
 

Abstract 
 
Paper formation and filler retention are working in opposite directions during papermaking, 
where high filler retention correlates with poor formation, and vice versa. A change in this 
interdependency would gain increased competitiveness of paper materials in terms of better 
paper properties at profitable process conditions (e.g. less filler content in the white water, 
reduced wear of forming fabrics and shorter response times to changes in chemical additives). As 
raw material prices increase, there is a greater interest in new applications in papermaking, such as 
the production of highly filled papers, and in these contexts the retention-formation relationship 
also becomes essential. 
 
Over the years, the use of and demand for retention aids have increased significantly as a 
consequence of an enhanced white-water system closure, increased production rates and 
increased filler content. Knowledge about whether some retention aid systems are more 
detrimental to paper formation than others has, however, been very limited. At the same time, 
knowledge regarding other chemical and mechanical factors influencing the retention-formation 
relationship has also been insufficient. 
 
In order to investigate retention-formation relationships, a pilot web former (R-F machine) has 
been optimized during this thesis work. The R-F machine provides a short circulation of the 
white-water and a short residence time to chemical equilibrium and is suitable for systematic 
studies predicting a ranking order that corresponds to what could be expected in a full-scale 
machine. In this respect this equipment fills an essential gap in earlier available experimental 
techniques for studying retention-formation relationships. After establishing the routines for this 
pilot web former, a number of different retention aid systems were evaluated with respect to 
retention and formation under a given set of experimental conditions. These experiments were 
performed using a fine paper stock consisting of 90% bleached hardwood and 10% softwood 
and with an addition of 25% CaCO3 filler (based on solids content). 
 
It was shown that single-component retention aids (three cationic polyacrylamides of varied 
molecular weights) and polyacrylamide-based microparticulate retention aid systems (two systems 
with different microparticles) resulted in similar retention-formation relationships. The results 
from all these systems suggested a linear relationship, where an increased filler retention was 
accompanied by a deterioration in paper formation. 
 
The investigation of different retention aid systems also included three-component retention aid 
systems. These systems combined a cationic polyacrylamide-based microparticulate retention aid 
system with a formation aid. Three high molecular weight anionic polymers of different structure 
were used as formation aids (linear, partly structured and structured). It was shown that with such 
three-component systems, the retention-formation relationship could be improved. At a given 
level of retention, the formation was significantly improved. The key for this improvement was to 
add the high molecular weight polymers at such high amounts that the anionic polymer was free 
in solution and able to disperse the papermaking fibres. It was also found that the structure of the 
polymer was decisive for the favourable formation effect. The drainage rate, however, was also 
affected by high added amounts of anionic polymer. In contradiction to the formation 
improvements, a high amount of added polymer correlated to reduced drainage properties of the 
fibrous dispersions. 



 
The continued thesis work was focused on finding molecular mechanisms that could explain the 
findings with the R-F machine, showing a deviation from the linear relationship between 
retention and formation. 
 
In these studies the same three high molecular weight anionic polymers were investigated as 
single-component additives in a flow loop system which simulated forming conditions (fibre 
consistency of 5 g/l). In these studies it was shown that the high molecular weight anionic 
polymers reduced the mean size of the flocs when present in high amounts in the suspension, 
meaning that these adjuvants can act as deflocculation aids. Again, the polymer structure was 
found to be important for the dispersion effect.  
 
The main hypothesis was that the formation aids, when added at such high amounts that they 
were free in solution, could suppress the turbulence and thereby gain favourable dispersion 
effects. From that point of view, both phase flow encoded magnetic resonance imaging (MRI) 
experiments and adsorption studies on model surfaces were performed. In addition, R-F machine 
trials were performed to elucidate whether the changed retention-formation relationship was an 
effect of changed drainage performance. However, these R-F machine trials showed that the 
detected effect was related to changed chemistry upon the addition of formation aids in high 
amounts, and not to changed drainage rate of the fibrous furnish. 
 
Adsorption studies using QCM and DPI techniques were performed for two three-component 
retention aid systems, including the linear and the structured anionic polymer. The objective of 
these studies was to investigate whether surface effects, due to adsorption of the anionic polymer, 
contributed to changed retention-formation relationships. Since both systems demonstrated 
similar results and only slight adsorptions of the anionic polymers were observed, it was 
concluded that interaction effects between the fibre surfaces were not a contributing factor to the 
changed relationships. Hence, the mechanism was attributed to solution effects where the free 
anionic polyelectrolyte caused a dispersion of the papermaking fibres.  
 
The effect of formation aids on flow properties of cellulosic fibrous suspension in turbulent 
flows was studied in MRI experiments. The objective was to correlate changes in rheological 
properties of the suspending medium to changes in formation and fibre flocculation. Flow 
imaging measurements and pressure drop analysis were performed for water and fibre 
suspensions (0.5% consistency) with and without additions of formation aids. The results 
indicated that high molecular weight anionic polymers as formation aids effectively act as drag 
reducing additives in turbulent flows. Drag reduction effects were shown in terms of reduced 
turbulence fluctuations (as determined by signal intensities) and reduced pressure drops. Synergy 
effects were observed when fibres and formation aids were used in combination. Again, the 
importance of the polymer structure was revealed in these MRI studies in terms of drag reduction 
effects. 
 
The overall results in this thesis work, given from independent R-F machine trials, flow loop 
experiments and MRI experiments, are all consistent regarding the effect of the formation aids 
and the influence of the polymer structure. Consistently, the deflocculation effects were shown 
only for the linear and the partly structured polymer. No effects were shown for the structured 
polymer. Hence, the extension of the polymer in solution and the polymer flexibility are 
important characteristics for drag reduction phenomena and the beneficial effects that can be 
generated therefrom. 



 
To sum up, this work documents for the first time that the established retention-formation 
relationship can be changed; that is, the formation can be improved at a given level of retention. 
This was shown in pilot web former trials for three-component systems, combining 
polyacrylamide-based microparticulate retention aid systems with formation aids. These trends 
were later also supported by flocculation investigations, model experiment studies and MRI 
measurements. The mechanism of changed retention-formation relationships and fibre 
dispersion could hence be related to turbulence damping effects and not to adsorption effects of 
the formation aids. 
 
Turbulence is generated within the headbox nozzle passage to ensure a uniform dispersion of the 
fibres in the jet stream delivered to the forming fabric, so that an even cross-directional mass 
distribution of the fibres is obtained in the paper sheet. However, the fibres tend to reflocculate 
in the decaying turbulence, after passing the turbulence generator in the headbox, and when 
distributed on the wire. A high degree of turbulence introduced in the headbox, and hence an 
increased inherent energy in the fibre networks, correlates to a more pronounced degree of 
reflocculation of the fibres. By using formation aids as drag reducing additives, the turbulence 
was damped and the degree of reflocculation was thereby reduced, which contributed to 
improved paper formation. Owing to turbulence damping effects, there is a reduction in the flow 
hydraulic resistance that is expected to reduce the internal stress of the coherent fibre network. 
When the internal stress is reduced, the stability of the flocs is reduced and hence a favourable 
fibre dispersion is achieved.  
 
KEYWORDS: Dewatering, drag reduction, fibre flocculation, filler retention, fine paper, flow 
imaging, flow loop, formation aid, kraft pulp, magnetic resonance imaging, MRI, paper 
formation, pilot web former, pressure drop, retention aid, turbulence damping 




