and the feed, as a function of the fine fraction ratio is shown in 
Figure 9. 
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Figure 9:  Thickening as a function of volumetric and mass fine fraction ratio for 

the novel hydrocyclone and BAT hydrocyclone; feed concentrations 
3,5 g/l (novel) and 3,7 g/l (BAT) (Report 3). 

A large difference in thickening was observed between the two designs. 
The thickening was more pronounced in the case of the BAT design, and 
was an effect of the large increase in the coarse fraction concentration. This 
resulted in a dilution of the fine fraction which, in the most extreme case, 
had a concentration as low as 0,5 g/l, see in Figure 8. 

In Figure 9 one can also observe that when operating the BAT 
hydrocyclone, already a small change in volume flow ratio resulted in a 
large change in the mass flow ratio. The fine fraction mass flow ratio 
ranged from 10 to 70%, as a result of the relatively small change in 
volumetric fine fraction flow ratio from 80 to 90%. The corresponding 
ranges for the novel design were 20 to 90% and 40 to 90%, respectively. 

The thickening had a clear effect on the composition of the fractions. The 
fines content for the fine fractions of the two hydrocyclones was compared 
as a function of the fine fraction mass ratio, see Figure 10. 
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Figure 10:  Fines content of fine fraction of the two hydrocyclones as a function of 

the fine fraction mass ratio at two feed concentrations (Report 3). 

There was a clear correlation between the fine fraction ratio and the fines 
content of the fine fraction, with the fines content increasing with 
decreasing fine fraction ratio. The change was substantially larger for the 
BAT hydrocyclone than for the novel hydrocyclone.   

In order to verify the general hypothesis that the fines are passive particles 
in respect to fractionation, just following the water flow, a theoretical fines 
content was calculated based on the volumetric flow split. It was compared 
with the fines content measured with the BDDJ-method (76 µm mesh), see 
Figure 11. 

The calculated fines content correlated well with the measured fines 
content. The deviation from the unity line in some cases, especially at low 
fines contents, may be due to an extreme thickening of the coarse fraction. 
Here, at high concentrations of the coarse fractions, the fines are more 
likely to be trapped in the forming fibre network. This explains why the 
measured fines contents were higher than the calculated fines content in the 
coarse fractions with higher concentrations. 
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Figure 11:  Measured fines content (BDDJ 76 µm) of both fine and coarse 

fractions compared to calculated fines content based on the 
volumetric flow split; feed concentrations are given after the 
hydrocyclone designation (Report 3). 

The fractions differed significantly in their drainage behaviour; see Figure 
12 and Figure 13. 

The drainage resistance of the fine fraction increased greatly with 
decreasing fine fraction mass ratio for the BAT hydrocyclone. The novel 
hydrocyclone showed no clear change in the drainage resistance. The 
increase in drainage resistance was expected due to the enrichment of fines 
in the fine fraction.  
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 Figure 12:  Drainage resistance (expressed as SR-number) of the fine fractions 

as a function of the fine fraction mass ratio at two feed concentrations 
(Report 3). 

An increased fines content is expected to give a higher drainage resistance. 
The drainage resistance as a function of the fines content is shown in 
Figure 13. 
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Figure 13:  The drainage resistance of both fine and coarse fractions as a function 
of the fines content (BDDJ 76 µm mesh) at two feed concentrations 
(Report 3). 
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A clear correlation between the drainage resistance, expressed as SR-
number, and the fines content was observed. A large increase in drainage 
resistance is expected to cause problems in the papermaking process. The 
pulp will be more difficult to dewater mechanically in the wire and press 
sections as well as more difficult to dry in the drying section.  

The specific energy consumption as a function of the fine fraction mass 
ratio is shown in Figure 14. 
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Figure 14:  The specific energy consumption as a function of the fine fraction 

mass ratio at two feed concentrations (Report 3). 

The specific energy consumption of the novel hydrocyclone decreased with 
decreasing fine fraction ratio while the opposite was observed for the BAT 
hydrocyclone. At lower fine fraction ratios the energy consumption was at 
comparable levels, while at higher fine fraction ratios the specific energy 
consumption of the novel design considerably exceeded that of the BAT 
design. In this context, it is important to remember that the substantial 
dilution of the BAT hydrocyclone will require additional energy to remove 
large amounts of water from the fine fraction. This additional energy is not 
included in the results of Figure 14. 

The latewood content of selected fine fractions is shown in Figure 15. 
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Figure 15:  Latewood content in the fine fractions as a function of the fine fraction 

mass ratio at two feed concentrations (Report 3). 

The BAT hydrocyclone showed a substantially better reduction in latewood 
fibres at both feed concentrations, and thereby an enrichment of earlywood 
fibres in the fine fraction. The reason for this difference in fractionation 
efficiency could be the longer fractionation zone in the BAT hydrocyclone. 
At the lower feed concentration, the novel hydrocyclone improved 
markedly. 

The fibre width, measured using the L&W FiberTester, was also used to 
evaluate the fractionation efficiency, see Figure 16. 

The fibre width decreased with decreasing fine fraction ratio. The decrease 
in fibre width was substantially larger for the BAT hydrocyclone than for 
the novel hydrocyclone. This suggests that the earlywood content in the 
fractions with lower fibre width was increased. The measurement of fibre 
width shows collapsed earlywood fibres as being thinner, as some of the 
images will be of the flat side of the ribbon-like collapsed fibre. 
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Figure 16: Fibre width of the fine fractions as a function of fine fraction mass ratio 

at two feed concentrations (Report 3). 

For some fine fractions, problems were encountered during manufacturing 
of the handsheets, required for paper property evaluation, see Table 1. 

Table 1:  Overview of the difficulties that were encountered when making 
handsheets from the fine fractions; The volumetric and mass fine 
fraction ratios are also given for each trial point (Report 3). 

BAT (3,7 g/l) BAT (5,7 g/l) Novel (3,5 g/l) Novel (5,9 g/l) Targeted 
fine 

fraction 
(mass-%) Volume Mass Volume Mass Volume Mass Volume Mass 

80% 92% 67% 94% 73% 92% 87% 86% 77% 
60% 89% 42% 91% 67% 77% 60% 74% 57% 
40% 86% 22% 82% 23% 45% 24% 51% 29% 
20% 81% 13% 64% 7% 42% 20% 29% 11% 

     
 No problems      
 Slow dewatering in sheet making     
 Not possible to make handsheets     

 

At fine fraction mass ratios below 25%, problems were encountered when 
making handsheets of the fine fractions obtained with the BAT 
hydrocyclone. The drainage resistance of these fine fractions was high, 
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see Figure 12. Dewatering in the handsheet mould was very slow. For one 
point, it was not possible to make sheets as the formed sheet adhered to the 
blotter paper. Therefore, no paper properties could be measured at this 
point. In contrast to that, no problems were encountered during sheet 
making from the fine fractions obtained with the novel hydrocyclone 
design. 

The surface roughness as a function of the fine fraction mass ratio for the 
novel hydrocyclone is shown in Figure 17. 
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Figure 17:  Surface roughness of the fine and coarse fractions of the novel 
designe as a function of fine fraction mass ratio; 3,3 g/l feed 
concentration (Report 1). 

The reduction in surface roughness of the fine fraction increased with 
decreasing fine fraction ratio. The coarse fraction showed a slight increase 
in surface roughness, but at low fine fraction ratios it approaches the level 
of the feed. 

The feed concentration had a large influence on the fractionation efficiency 
of the novel design, see Figure 18. 
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Figure 18:  Fractionation efficiency of the novel design, expressed as change in 

surface roughness of the fine fraction, as a function of fine fraction 
mass ratio for three different feed concentrations; the surface 
roughness of the feed pulps are given in brackets (Report 1). 

For all three feed concentrations an improved surface roughness was 
obtained with decreasing fine fraction mass ratio. There also seems to be a 
correlation between the feed concentration and the fine fraction ratio at 
which the surface roughness decreases. For higher fine fraction ratios, no 
clear effect on surface roughness was visible. A lower feed concentration 
gave an improvement already at higher fine fraction ratios. 

In the benchmarking study, the surface roughness improvement of the two 
designs was compared, see Figure 19. 
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Figure 19:  Bendtsen roughness of the fine fractions as a function of the fine 

fraction mass ratio for the novel and BAT hydrocyclone at two feed 
concentrations (Report 3). 

As expected, larger improvements in the surface roughness of the fine 
fractions were obtained with low fine fraction ratios for both 
hydrocyclones. The improvements were larger for the BAT hydrocyclone 
than for the novel hydrocyclone due to both the previously reported higher 
reduction of stiff latewood fibres and enrichment of fines.  

An interesting aspect is to what extent the increased fines content 
contributed to the surface roughness improvements. The surface roughness 
as a function of fines content is plotted in Figure 20. 

The plot in Figure 20 shows a clear correlation between the fines content 
and the surface roughness. It is not possible to conclude whether the fines 
content or the reduction of latewood fibres played the most important part; 
the vertical difference between the open and closed symbols could be 
interpreted as an indication of the effect of the fines content. However, the 
fines certainly play an important role. 
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Figure 20:  Bendtsen roughness as a function of fines content (BDDJ, 76 µm 

mesh) for the novel and BAT hydrocyclone at two feed concentrations 
(Report 3). 

The effect of fine fraction mass ratio on the strength properties was 
investigated. The tensile index as a function of fine fraction mass ratio is 
depicted in Figure 21. 
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Figure 21:  Tensile index of the fine fractions as a function of the fine fraction 

mass ratio for the novel and BAT hydrocyclone at two feed 
concentrations (Report 3). 
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The tensile index of the fine fraction improved with decreasing fine fraction 
ratio in the same way as the surface roughness. This influence on the 
strength is coupled to both fines and earlywood fibre enrichment. The 
influence of the never-dried primary fines on the tensile strength is plotted 
in Figure 22. 
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Figure 22:  Tensile index as a function of fines content (BDDJ, 76 µm mesh) for 

the novel and BAT hydrocyclone at two feed concentrations 
(Report 3). 

The strength increased significantly with increasing fines content. This 
indicates that the primary fines in the unrefined pulp contributed very 
strongly to the strength improvement, which was somewhat surprising as 
primary fines are generally considered not to contribute so clearly to the 
strength. However, this result corroborates recent results obtained for 
unbleached pulp (Bäckström et al. 2008). One should also be aware of the 
fact that the fines in the present study were never-dried fines. 

The surface roughness as a function of the drainage resistance for the fine 
fractions is shown in Figure 23. 
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Figure 23:  Surface roughness as a function of drainage resistance at two feed 

concentrations (Report 3). 

The results showed a clear correlation between surface roughness and 
drainage resistance, especially for the BAT hydrocyclone. Due to the fines 
enrichment and reduction of latewood fibres, the surface roughness 
improved at the same time as the drainage resistance increased.  

These results illustrate an apparent problem in the industrial 
implementation of hydrocyclone fractionation. The desired improvement in 
surface roughness can be obtained, however at the expense of a significant 
enrichment in fines. Dependent on where the fractionation process is used 
in the papermaking process, this high fines content could cause dewatering 
and drying problems. They could force the papermaker to decrease the 
speed of the paper machine and/or increase the energy consumption in the 
drying section. In contrast to that, the novel hydrocyclone gave a smaller 
improvement in surface roughness but also a much smaller increase in fines 
content of the fine fraction. In an ideal hydrocyclone design the enrichment 
of fines and the separation of earlywood from latewood fibres should be 
decoupled. 

When looking at Figure 18, showing the change in surface roughness as a 
function of the fine fraction ratio for three feed concentrations, one is struck 
by the fact that, for the two higher concentrations, a larger improvement in 
surface roughness occurs only at very low fine fraction ratios, below 
approximately 30%. In contrast to that, by counting the earlywood fibres, 
the earlywood content in the feed pulp was determined to 70%. One would 
expect that an effect on surface roughness could already be observable at a 
much higher fine fraction ratio. 
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This result could be explained in several ways. Firstly, the Bendtsen 
roughness may only be improved when a certain earlywood content has 
been surpassed, i.e. the mixing rule is not linear. This explanation appears 
not to be valid since for a lower feed concentration an improvement is seen 
already at a fine fraction ratio of 50%, see Figure 18. 

Secondly, the fractionation process inside the hydrocyclones could be 
heavily dependant on both the feed concentration and the local 
concentration inside the hydrocyclone. These two parameters are important 
for the mobility of individual fibres relative to each other. Based on this 
explanation, a hypothesis on the possible mechanism of fractionation in the 
novel hydrocyclone was proposed. An illustration of how this could be 
envisioned is shown in Figure 24. 

Tangential feed flow Fine fraction

Coarse fraction

Unfractionated feed pulp

Higher share of coarse fibres

Similar composition as feed pulp

Higher share of fine fibres

Legend:

 

Low
volumetric fine fraction ratio

Medium
volumetric fine fraction ratio

High
volumetric fine fraction ratio  

Figure 24:  Hypothesis on the radial variation in pulp compositions in the novel 
hydrocyclone (upper image), and the influence of volumetric fine 
fraction ratio on the fractionation results (lower image). 
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The hypothesis suggests the existence of a radial gradient in the 
composition of the suspension in the fractionation zone and even a layer of 
unfractionated feed pulp along the outer wall. The layer of unfractionated 
pulp can be compared to the short-circuit flows mentioned by Bradley 
(1965). For simplicity, the radial gradient is exemplified in Figure 24 as 
three layers, one with an enrichment of earlywood fibres, one with the same 
composition as the feed pulp, and one with an enrichment of latewood 
fibres. In reality, one would of course expect a gradual change in 
composition in radial direction.   

This hypothesis implies that when operating the hydrocyclone with a larger 
fine fraction ratio, an increasing share of coarse fibres will be part of the 
fine fraction, see Figure 24. However, when operating the hydrocyclone at 
lower fine fraction ratio, the enrichment of fine fibres will be more 
pronounced. At lower feed concentrations the separation proved to be more 
efficient already at higher fine fraction ratios, see Figure 18. Here, the 
fibres in general are expected to interact less with each other and can 
therefore be fractionated more efficiently in the upper part of the 
fractionation zone, just below the ring-shaped opening. This is also 
believed to make the gradient in suspension composition more pronounced. 
One should remember that the average residence time in the fractionation 
zone, i.e. the feed flow, is the same in both cases. 

Based on this hypothesis, two trials using a three-stage feed forward 
fractionation system were evaluated in order to investigate whether it was 
possible to obtain fine fractions with similarly improved surface properties 
in several, consecutive stages. The trial was carried out in three separate 
stages with the coarse fraction of one stage being used as the feed for the 
next stage. The change in Bendtsen roughness as a function of the 
accumulated, total fine fraction ratio is shown in Figure 25 and Figure 26. 
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Figure 25:  Surface roughness in each of the three stages with a targeted fine 

fraction ratio of 15% in each stage (Report 2). 
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Figure 26:  Surface roughness in each of the three stages with a targeted fine 

fraction ratio of 7% in each stage (Report 2). 

The results show, just as has been shown earlier, that a lower fine fraction 
ratio gave a larger improvement of the surface roughness. It is also clear 
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that it was possible to extract a fine fraction with good surface properties in 
each of the three stages for both fine fraction ratios. This result can be 
explained by the hypothesis presented in Figure 24.  

When looking closer at the results of the fibre width measurements of the 
feed and fractions, it was observed that the average fibre width of the fine 
fractions was approximately 0,2-0,5 µm smaller than that of the coarse 
fractions. This is a small difference but as this trend was observed in all 
trial points it suggests that the fine fractions contained more collapsed 
earlywood fibres and less latewood fibres than the coarse fractions. Fibre 
width measurements could therefore be useful when evaluating a 
fractionation results. Further experiments are however needed to verify this 
aspect. 
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Summary and Conclusions 

This study showed that the novel hydrocyclone design was capable of 
fractionating pulp into two fractions of differing properties without the 
same extent of thickening of the coarse fraction observed for conventional 
hydrocyclones. At low fine fraction ratios, the surface properties of 
laboratory sheets produced from the fine fractions were substantially better 
than those made from the feed pulp. This observation prompted a 
hypothesis on the fractionation mechanism in the novel hydrocyclone.  

The hypothesis predicts the existence of a radial gradient in suspension 
composition in the fractionation zone and most likely also the existence of a 
layer of unfractionated pulp along the outer wall of the hydrocyclone. This 
hypothesis explains, especially at higher feed concentrations, the 
comparatively much higher fractionation efficiency at lower fine fraction 
ratios. To test the validity of the hypothesis a three-stage feed-forward trial 
was performed. It showed that it was possible to obtain a fine fraction with 
improved surface properties of laboratory sheets in all three consecutive 
stages. 

A benchmarking trial showed that a conventional BAT (best available 
technology) hydrocyclone had better fractionation efficiency than the novel 
hydrocyclone. However, the thickening of the coarse fraction and fines 
enrichment in the fine fraction was substantially higher for the BAT 
hydrocyclone, which made the dewatering of the fine fractions difficult. 
Also, the control of the mass flow ratio of the BAT hydrocyclone was more 
difficult as small changes in the volume flow caused large changes in the 
mass flow. 

Finally, the lower thickening of the coarse fraction of the novel 
hydrocyclone suggests that it would be easier to implement this design into 
a stock preparation system, as it does not require the dewatering and 
thickening equipment needed with conventional hydrocyclones. Also, the 
lower fines reduction implies that there is a smaller loss of strength in the 
coarse fraction. Ideally, fines and fibre fractionation should be decoupled. 
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Suggestions for Future Work 

The results of this work suggest that fractionation efficiency of 
hydrocyclones should be evaluated on fines-free pulp. This would allow the 
determination of the influence of only the changes in composition in respect 
to fibres on the paper properties.  

Furthermore, changing the geometry of the novel hydrocyclone would be 
interesting. The novel hydrocyclone has been designed so that it is possible 
to change the position of the vortex finder, thereby changing the length of 
the fractionation zone. Furthermore, the pin opposite to the vortex finder 
can also be moved down to further change the length of the fractionation 
zone. Different modification of the geometry should be tested in order to 
investigate how this affects the fractionation efficiency. The fractionation 
efficiency of the novel hydrocyclone should also be evaluated for other 
pulps, for example TMP and refined chemical pulps.  

Finally, it would be interesting to perform pilot scale trials with 
conventional hydrocyclones comparing a two-stage feed-forward with a 
two-stage feedback system. The hypothesis presented above predicts, that 
the feed-forward system should have a better overall fractionation result, 
particulary as the first stage of the fractionation system operates under more 
favourable fractionation condition. 
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