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Abstract  

Compression of fiber suspension is an important process in the pulp industry. Despite this, 
there is a lack of knowledge of the interaction between the different material parameters 
during compression. The purpose of this work was to increase the knowledge of the 
phenomena that arise in compression such as fiber bending, fiber repositioning, water flow 
through the fiber network, intra-fiber flow, and stratification. To fulfil this goal a 
mathematical model was developed and experiment in a 1-D press was also performed. In 
the model the flow through the fiber network is governed by Darcy's law and the fiber 
bending and repositioning are governed by a solid pressure function determined from 
experimental work at Metso Paper in Sundsvall. In the model the fiber mat thickness was 
divided into several segments in order to be able to predict a non-uniform porosity profile 
of the fiber suspension. 
 
Comparison between the simulations and the experiments showed that it was impossible 
to simulate the fiber compression at higher speeds with a static solid pressure and a 
hydraulic pressure. The reason for this is that the fiber network next to the piston is 
compressed too fast compared with the rest of the fiber mat, i.e. the effects from the 
stratification are too strong. When a dynamic part was added to the solid pressure this 
difference was less and the errors in the simulations decreased. The dynamic part in the 
solid pressure acts as a damper in the system and can be explained by intra-fiber fluid 
being squeezed out from the fibers. Simulations showed also that a rigid network (both 
with and without a dynamic solid stress) gives a lower total pressure. The reason for this is 
that the compression over the fiber network is more uniform, which leads to a lower 
hydraulic pressure. 
 
In a continuation of this work the appearance of the dynamic part of the solid pressure 
could be improved until a closer agreement between the simulation and experiment is 
reached. 
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1 Introduction 
Dewatering phenomenon occurs in plenty of process equipment in the pulp industry. A 
typical and the most known dewatering equipment is the Twin Roll Press (TRP), Figure 1. 
Pulp suspension is entrancing the press by an equipment called paraformer. The 
paraformer is distributing the pulp suspension evenly in the length direction of the press. 
The pulp suspension is flowing towards a permeable roller, which is moving the pulp down 
into the vat section. In the vat section a cleaner fluid exchanges the dirty liquid between 
the fibers. Finally the pulp is passing the nip section where a radial mechanical 
compression of the pulp suspension takes place. After compression a high concentration 
by mass of fiber is desirable in order to decrease the amount of fluid in the washing 
process.  

 

Figure 1. A schematic sketch of one of the most important single unit equipment during  
  washing of pulp, Twin Roll Press. The inlet is positioned at the sides of the press  
  where the low concentrated pulp suspension is entrancing the press. At the top of the 
  press, high concentrated pulp suspension is leaving for the next process step. At the 
  bottom of the equipment the filtrate fluid is leaving. 

This TRP unit is important to consider when optimizing the manufacturing of pulp 
suspension. Despite this, there is a lack of knowledge of the interaction between the 
network strength and how easily the fluid can flow through the fiber suspensions.  
 
Different mathematical models for how the pulp suspension behaves during compression 
have been presented in the last years. The models are more or less complex. Some of the 
models treat the compression as a classical two-phase flow problem (Zharai et al. 1997, 
Kataja et al. 1992). (Holmqvist 2005) used the two-phase model and combined it with 
theory from soil mechanics since there are resemblances in their physical behavior. Other 
models describe the compression in an elastic or elastic/plastic manner (Kataja et al. 
1992, Lobosco and Kaul 2001 and Lobosco et al. 2005). The model by (Lobosco and Kaul 
2001) is focused on determining the solid content in moisturized paper during 
compression. The influence from the fluid flow between the fibers is neglected in these 
models. This assumption was possible since the fluid flow mainly occurred in the in-plane 
direction inside the paper, i.e. perpendicular to the compression direction, Figure 2. 
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Figure 2. Lobosco's compression device constructed to reduce the hydraulic pressure. 

However, a similar assumption can not be made when describing dewatering of pulp 
suspension at higher basis weights, since the basis weight in the TRP equipment is at 
least 100 fault higher compared to the simulations and experiments carried out by 
(Lobosco and Kaul 2001). A consequence of an increased basis weight is a higher fluid 
pressure drop through the pulp suspension, since the volume fraction in the suspension is 
not generally constant in the compression direction (Zhu et al. 1995, Lu et al. 1997). An 
important observation pointed out in the work by (Lobosco and Kaul 2001) was that a part 
of the network stress was spent to squeeze out intra-fiber fluid from the fibers. They 
considered the fiber as a slender pipe with an inner volume. The resistance to flow out of 
the fibers is related to the viscosity of the fluid and the viscous force will due to that 
increase when the compression rate increases. The viscous term was added into the 
plastic part of the rheological model.  
 
To be able to describe the solid content when the paper is exposed for pulses with both 
loading and unloading (Lobosco et. al 2005) the stress strain relationship must be divided 
into three different functions: one describing the first loading, the second describing the 
unloading, and finally describing the reloading. This model showed a high accuracy when 
validated to the performed experiments. (Kataja et al. 1992) made a rate independent 
model when describing the solid content in moisturized paper similar to (Lobosco et al. 
2005). The main differences between their work are that (Kataja et al. 1992) was 
describing the loading/unloading in two different stress strain functions and that they 
assumed that the intra-fiber flow played an unimportant role.  
 
Another simulation technique is to split the medium into two interacting porous layers. 
Each layer having a constant porosity profile in the compression direction. It is assumed 
that the fiber network can support compressive stresses up to a certain yield stress, above 
this value the network will irreversibly deform. The boundary between the layer is defined 
by the yield function. The equation to solve is the equation of motion with a constitutive 
equation describing the yielding of the network. The technique is called the double-porosity 
model and is used by (Landman et al. 1990). These equations can not be solved for one 
layer analytically since they are non-linear partial differential equations, and the existence 
of a critical yield stress implies that the suspension will be split in different regions: one 
where the stress is beneath the yield limit and the other where the stress is above the yield 
limit. Instead the equations in each region must be solved separately, and the solution 
must satisfy boundary conditions at their mutual boundary. 
 
The classical two-phase flow is another technique where the material is separated into 
fiber scale. (Holmqvist 2005) combined the two-phase flow treatment with the cam clay 
theory. The material was described as two continua phases. A yield surface function of a 
wide range of different volume fractions was used in order to describe the solid phase 
hardening profile. A drag term was added into the momentum equation, the size of it was 
determined by Darcy's law. The drag-term was added in order to be able to predict the 
stratification inside the fiber mat during compression. 
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The objective of this work has been to study the influence and interaction between the 
constitutive material parameters such as permeability and compressibility for the pulp 
suspension when predicting the total applied pressure for 1-D compression. For this 
reason a mathematical model for the compression was constructed. The material 
parameters have already been performed at Metso Paper in Sundsvall. The simulations 
will be validated towards experiments conducted in a 1-D press equipment. 
 

2 Theory 
When a saturated fiber network is compressed trough mechanical compression, several 
different phenomena occur, for example: 
• Compaction of the fiber network involving fiber bending and fiber repositioning.  
• Flow of water through the fiber network. 
• Separation of associated water from the fiber. 
• Stratification, which means that the fiber network compacts non-uniform in the flow 

direction.  
The definition of a porous media is a fixed solid matrix with a connected void space, 
through which a fluid can flow.  

 

Figure 3  The different parts of the fiber suspension.  

The ratio between the void space and the total volume is called the porosity of a material. 
The total porosity is described as: 

fiber

bulk

ρ
ρ

−=Φ 1  (1) 

where ρbulk is the bulk density and ρfiber is the fiber wall density. The bulk density is the 
same as the density for the whole fiber suspension i.e. the weight of the lumen, fibre wall 
and free liquid added together divided with the total volume of the fiber suspension. The 
bulk density can be rewritten as the basis weight divided with the fiber suspension height. 
The porosity expression in Eq. (1) can then be expressed as: 

fiberH
w
ρ

−=Φ 1  (2) 

where w is the basis weight and H is the fiber suspension height. The basis weight 
describes the amount of dried fiber mass per surface unit [kg/m²]. 
 
According to Terzaghi's principle, which states that the sum of the hydraulic pressure and 
the network stress are equal to the applied stress, which is constant throughout the fiber 
mat. This principle was used by (Vomhoff 1998) for describing the applied pressure for a 
thin paper. The network stress origins in the fiber network's resistance to deform and is 
described by a constitutive model. The hydraulic pressure origins in the flow resistance 
between the fibers, and the magnitude depends on the fiber network's permeability, the 
liquid's velocity and the liquid's viscosity. The relationship is described by Darcy's law: 

k
U

dX
dP μ

−=   (3) 
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where U is the filtration velocity, μ is the fluid viscosity and k is the permeability, which can 
be expressed as a function of the porosity. 
 
Darcy's law implies that the drag is linear proportional to the velocity, but this is only the 
case for small velocities. Generally Darcy's law is said to be applicable for Reynolds 
number (based on the pore scale) less than one. Reynolds number is described as: 

μ
ρUL

=Re  (4) 

where L is the typical length scale and ρ is the density of the fluid. 

2.1 Permeability 
The permeability of a material describes how much resistance there is for the fluid to flow 
through the material. The permeability can be described as a function of the porosity. The 
relationship between the porosity and the permeability can be determined from 
experimental work. In the experiment the pressure drop and the magnitude of fluid flow are 
determined for a known thickness and porosity. In order to change the porosity, a piston is 
used which compresses the fibers to a new porosity. To avoid stratification inside the fiber 
mat during the experiment, which occurs in the fiber mat when the hydro dynamical 
pressure exceeding the local network stress and the fiber mat starts to compact unevenly, 
the speed of the piston must be very low. The permeability of the pulp suspension is then 
determined by Darcy's law.  

2.2 Compressibility 
A lot of different models exist to describe the network pressure, from the simplest linear 
elastic model to the more complex elastic/viscoplastic model. The viscoplastic behavior 
origins when the intra-fiber water is pressed out of the fiber. Some models deal with just 
loading and some both loading and unloading.  
 
For a specific fiber network a compressive yield stress can be determined. The yield stress 
is defined as the value of the network stress when the flocculated suspension no longer 
resists compression elastically and starts to yield and irreversible consolidate. With a 
higher volume fraction of fiber the yield stress will increase (hardening). 
 

3 Model 

3.1 Choosing a suitable model 
When describing the dewatering phenomenon during compression of a fiber suspension, a 
two-phase flow model should be proper to choose. But it has been shown that it is 
numerically unstable to use, pointed out from researchers both at Metso Paper and 
independent work carried out for pulp suspensions. The reason for this is that the problem 
is complex and to solve it you need a strong mathematical background. This is one of two 
main reasons why the two-phase flow approach was not suitable for this work. The second 
reason is that the geometry of the dewatering cavity is simple and there is only dewatering 
in 1-D, this would make the two-phase flow unnecessarily complicated. 
 
The methods conducted by (Lobosco and Kaul 2001) were created to simulate thin paper 
sheets with a basis weight of approximately 20 g/m². In this work we are interested in 
studying fiber suspension with a basis weight of 2 Kg/m². Fiber suspension with a basis 
weight of 2 Kg/m² performs a lot different from the paper sheet with a basis weight of 20 
g/m², i.e. for a basis weight of 2 Kg/m² the hydraulic pressure will have a great influence to 
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the total applied pressure. Because of this difference in behavior, those methods were not 
useful in this work.  
 
The double-porosity medium model divides the fiber networks into two different phases. To 
be able to do this you need an obvious border between the two areas, for example a yield 
stress. In our case the border does not exist which makes this model impossible to use. 
Non of the studied models were particularly suitable to use in this project, but a 
combination of these models could be used. Terzaghi's principle was adopted for the new 
model as well as the idea of dividing the fiber suspension into two different phases.  
 
In order to simplify the model, the liquid flow was considered to be one-dimensional and 
perpendicular to the moving piston. If a model that treats both loading and unloading is, 
desired the yield function must be divided in one plastic and one elastic part. In this work 
the aim was just to understand the loading part.  
 
The ideas mentioned above were the guidelines when developing the model for 1-D 
pressing of high-density fiber suspension. 
 
In this work two models were created. The first model was focused to study stratification 
inside the fiber mat due to the hydraulic pressure drop. The idea was in contrast to 
(Lobosco and Kaul 2001), that the main contribution to the pressure build-up that occurs 
inside the fiber mat is related to the stratification of the pulp suspension rather than a rate-
dependent effect that they found out for paper at low basis weight. The second model was 
described exactly as the first model, but a rate-dependency was added in the solid 
pressure function. 

3.2 Model I 
The procedure of the simulations for the model begins with dividing the control volume into 
elements and then make a clever initial guess of the porosity for the element next to the 
piston. From this guess a total pressure for the element can be calculated. If it is assumed 
that there is no influence from the walls around the cavity, the applied pressure is the 
same as the total pressure, which will be the same for all elements. 

 
Figure 4. Sketch over the element numbers in the model. 

It is crucial that the continuity of the fiber network and the water is fulfilled for each element 
and for the total control volume as well. Both water and fiber are assumed to be 
incompressible, hence between each time step the volume of fiber in each element must 
be the same.  
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Figure 5. Continuity of fiber for an element between time step i-1 and i. 
The continuity of the fiber network for an element is given by:  

)1(
)1(

)1()1( 11
11

i

ii
iiiii

h
hhh

Φ−
Φ−

=⇔Φ−=Φ− −−
−−   (5) 

Between each time step the total volume of water is the same except for the volume water 
that is leaving the control volume from the piston. For each element, the volume of water in 
the last time step must be the same as the new volume water plus the difference between 
Uout and Uin multiplied with the length of the time step.  

 
Figure 6. Continuity of water for an element between time step i-1 and i. 
The continuity of the water for an element gives: 
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11
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The total pressure is divided into solid pressure and hydraulic pressure according to 
Terzaghi's principle.  

hstot PPP +=   (7) 
The hydraulic pressure is described by Darcy's law: 

)(φ
μ
k

U
dX
dP

−=   (8) 

The liquid velocity that is used in the Darcy's law is the averaged water velocity over the 
element. Assume that the length of an element is so small that the porosity inside the 
element can be set at a constant.  

 

Figure 7. Variables in the element. 
The hydraulic pressure change over the element in Figure 7 can be expressed by use of 
Darcy's law Eq. (8): 

)(
)(221 inout

i UU
k

h
PP +

Φ
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μ
  (9) 
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(Pettersson 2005a) describes the relation between the permeability and the porosity for 
the pulp: 

( ) 32 )1(

1
2

)( cce

Cd
k

Φ−
=Φ   (10) 

where C1 to C3 are material constants also determined by (Pettersson 2005a) and d is the 
averaged fiber width. 
(Pettersson 2005b) has also found the solid pressure function: 

3
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K

K
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where K1 to K3 are empirical determined material constants. 
 
The hydraulic pressure next to the piston was supposed to be close to zero during the 
whole simulation since the dewatering of the pulp was performed at that position. To get 
an expression for Ptot  Eq. (9), Eq. (10) and Eq. (11) are added into Eq. (7). 
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where hi and Uin can be expressed by Eq. (5) and Eq. (6) where the differences between 
the porosity in the time step before and the present porosity is used to calculate the height 
and velocity. For the element next to the piston P2 is zero and Uout is the same as the 
piston velocity. With a guessed value for Φ1 in this element, a value of Ptot can be 
calculated. Next step is to find a solution of Eq. (12) for Φ for the element closest 
upstream. For this element P2 is the same as P1 for the element downstream and Uout is 
the same as Uin for the element downstream. Because of that Ptot is the same for all 
elements Eq. (12) can be solved for Φ2.The differences between the two elements are that 
the hydraulic pressure is higher for the second element since the dewatering length is 
increased, which leads to that the network stress must decrease to maintain the total 
pressure at a constant value. When this procedure has been performed for all the 
elements, a new height for the entire fiber mat can be calculated by use of the continuity of 
the fiber network Eq. (5). If the new calculated height is the same as the exact height, a 
solution for the time step is found. The bisection algorithm was used to find an exact 
solution.  

 
Figure 8. A start interval for the bisection algorithm.  
The bisection algorithm requires an initial interval in which the exact porosity for the first 
element lies, as in Figure 8, and then proceeds to reduce this interval by half until the 
required accuracy is achieved. The biggest disadvantage with this algorithm is that an 
initial interval is required before the algorithm can start. 
 
The solving algorithm for the model is divided into the following steps: 
• Calculate the total pressure for the element next to the piston. Assume Φ1. 
• When the total pressure is known, the Φ can be calculated for all the other elements. 
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• Calculate a new height for every control volume by using the continuity of fiber mass. 
• Compare the assumed height with the exact height. 
• Minimize the difference between the assumed height and the exact height by using the 

bisection algorithm. 
• The same procedure for next time step.  

3.3 Model II 
This model uses exactly the same theory as Model I with the only difference that a 
dynamic part is added to the solid pressure.  

d
s

s
ss PPP +=   (13) 

The dynamic part follows the findings performed by (Lobosco and Kaul 2001) and will 
describe the pressure contribution of the intra-fiber flow that occurs when compressing the 
pulp suspension. The magnitude of the dynamic solid pressure is assumed to be 
dependent on the compression velocity and the porosity of the element. The compression 
velocity was defined as the difference in height for an element between two iterations 
divided by the length of the time step and the height of the element after the iteration. The 
reason why it was divided by the height of the element after the iteration was to make the 
dynamic solid pressure independent of the number of elements in the simulation.  

dth
hh

V
i

ii
p

−
= −1   (14) 

where hi-1 is the element length from the iteration before and hi is the new height.  
 
The dependence of the porosity was estimated to be 0 between 0.95-0.80 and as a linear 
function between 0.80-0.50. The dynamical term of the solid pressure was described as: 

2)( p
d

s VCP Φ=    (15) 
 
where C is defined as: 
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To get an expression for Ptot Eq. (14) and Eq. (15) was added into Eq. (12). 
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The constant before the linear function in the C(Φ) function was achieved through different 
guesses that were tested for the simulation of 240 mm/min until a constant gave almost 
the right solution. 
 

4 Experiment 
The main target in the experiments were to establish more experimental data when 
changing the velocity of the piston in the interval 0.3-480 mm/min to compare with the 
model. The experiments were performed at IMT Materialteknik in Sundsvall. 
 
The specimens for the experiments were prepared at Metso Paper Technology Center in 
Sundsvall. To achieve the correct concentration by mass, a specimen of the pulp was 
weighted and then dewatered by a vacuum exhauster before it was dried in an oven. The 
weight before and after was used to calculate the concentration by mass of the pulp. To 
generate the desired concentration, water was added until the pulp reached a 
concentration by mass of 7%. The pulp was then blended and weighted before it was put 



 9

into different cans. The difficulties in this process are to have the same concentration of 
fiber in every specimen. Since there are differences in density between fibers and fluid, the 
fluid sinks to the bottom of the bucket. Before a new specimen is weighted the pulp must 
be stirred to maintain the same concentration for all the specimens.  
 

Piston

Drain
channel

Deformation
direction

Force measurement
device

Pulp volume

Drain plate

 

Figure 9. A schematic sketch of the 1-D press used in the experiment. 
Before the compression test was started the fiber mat was formed in the cavity. A smooth 
and even distribution was tried to obtain with the help of a spoon. The cavity in Figure 9 
has a diameter of 100 mm and a maximum length of stroke of 42 mm. The maximum 
applied force for the 1-D press is 100 kN, which corresponds to surface pressure of 
approximately 12 MPa. The fluid is forced out of the specimen through the drainage plate, 
which is pierced with holes of 1 mm. The open area of the plate is 19% where the water 
can escape. The ideal plate is a plate with infinitely number of holes but this is impossible 
since the plate must carry the applied load without starting to deform. 
 
The piston was adjusted until the initial height was reached. A constant velocity of the 
piston was applied and the piston moved until maximum force of the 1-D press was 
reached. The moving piston can be controlled either by setting the speed of the piston or 
the magnitude of the applied force. In this case a constant velocity of the piston controlled 
the press. The position of the piston and the applied force are then logged into a computer. 
The flow in the experiment was assumed to be strictly 1-D, which means that the influence 
of the wall around the specimen was neglected. The experiments were carried out with 
baled and fully bleached softwood pulp at room temperature from the mill of Östrand. After 
the specimen was compressed the removed water and the space below the drain plate 
was examined for fiber material. If material losses occur the outcome of the experiment will 
be affected. No material loss was ever detected during the experiments. The compressed 
fiber mat was marked and saved and later dried so the exact basis weight could be 
determined. With the basis weight of the specimen known a mean porosity can be 
calculated from the position of the piston, Eq. (2). 
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5 Simulations 
A Matlab program was constructed from the model theory in chapter 3 to simulate the 1-D 
press. The principle of the program is illustrated in Appendix I. 
 
To simulate different types of set-ups, i.e. different pulp suspensions or different basis 
weights, some parameters need to be specified into the program such as: basis weight, 
target height, piston velocity, permeability, and compressibility of the pulp suspension. The 
outcome of the simulations is the applied pressure vector and the vector with the 
corresponding positions of the piston. From the position vector, the average porosity can 
be calculated for every given position. If porosity profile, hydraulic pressure vector or solid 
pressure vector is desired, this can be presented from the simulation as well. 
 
Initially in the simulation the porosity profile was uniform. The first iterations are the most 
tricky since the changes between different elements are very large, which makes an 
uneven velocity distribution. If the initial guess is not close enough, the calculations will 
collapse since a porosity above one will appear in the elements. To eliminate this problem 
the first iteration uses a linear water velocity profile, which gives a softer start of the 
simulation but will not change the results of the simulation.  
 
Since permeability and compressibility of the pulp suspension are strongly dependent of 
the porosity of the fiber mat, a restriction was set so that the simulation always was within 
the measured permeability and compressibility interval. Porosity limits were set, hence the 
simulation was stopped when the porosity value of a single element was lower than 0.50. 
Even this is a large interval since most of the data from the permeability experiment lies in 
the interval 0.70-0.95.  
 
The simulations that used the original permeability function showed no differences in the 
total pressure, even for velocities up to 300 mm/min. Since the compression experiment 
showed an obvious difference between the different compression velocities the original 
permeability function was assumed to be too weak for predicting the hydraulic pressure. 
That can be explained by a natural variance in permeability between different batches of 
pulp suspensions. The compression test and the permeability test were not conducted for 
the same batch. A new permeability function was constructed to fit the experimental points 
for 15 mm/min with a basis weight of 2 kg/m². The different constants in the permeability 
function were changed until the simulation and the experiment agreed acceptable. The 
new permeability function lies between permeability value of baled fully bleached softwood 
and permeability value of never dried softwood pulps. 
 
During the development of the simulation method a lot of time was spent to find the two 
initial guesses for the porosity in the element next to the piston. If the guesses are not 
close enough to the exact solution, the calculations will break because the porosity will 
exceed one in an element. The best procedure was to use the porosity for the element 
next to the piston from the time step before and to use the difference between the porosity 
from the last two time steps. 
 

6 Results 
To determine if the model and the Matlab script were accurate and reliable the error, 
porosity profile, hydraulic pressure, solid pressure, and applied pressure were studied for 
different settings. A convergence test was also performed. 
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Figure 10 The size of the error and the water velocity next to the wall after each iteration. 

The bisection algorithm reduces the height difference in every iteration. While doing this 
the liquid velocity next to the wall reduces at the same time as illustrated in Figure 10, this 
is a side effect of the continuity definition in Eq. (6). This is a necessary dependence if the 
boundary condition of the water velocity next to the rigid wall should be fulfilled. 

 
Figure 11 Cross-section over the fiber mat that shows how the applied force is divided into  
  solid and hydraulic pressure.   
The interaction between the solid pressure and the hydraulic pressure over a cross-section 
perpendicular to the piston in the fiber mat is illustrated in Figure 11. The rigid wall is 
placed at x=0 and the position of the piston is x=5.6 mm. To maintain an unlinear shape of 
the solid pressure and hydraulic pressure a non-uniform porosity profile in the fiber mat 
must occur, Figure 12. If the flow is considered to occur strictly in 1-D and the influence 
from the sidewalls are negligible, the plotted results of the porosity profile should be the 
case in reality.   
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Figure 12. Porosity profile from a simulation with a piston velocity of 120 mm/min. 

6.1 Convergence control 
There are three different parameters that are adjustable in the simulation: the number of 
elements, the time step and the accuracy of the iterative process. To determine the 
influence of the different parameters to the solution, the value of the total pressure were 
studied when changing one parameter and holding the other constant. For the model to be 
reliable, the change of the final total pressure must decrease when the total number of 
element or the total number of time steps increases, which are the case in Figure 13 and 
Figure 14. 

 
Figure 13. How the final total pressure depends on the number of elements. 
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Figure 14. How the final total pressure depends on the number of time steps.  
The result of the simulations indicates that the solutions are more dependent on the choice 
of the time step rather than the element size. This can be due to that in the element the 
hydraulic pressure and water velocity vary linearly but the water velocity between each 
time step is constant, which will make the simulation more dependent on the length of the 
time step than the element length. 
 
To determine the necessary accuracy for the bisection algorithm, the final total pressure 
was studied with all parameters constant except for the tolerance for the iterative error. 
The simulation time decreases rapidly with a wider tolerance.  

 
Figure 15. How the final total pressure depends on the tolerance of the iteration error. 

The convergence control showed that a simulation that were carried out with 100 
elements, 200 time steps and the tolerance of the iterative process was set at 10^ -7 gave 
a desirable accuracy. The following simulations used these settings. 
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6.2 Perturbation test 
To study how much the permeability function and solid pressure function influence the total 
solution a perturbation test was performed. In the test a perturbation of 1.1 was multiplied 
with the permeability function or the solid pressure function. 
Table 1.  Vp=6mm/min ho=250 mm hs=3.45 mm  

Ps (Φ)* K(Φ)* Ptot  [MPa] difference  
1 1 4.34  
1 1.1 3.83 12 % 
1.1 1 4.21 3 % 
1.1 1.1 3.79 13 % 
 
The test showed that a higher solid pressure gives a lower total pressure. This is assumed 
to be due to that a higher solid pressure gives a more uniform porosity profile, which leads 
to a lower hydraulic pressure, i.e. a stiffer material can resist a higher pressure before 
collapsing. The total solution is more sensitive for errors in the permeability function than in 
the solid pressure function. If the same perturbation is first added to the permeability 
function and then to the solid pressure function, the change in the total pressure is highest 
for the permeability 12% and only 3% for the solid pressure function. The sensitivity for a 
perturbation of the permeability function increases for higher speeds which can be 
explained that for high speeds, the hydraulic part of the total pressure are much higher. 

6.3 Experiment/Simulation 
The solution of the model for different velocities was compared with the experimental data. 
The simulation stops when an element in the fiber mat has porosity less then 0.50.  

 

Figure 16 Model I simulation without a dynamic part added to the solid pressure.  
To compare the simulations with the experimental work three different piston velocities 
were studied. In Figure 16 the piston velocities of 15 and 60 mm/min agreed acceptable 
between the simulations and the experimental values, but for 240 mm/min the simulations 
over-predicted the measured total pressure. The possible reasons for this can be: 
• It is necessary with a velocity dependent term for the fiber network stress which level- 

out the porosity changes over the fiber mat. 
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• Darcy's law is not valid close to the moving piston because of the origin of channel flow 
in the fiber network.  

 

Figure 17. Model II simulation with a dynamic part added to the solid pressure. 
In the simulations with the velocity dependent part added to the solid pressure function, a 
better agreement between simulation and experiment was achieved. The magnitude of the 
dynamic solid stress was assumed to be dependent on the compression velocity of the 
fiber network and the porosity. The lower total pressure can be explained with that for the 
elements closest to the piston the compression are balanced with the viscose behavior of 
the inter fiber flow. A more uniform porosity profile gives a much lower hydraulic pressure, 
which leads to a lower total pressure. 
 

7 Discussion 
Calculations gave a Reynolds number of 0.097 next to the piston for a piston velocity of 
120 mm/min when using the fiber width as a typical length scale, which implies that 
Darcy's law is valid for all simulations made in this work. In general Darcy's law is said to 
be valid for Reynolds number less than one. When using the fiber width as the typical 
length scale, the Reynolds number is independent of the porosity. An estimation of the 
pressure drop over the drain plate showed that it was negligible compared with the solid 
pressure and hydraulic pressure. 
 
Results from the simulations without the dynamic part of the solid pressure showed that for 
higher speeds the simulation over-predicts the experimental values. The reason for this is 
that next to the piston the fiber network is compressed too fast compared with the rest of 
the fiber mat. The conclusion from this is that the effect of the stratification is too strong. 
Studying the morphology of a wood fiber, it is like a pipe with an open core filled with fluid. 
During compression the fiber will resist a collapse while there exist some fluid in the lumen 
volume. A consequence from this is that the collapse rate of the individual fibers can not 
be higher than the intra-fiber flow out from it. The intra-fiber flow will act like a damper for 
the solid phase. Hence, it is not possible to describe the compressibility function during 
compression with only a static formulation.  
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The simulations showed that rigid networks (both with and without a dynamic stress) give 
a lower total pressure. The reason for this is that the compression over the fiber network is 
more uniform, which leads to a lower hydraulic pressure. This phenomenon is most 
obvious for higher speeds where the hydraulic part of the total pressure is much higher, 
which also makes the simulation more sensitive for error in the permeability function.

 
 

Figure 18 a and b Total pressure and porosity profile for Model I and Model II. The   
   simulations were performed at a piston velocity of 120 mm/min. 
Model II with a dynamic part added to the solid pressure gives a more uniform porosity 
profile, which leads to a lower total pressure, Figure 18. Experiments performed at Metso 
Paper have shown that when compressing fiber mats the intra-fiber water has been 
detected leaving the fiber mat at porosity about 0.80. The difference between the water 
around the fiber and the intra-fiber water is that the intra-fiber water is turbid while the 
water around the fiber is clear. This is the reason for the appearance of Eq. (16). The 
velocity dependents for the dynamic solid pressure were assumed to be square due to that 
the error was higher for greater velocities. Simulations with a piston velocity of 120 
mm/min and the dynamic part added to the solid pressure seem not to describe the 
applied pressure as good as 240 mm/min. For a better-chosen dynamic load function this 
difference should be less. However, for 120 mm/min the difference between the 
experiment and the simulation is less with the dynamic part added to the solid pressure. 
 
Compression of fiber mats is a collapsing system, which makes it very sensitive for errors. 
A small error for example in the permeability function will make a great difference in the 
final solution. With a dynamic part added to the solid pressure, the fiber network's ability to 
collapse is reduced. Since the dynamical part takes care of the damping effect of the 
fibers, i.e. the outflow of fluid from the fibers acts like a damper for the system, the void 
spaces exist for a longer time. 
 

8 Further work 
At the moment the simulation is controlled by setting a constant velocity for the piston. The 
reason for this is that in the experiments the piston velocity is the controlling variable. In 
some applications it can be more interesting to have the applied pressure as the steering 
variable. To do the necessary changes in the program so that the applied pressure is the 
controlling variable will not take a long time since the theory is the same. If a shorter 
simulation time is required different length of time steps could be used. Longer time steps 
for high porosity and shorter time steps for low porosity. 
 
In a continuation of this work different velocity dependents for the dynamic part of the solid 
pressure can be tried, for example linear or cubic dependents. The appearance of the 
constant before the velocity can also be changed until better agreements with the 
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experiments are achieved. But this is not valuable to do until the permeability function is 
more precise (more experimental points in the simulated interval). 
 
To investigate if the dynamic part in the solid pressure function origins in the intra-fiber 
flow another pulp can be simulated, for example hardwood fiber. The fiber length of 
hardwood is only half of the softwood and the width is almost the same. The assumption 
that the dynamic solid pressure origins in the intra-fiber flow will lead to that the hardwood 
has less dynamic behavior than softwood because of their lengths. The difference 
between the simulated value and the experimental value with model I, should be less 
when simulating the hardwood pulp if the intra-fiber flow is the physical explanation to the 
deviations. 
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Appendix I 
The principle of the Matlab script: 
Input data: piston velocity, basis weight, initial height and target height.  
Initiate the material data (permeability and solid pressure function). 
Divide the initial height into n elements. 
Calculate the initial porosity from the basis weight and start height. 
Determine the simulation time and number of time-steps from initial height, target height 
and piston velocity. 
for 1 to number of times-steps 
 Guess the porosity next to the piston that will give a to long total height.   
 Calculate Ptot for the element next to the piston and the hydraulic pressure over the 
 element. 
 for 2 to number of element   
  Calculate φ with the Matlab "fzero" function. Ptot  will be the same   
  for all elements. 
  Calculate Uin and the new height of the element . 
  Calculate the new hydraulic pressure. 
 end 
 Guess the porosity next to the piston that will give a to short total height. 
 Calculate Ptot for the element next to the piston and the hydraulic pressure over 
 the element. 
 for 2 to number of element   
  Calculate φ with the Matlab "fzero" function. Ptot  will be the same   
  for all elements. 
  Calculate Uin and the new height of the element . 
  Calculate the new hydraulic pressure. 
 end  
 while error are bigger then the tolerance 
  Use the mean porosity calculated from the porosity that will give a to long  
  and to short total height to get hcent. 

  Calculate Ptot for the element next to the piston and the hydraulic pressure  
  over the element. 
  for 2 to number of element   
   Calculate φ with the Matlab "fzero" function. Ptot  will be the same  
   for all elements. 
   Calculate Uin and the new height of the element . 
   Calculate the new hydraulic pressure. 
  end 
  if check signs on the interval 
   Determine in which half of the interval the solution is by   
   checking the signs of hmax hmin hcent. 

   Change φmax or φmin to φcent. 
  end 
 end 
 Update the position vector and the porosity vector. 
 Save Ptot and the position of the piston. 
end 
Output data: Ptot  vector and the corresponding piston position vector. 
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