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ABSTRACT 
 
During the process of making pulp from wood, free fibers 
are mixed in a pulp suspension containing a large 
amount of water (98-50% by mass), wood fibers and 
often some processing chemicals. The suspension in this 
process is gradually cleaned from dissolved material. 
The suspension can be washed in a displacement 
washing step where the dirty fluid is replaced with a 
cleaner one. or by a compression step which increases 
the consistency of the suspension. To reduce costs and 
to increase the production rate of pulp and paper overall 
it is important to understand the interaction between fluid 
and fibers in such processes. During dewatering and 
washing, fibers are exposed to a drag force from the fluid. 
As the concentration of fibers increases this drag force 
and, consequently, the pressure generated from it 
become proportional to the permeability of the fiber 
network formed. When contact between fibers increases, 
an additional pressure emanates caused by bending and 
compressing of the fibers. By comparing experiments to 
a numerical model this study shows that for high 
dewatering velocities the resulting force required to 
dewater a suspension cannot be found by adding these 
two pressures. One reason for this may be that intra-fiber 
flows contribute to the force. Another explanation can be 
related to reinforcement of the network, i.e. when 
compressing the network an inertial effect occurs. This 
effect can explain the observed time scale in the 
measurements.  
INTRODUCTION 
 
Pulp suspension is a mixture of a large amount of water, 
wood fibers and often some chemicals. To reduce costs 
and to increase the production rate of pulp and paper 
overall it is important to understand the mechanisms 
behind the transport of water in these processes. 
Dewatering has been an important topic of research in 
recent decades with the purpose of reducing cost and 
improving quality in the paper-mill industry. (Wahlström 
1960) and (Asklöf, Larsson et al 1964) have studied the 
removal of water by conducting a press study with felts, 
and many of their conclusions are still valid assumptions. 
The main objective of their research was to investigate 
the factors governing water removal and the moisture 
distribution of a suction press. To be able to forecast and 
understand the dominating factors when dewatering a 
pulp suspension, the interplay between fluid and fibers 
must also be understood. To begin with, it is obvious that 
fibers are exposed to a drag force generated by fluid 

during dewatering and washing. As the concentration of 
fibers increases this drag force becomes proportional to 
the permeability of the fiber network formed. This 
permeability describes the ease with which a fluid flows 
through a porous medium, such as a fiber network, and 
is defined in Darcy’s law according to 
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where p is the pressure, μ is the dynamic viscosity of the 
fluid, us is the superficial relative velocity of the fluid 
inside the fiber network and k represents the permeability 
of the porous medium (Ingmansson, Andrews et al 1959), 
(Lundström, Toll et al 2002) and (Vomhoff 1998). When 
contact between fibers increases during dewatering, an 
additional pressure appears that is caused by the fibers 
being bent and compressed (Toll 1998). This pressure, 
termed here Ps , is related to the compressibility of the 
fiber network and has been derived for a couple of 
idealized arrangements in (Toll 1998) to yield the 
following equation 
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where c and n are constants dependent on the geometry 
of the network, the variable E is the modulus of the fibers, 
φ is the solid volume fraction and the subscript 0 denotes 
initial conditions.  
 
The total force generated during pressing is thus shared 
by the fluid and solid fibers ((Vomhoff 1998), (Lobosco 
and Kaul 2001), (Szikla and Paulapuro 1989) and (El-
Hosseiny 1991)). By using the Therazaghis principles, 
which state that in all layers, i.e. in the direction of the 
hydraulic pressure gradient in a suspension, the applied 
pressure must be split between fluid and solid pressure, 
(Grén and Hedström 1967), (Martinez 1998). This 
relationship is simply described in the following manner 
 
 hst PPP +=  .   [3] 
 
This equation states that hydraulic and solid pressures 
can be measured separately to obtain the total pressure. 
The validity of this assumption will be investigated in this 
study.  
 



The 19th International Symposium on Transport Phenomena, 
 17-20 August, 2008, Reykjavik, ICELAND 

Hydrodynamic pressure is determined by using 
knowledge of the permeability of a specific material. The 
permeability of pulp suspensions has been reported in an 
experimental study conducted by Pettersson et al. (2008), 
Fig. 1. This permeability model is based on Ingmansson, 
Andrews et al (1959). Their research focused on 
determining permeability by describing fibers as solid 
tubes that were non-deformable, since porosity in the 
study was based on the free liquid volume outside the 
fibers. This model is based on the liquid both outside 
and inside the fibers, i.e. the total porosity, 
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In this equation, B1 and B2, are empirical constants, S0 
describes the specific surface of the material and is 
defined as 4/d, where d is the mean diameter of the 
fibers. The geometrical parameters of the fibers in the 
pulp suspensions were measured with the commercial 
image processing equipment KajaaniFiberlab (2004). 
The mean diameter of the fibers was determined to be 
24.4 μm.  
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Fig. 1. Measured non-dimensional permeability of SBBSK 
pulps, i.e. Scandinavian baled and fully bleached softwood 
kraft pulp. Squares illustrate measurements conducted on 
a basis weight of 1 kg/m², triangles illustrate 
measurements conducted on a basis weight of 2 kg/m² 
and the solid line represents the fitted permeability model. 
The bar indicates how the hysteresis of the distance 
sensor influences the porosity of a pulp suspension. 
 
When analyzing measurements of the solid network 
stress of a pulp suspension, Zhu, Pelton et al (1995) 
have pointed out that porosity decreases slowly with 
increasing mechanical stress until yield stress is 
exceeded, after which porosity decreases dramatically. 
This may be due to a collapse of the hollow fibers. In 
reality, this may imply that with a slight increase in 
production, the porosity profile will drastically change in 
the dewatering direction with a corresponding alteration 
in quality and production stability. A parameter study 
performed by (Lobosco, Norman et al 2005) shows that 
Ps itself increases at the same rate as deformation. They 
explain this phenomenon by the intra-fiber flow that 
occurs when fluid is squeezed out of the lumen volume 
as fibers collapse, i.e. an effect of the multiscale structure 
of wood fibers. A higher compression rate thus results in 
a higher fluid flow resistance out from the fibers and, 
consequently, an overall higher resistance is necessary 

to deform the fiber network. Another explanation is 
discussed by Buscall and White (1987), they relate the 
change in Ps to reinforcement of the network, i.e. when 
compressing the network an inertial effect occurs. This 
effect should give a similar response onto the applied 
pressure as discussed by Lobosco, Norman et al (2005).  
 
 
Most of the research conducted so far has focused on 
the formation of paper web in paper machines where 
basis weights are much lower than those in the pulp 
industry, (Wahlström 1960), (Asklöf, Larsson et al 1964), 
(El-Hosseiny 1991), (Lobosco and Kaul 2001). The aim 
of this paper is therefore to expand knowledge of pulping 
and to illuminate features of this process. Particular focus 
is on measurements of solid network stress under as well 
close to static and dynamic conditions at basis weights 
approaching 2 kg/m². A two-phase numerical model 
based on the experimental setup is established to 
investigate how well the pressure build-up in the 
experiment is predicted by using a static solid pressure 
function.  
 
EXPERIMENTAL 
 
Experiments were conducted in a compressibility 
apparatus where pulp could be dewatered at different 
speeds and the resulting force could be measured; see 
Fig. 2 for a schematic sketch. All experiments were 
performed on Scandinavian fully bleached baled 
softwood pulp from the Östrand mill in Sundsvall, 
Sweden. The pulp suspension was disintegrated using a 
standardized method according to ISO5263-1:2004. The 
slurry was then formed manually with a spoon in a cavity 
in the compressibility apparatus, Fig. 2, the spoon was 
used to flatten and distribute the pulp as evenly as 
possible. The cavity had a diameter of 0.1 m and a 
maximum height of 42 mm. The initial properties of the 
pulp suspension and experimental settings are shown in 
Table 1. A hydraulic piston was attached to an MTS 
312.21 load frame with a maximum load of ±100 kN, 
which corresponds to a specific surface pressure of 127 
bar with a ±80 mm stroke. A constant compression 
velocity was applied to the permeable piston. This was 
continued until maximum load of the press was achieved, 
i.e. 100 kN. This was performed several times for each 
pulp suspension with speeds from a few mm/s up to 
about 8 mm/s in order to investigate the influence of 
compression velocity on the dewatering ability of the pulp 
suspension. The data generated was recorded with a 
logger MTS FlexTest II with the MTS 793.00 system 
software ver. 3.3b, while the control monitoring program 
MTS Multipurpuse TestWare was used to collect the 
data, i.e. the actual position and the load applied to the 
static impermeable wall as a function of time. The drain 
plate had an open flow area of about 19 % in the form of 
a number of holes, each with a diameter of 1 mm. 
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Fig.2. A schematic sketch of the compressibility apparatus 
and principle movements. 
 
The force generated to maintain constant velocity during 
dewatering is strongly dependent on the position of the 
piston, as well as velocity. Hence, it is extremely 
important to know the compliance of the total system, 
including the measurement volume, in order to describe 
the correct average solidity. This is particularly important 
towards the end of the compression trial, when the load 
is the largest while pulp pad thickness is the lowest. The 
total applied force influences the surrounding system 
including the distance gauge, i.e. it is by all means 
necessary to take into account the compliance of the 
system. For example, the total load, in many cases, 
caused a strain in the system close to as much as 0.2 
mm. Consequently, the signal from the position sensor 
was corrected by the compliance of the system. 
 
Table 1. Experimental conditions. The initial concentration 
by weight was aimed at 5 %. The pulp was a baled and 
fully bleached pulp from the Östrand mill in Sundsvall, 
Sweden.´ 

Test no. Compression speed  
[m/s] 

Basis Weight  
[kg/m²] 

1 4.97E-6 1.02 
2 2.49E-4 2.04 
3 4.99E-4 2.01 
4 9.95E-4 2.04 
5 1.99E-3 2.08 
6 3.99E-3 2.05 
7 7.98E-3 1.94 

 
RESULTS 
 
The pressure as a function of porosity was derived for 
quasi-static conditions and experimental data was fitted 
to [2] resulting in an R2 value of 0.97. Deviation occurred 
at high pressures. In order to obtain better 
correspondence, the data was fitted to the following 
expression, see solid line in Fig. 3 
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where C1, C2 and C3 are the empirical constants for this 
specific pulp suspension. The empirical parameters are  
3.11e6 [Pa], the other two are dimensionless 2.56 and 
3.18, respectively, and φ denotes solidity. Notice that if 
C3 and φ0 are small, [2] and [3] are practically equal. 
However, in the current case, the constants resulting 
from the curve fitted to an R2 value of 0.99 imply that C3 
attains a value close to three, thus indicating the need 
to take into account additional mechanisms to those 
modeled by Toll (1998). It is also obvious that the 
higher the velocity of the piston, the higher the pressure 
generated at a given porosity, i.e. compare Table 1 and 
Fig. 3. 
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Fig. 3. Results of the total applied pressure in the 
measurements. The required pressure increases with 
compression velocity at all porosities.  
 
EXPERIMENTAL MODELLING 
 
A time scale could be detected in all the experiments, 
since a higher compression speed generated a higher-
pressure load for a certain porosity value. In line with 
the static solid pressure function, this time scale must 
be entirely captured by the hydrodynamic term. The 
pressure build up was studied using a tool developed in 
Matlab, where Equations [1], [3], [4] and [5] were 
applied. The modeling was based on an Eulerian two-
phase model including continuity, where fluid and fibers 
represent the two phases. 
 
The system was too weak at low speeds. This was 
noticeable since the simulations did not follow the build 
up pressure in the experiments. However, when the 
compression velocity was increased further the 
modeled pressure over-predicted the measurements as 
in case 7, see Fig. 4. This can be interpreted as 
meaning that the permeability model and subsequently 
the alteration in geometry of the fiber network are not 
valid for higher velocities. Consequently, results 
indicate that describing 1D compression of a pulp 
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suspension requires a system that captures more than 
one time scale. 
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Fig. 4. Simulation of a 1D compression test using both 
permeability and a static solid pressure function. 
 
DISCUSSION 
 
Results from the simulations showed that the response 
from the simulations was too weak at moderate velocities. 
One reason for this could be that fluid inertia is not 
included in the modeling. However, Pettersson, 
Lundstrom et al (2006) showed that up to Re of 10 inertia 
effects can be neglected while Re in the compressibility 
experiments is lower than 1 according to 
 

1ReRe ≤⇒
⋅⋅

=
μ

ρ lu . [6] 

 
This implies that a time scale must be related to the solid 
network stress model. Hence, it is likely that the 
deformation of the solid network, i.e. the rearrangement 
of the fibers, is dependent on the speed of the 
deformation. A low compression velocity was applied 
when determining the compressibility model for pulp 
suspension. The fiber mat was exposed to a 
compression that gave a counter-force that 
corresponded to a certain time scale. When increasing 
compression speed, it can be expected that a 
rearrangement of the fibers will require a higher force as 
discussed by Buscall and White (1987).  
 
Another explanation for the difference between model 
and experiments is, as described by Lobosco and Kaul 
(2001), that the solid pressure term at some stage 
becomes dependent on the flow of fluid out from the 
fibers. If this is true, an extra term must be added to the 
solid pressure function. This term should function as a 
viscous damper, i.e. a velocity-dependent parameter that 
causes a higher resistance to network deformation when 
velocity is increased.. 
 
In case 7 where simulations over-predicted the 
measurement, one explanation could be that if the 
pressure drop over the fluid phase in the in-plane 
direction is larger in magnitude than the yield-stress of 

the pulp suspension, channels may be introduced into 
the system. This can occur close to the dewatering plate 
with an open area of 19 % with holes of 1 mm each. 
Consequently, the dewatering resistance drastically 
decreased with a corresponding decrease in the 
hydrodynamic pressure drop. This can be expected to 
cause a modification in the expression of the 
permeability of the system since the solidity in the in-
plane direction drastically changes. This phenomenon 
could clarify the discrepancy between the simulation and 
the experiment in case 7, where a shift in results 
occurred. 
To determine which of the above phenomenon 
dominates compression measurements an experiment 
should be set up where force, position and consistency 
profile can be measured at the same time.  
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