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ABSTRACT

We introduce a novel method for measuring the properties of
consolidating wood fibre network during filtration of liquid-fibre
suspension. The device consists of a hand-sheet mould equipped
with a pulsed ultrasound-Doppler anemometer for measuring the
local time-dependent velocity field of the fibre phase during verti-
cal filtration. Simultaneously, the total flux of the suspension and
fluid pressure loss through the filtrated fibre layer are measured.
Based on this experimental information other relevant flow quan-
tities can be computed. We thus find the space-time evolution of
velocity, volume fraction and pressure (stress) fields separately for
the fluid phase and for the fibre phase. This method allows us to
experimentally study the details of the consolidation process in
dynamic conditions. The device can be applied as an advanced
laboratory test instrument for measuring relevant physical fibre
network properties. As a result we present, e.g., the measured
local stress-strain history of the consolidating fibre layer during a
filtration experiment.
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1 INTRODUCTION

As an essential process of paper forming [1–5], filtration of wood fibres has
been studied in laboratory conditions, e.g., by measuring fluid flux and pres-
sure loss through the consolidating fibre layer in a hand-sheet mould or in
various dynamic filtration devices [6–9]. Such studies mostly address bulk
properties of the filtrate such as flow resistance and the average degree of
consolidation. Instead, they do not give much information on the detailed
dynamics of the filtration process itself or on the evolution of the local
conditions inside the filtered layer such as density distribution, flow resis-
tance distribution and stress state of the forming fibre network. Such an
experimental information would however be invaluable, e.g., for analysis
and realistic modelling of paper-making processes involving filtration and
consolidation of fibres.

In this paper we introduce a novel method for measuring the local velocity
field of fibres during filtration of dilute liquid-fibre suspension. The device
consists of a simple gravity driven hand-sheet mould equipped with a pulsed
ultrasound-Doppler anemometer for measuring the local time-dependent
velocity field of the fibre phase during vertical filtration. The total flux of the
suspension is independently measured using a separate ultrasound transducer
to detect the position of the free surface of the suspension in the mould.
Pressure loss caused by the consolidating fibre layer is measured by a pressure
sensor located under the filtration wire. Using the two-phase flow equations
appropriate for the present system, the other relevant flow quantities (fields)
such as fluid velocity and pressure, consistency, flow resistance and structural
stress of the fibre network can be computed based on the measured data. The
method can thus provide detailed information on the dynamics of filtration
and material properties of the consolidating fibre layer that has not been
previously available.

2 FILTRATION EQUATIONS

Before discussing the experimental set-up in more detail, we briefly review the
theoretical background of two-phase flow that will comprise the starting-
point for our data analysis at a later stage.

We thus consider a suspension that contains a continuous fluid phase (“free
water”) and a particulate solid phase that consists of wet fibres, i.e., of dry
fibres and the water bound by the absorbent fibre material (“bound water”). A
vertical (z-directional) time dependent flow and filtration of such a suspension
is governed by the following continuity and momentum Equations (10, 11).
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Here, subscripts f and s refer to the fluid phase and the solid phase, respect-
ively, �α is the volume fraction, ũα is the flow velocity in z-direction, pα is the
pressure, ρ̃α is the density for phase α = f,s, D is the momentum transfer term
between phases and g is the acceleration due to gravity. The notation x̃α

denotes an intrinsic average of quantity xα, i.e., an average taken over the
volume ΔVα occupied by phase α in a general averaging volume ΔV (such that
�α = ΔVα /ΔV). Notice that the fluid pressure p̃f is defined as an intrinsic aver-
age (often termed as “pore pressure”), whereas the solid pressure ps, or more
exactly, the normal structural stress in z-direction, is defined as a partial
average, i.e., an average taken over the total averaging volume ΔV [10]. Notice
also, that the solid pressure that appears in Equation (4) does not include the
stress induced in solid particles by the pressure of surrounding fluid, but only
the effective stress that arises due to interfibre contacts and deformation of
the fibre matrix [12–14]. For the flow conditions prevailing in the filtration
experiment Terzaghis principle [15] is applicable, and the total pressure of the
suspension is given by pT = ps + p̃f [13].

Equations (1–4) can be derived in a straightfoward manner from the more
general flow equations of two-phase flow with no mass transfer between
phases ignoring inertial, viscous and turbulent terms. Adding the continuity
Equations (1) and (2) and using the identity �f + �s = 1 gives

�

�z
qT = 0, (5)

where

qT = �f ũf + �s ũs (6)

is the total flux of the suspension. According to Equation (5) the total flux
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does not depend on the spatial coordinate z, and qT = qT (t). Similarly, adding
the momentum Equations (3) and (4) leads

�

�z
pT = −ρg, (7)

where ρ = �f ρ̃f + �s ρ̃s is the density of the suspension.

3 EXPERIMENTAL SET-UP

An overview of the filtration device used in the present experiments is shown
in Figure 1. The device consists of a sealed tank and a riser tube of diameter
160 mm with a plastic wire and a wire support grid. Fluid can be driven up
and down in the riser tube by adjusting air pressure in the tank. The fluid

Figure 1 Schematic illustration of the filtration device.
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motion and the measuring procedure is controlled by a programmable logic
unit.

The vertical velocity of fibres is measured through the wire by a com-
mercial pulsed ultrasound-Doppler anemometer (PUDA) (DOP 1000-device
by Signal-Processing S.A., Lausanne, Switzerland). Four ultrasonic probes of
diameter 5 mm are assembled in upright position symmetrically around the
centerline of the riser tube and about 10 mm below the wire. The probes are
connected to PUDA through a multiplexer. Within the set-up used in the
present experiments, the probes can detect the local vertical velocity of fibres
through the wire and up to the distance of approximately 70 mm above the
wire. The spatial resolution is approximately 0.3 mm in the z-direction. The
measuring frequency is selected such that the time for measuring one profile
with a single probe is about 56 ms. In order to reduce the effects of local
velocity fluctuations of the suspension and of noise inherent in the PUDA
measurement, the final fibre velocity profile at each instant of time is defined
as the average of the four consecutive profiles measured with the four probes.
More than 130 such velocity profiles are recorded during a typical total filtra-
tion time of 30 seconds. Prior to analysis, the velocity data is appropriately
filtered in order to remove the residual spurious noise. As a result, we thus get
the experimental vertical velocity field ũs = ũs(t,z) (see previous section) dur-
ing the filtration process in a layer that ranges from the surface of the wire
about 70 mm upwards near the center of the wire.

The instantaneous location of the free surface of the fibre suspension in the
riser tube is detected by an ultrasound position sensor. Differentiating the
surface position data with respect to time gives the surface velocity that
equals the total flux qT = qT (t) of the suspension.

Fluid pressure at the wire is measured by a pressure detector placed
immediately under the wire. The offset value of the sensor is adjusted such
that the reading corresponds to fluid pressure at the upper surface of the wire.
Notice that inertial effects on the measured fluid pressure can be neglected
due to the relatively low filtration velocity. In test runs carried out with pure
water it was observed that the pressure loss caused by the wire is also
negligible.

The measurement is initiated by filling the tank by distilled water at room
temperature. Water is compelled in the riser tube by opening valve V1. The
desired filling level is determined by an adjustable pressure regulator R1. The
possible air entrapped in and below the wire is removed manually using a
suction tube. A weighed amount of fibres is then carefully mixed in the riser
tube. After mixing, suspension is allowed to settle for a few seconds. During
this time water level in the tube is slowly rised in order to compensate free
sedimentation thus preventing premature accumulation of fibres on the
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surface of the wire. The measurement is started by a push-button signal given
to the programmable logic unit which then triggers all the measurements
simultaneously and slowly opens valve V2. The flow rate during filtration can
be reduced by adjusting valve V3. Otherwise, flow is driven by gravity. The
measurement is completed by closing valve V2 in order to stop the flow, and
saving the collected data for later analysis. The flow is usually stopped well
before the fluid surface in the raiser tube reaches the filtrated fibre layer
thereby preventing air from entering the suspension and the wire. The
experiment can thus be repeated for a number of times using the same sample
of fibres by raising the fluid level and remixing the fibres.

With the used PUDA device, the velocity resolution is given by vmax /128,
where vmax is the maximum measurable velocity that can be adjusted in a large
range by the device parameters. Measuring the slow residual motion of the
filtrated fibre network on top of the wire requires quite high velocity reso-
lution, and limits the maximum velocity available. Here, we have selected
vmax ≅ 22 mm/s. In order to allow for the possible velocity fluctuations of the
locally inhomogeneous solid phase to be correctly recorded, the actual max-
imum average flow velocity in the experiment is limited to be of the order of
10 mm/s.

4 DATA ANALYSIS AND RESULTS

The data analysis of the filtration experiment is based on Equations (1)
through (4) with an assumption that the solid velocity field ũs(t,z) is given by
the experiment in the entire flow region above the wire. The experimental
procedure described above provides us the measured solid velocity field ũs(t,z)
in the PUDA measurement range (i.e., in the layer of thickness ∼70 mm just
above the wire). The amount of fibres used in the present experiments is
selected such that marked consolidation of fibre network takes place well in
the PUDA measurement range. Above the filtration region the suspension is
in a state of free sedimentation where the structural stress of the fibre net-
work is negligible and all velocities are independent of the distance z from the
wire. This is also clearly seen in the instantaneous solid velocity profiles
measured by PUDA at any given time as the measured velocity approaches a
constant value towards the maximum measurable distance. We thus conclude
that it is appropriate to extrapolate this limiting value into the entire flow
region above the PUDA measuring range.

Using the measured solid velocity field ũs(t,z) we can readily solve the solid
phase pathlines zs(t) in the t-z-plane using the equation
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dzs

dt
= ũs(t,zs). (8)

The solid volume fraction �s is proportional to the mass consistency of dry
fibres Cm (see Equation (12) below). Writing the solid phase continuity Equa-
tion (2) in terms of Cm, and applying it along a pathline determined by
Equation (8) yields

dCm

dt
= Cm

�

 �z
ũs (t,zs), (9)

where the derivative with respect to time denotes the convective derivative
along solid pathlines. Given the initial consistency Cm0(z), we can thus solve
the dry fibre consistency Cm(t,z) in the entire flow region.

In what follows it will be assumed that the initial consistency Cm0 is con-
stant. Notice that in analysing the experimental data using the one-
dimensional time-dependent model, all the flow quantities are understood to
represent an average of the corresponding quantity over the cross-section of
the riser tube. Indeed, spatial averaging is present in the measured PUDA
data due to the physical size of the transducers, the use of multiple probes
and filtering of data. Owing to the simple measuring method used, the
experimental values of the total flux also represent such an average. Con-
sequently, the local fluctuations caused by the underlying floc structure of the
fibre network are strongly quenched in the measured data, and ignored in the
present analysis.

The new method was first applied in a suspension made of unbeaten
bleached softwood fibres mixed in water with an initial consistency
Cm0 ≈ 0.2%. An example of typical measured solid phase pathlines in the
t-z-plane are shown in Figure 2a) together with the measured position of the
free surface. A more detailed flow pattern in the filtration zone near the wire
is shown in Figure 2b) together with contours of constant Cm as solved using
Equation (9).

In the free sedimentation region well above the filtration region, the solid
pathlines are nearly parallel to each other. At this region, consistency Cm is
constant and equals the initial consistency. The upper thick line indicates
measured position of the surface. Sedimentation is visible as increasing dis-
tance between the surface line and the uppermost solid pathline. At the end
of experiment, t = 30 s, the distance between the two lines is approximately
25 mm which corresponds the visually observed thickness of the clear water
layer next to the surface.
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The filtration region near the wire is indicated by the marked bending of
pathlines towards horizontal as the solid velocity ũs approaches zero (and
the fluid velocity ũf slightly increases). The consistency increases as the
fibre network is compressed against the wire by the fluid flow. As shown by
Figure 2b), the slowing down of the solid phase starts approximately at a
consistency of 0.4%, which indeed is near the theoretical sedimentation con-
sistency of the present fibres, i.e., the consistency in which the fibres have
enough contacts such that the network can carry structural stress [16]. The
data does not however show any clear boundary between the filtrated layer
and the free sedimentation layer.

In order to extract more information on the detailed filtration mechanism
and on the relevant material properties of the fibre network during filtration,
it is instructive to study the evolution of various flow quantities along the
pathlines of the solid phase. In particular, the experimental data as shown in
Figure 2 allows us to follow the evolution of consistency, velocity and even
the stress state of a given fibre layer during filtration.

Figure 3a) shows the consistency Cm as a function of time along a subset of
pathlines shown in Figure 2. Each curve in Figure 3a) thus represents the
evolution of the density of various fibre layers during filtration. At early
times the consistency of a given fibre layer is constant and equals the initial

Figure 2 a) Measured solid pathlines in t-z-plane in the riser tube. The uppermost
thick line shows the location of the fluid surface as measured by ultrasound surface
detector. The wire is located at z = 0. b) Solid pathlines (thin lines) and contours of
constant consistency (thick lines) near the wire. Labelling indicates consistency in (%).
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consistency. As the layer enters the filtration region, the consistency starts to
increase – the later, the higher is its initial position in the riser tube. For all
pathlines, the increase seems continuous and smooth. At least in the present
experiment where unbeaten fibres are used and the flow is relatively slow as
compared, e.g., with filtration speed typically found in forming of paper, the
process thus appears as a gradual continuous precipitation rather than a
clear-cut filtration with well separated free suspension and filtrated layer.

Similarly to Figure 3a), one can also find the evolution of the velocity of
each fibre layer during the process. In Figure 3b) is shown the relative velocity
ũs /qT as a function of consistency Cm along the same pathlines that were used
in Figure 3a). Remarkably, the data for all the pathlines now collapses
approximately on a same curve indicating strong correlation between the two
quantities. In the present experiments the evolution of all the layers thus
appears similar in the sense that the relative velocity of the layer only depends
on the density it has reached, and not explicitly on time. It remains to be seen
whether such a scaling law is valid more generally.

We now turn to the interesting problem of material properties of the fibre
network during filtration. These properties include the flow resistance and the
stress-strain relation of the network. New information on these important
topics can indeed be obtained by utilizing also the momentum Equations (3)

Figure 3 a) Mass consistency Cm of dry fibres as a function of time along a subset of
pathlines shown in Fig. 2. Selected curves are labelled by the initial z-coordinate
(distance from the wire) of the corresponding pathline. b) Relative velocity ũs /qT as a

function of consistency along the same pathlines.
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and (4) in analysing the experimental data. In order to accomplish such an
analysis the interaction term D that appears in the momentum equations and
the volume fractions �α for the two phases must be known. In what follows we
assume that the interaction (momentum transfer) between phases is given by
a Darcy-type drag force density of the form [17]

D = −
μ

k
(ũf − ũs), (10)

where μ is the dynamic viscosity of the fluid phase and k is the permeability
coefficient of the fibre network that depends on volume fractions. In this
study we shall assume that permeability is given by the Kozeny–Carman
equation which, with the definitions and conventions defined above, can be
written as

k = kS

1 − �s

�s
2

, (11)

where ks is the specific permeability constant. (In a more usual form of the
Kozeny–Carman equation (1 − �s)

3 instead of 1 − �s appears in the nominator
in Equation (11). The difference arises from the slightly different conventions
and definitions used in writing the momentum Equations (3) and (4), and the
Darcy’s equation that defines the permeability coefficient in the conventional
formulation of flow in porous medium [17].)

The volume fraction of the solid phase may be related to the mass consist-
ency of dry fibres approximately by

�s ≅
Cm

100 �
ρ̃f

ρ̃c

+ MRb� , (12)

where ρ̃c is the density of dry fibre material and MRb is the ratio of the bound
water mass to the dry fibre mass. In what follows we use the values ρ̃f = 1000
kg/m3, ρ̃c = 1500 kg/m3 and MRb = 1.0. The density of the solid phase (wet
fibres) is then given by

ρ̃s = ρ̃c

(1 + MRb)

(1 + ρ̃cMRb /ρ̃w)
≈ 1200

kg

m3
, (13)

With these extra assumptions, we can solve the volume fractions of both
phases in the entire flow region. Since the total flux qT is independently
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measured, we can thus solve fluid velocity ũf (t,z) using Equation (6). Further-
more, at any constant value of time t we can integrate Equations (3) and (4)
with respect to spatial coordinate z downwards from the instantaneous meas-
ured location of the free surface where all the pressures vanish. We thereby
find the fluid pressure field p̃f (t,z), the solid pressure ps(t,z) and, as a sum of
these two, the total pressure pT (t,z). Figure 4 shows the measured and calcu-
lated fluid pressure and the calculated total pressure at z = 0 (at the wire). A
rough overall agreement with the measured fluid pressure is achieved using
the value ks = 1.2 ·10−12 m2 for the specific permeability constant. Notice how-
ever that this value and the calculated behaviour of fluid pressure depend on
the selected form of the permeability function k(�s)/kS, here given by Kozeny–
Carman law, Equation (11). A closer agreement with the measured fluid pres-
sure behaviour might be achieved by a more careful choice of the permeabil-
ity function. A detailed study of this topic was left outside of the present
work.

The values of the solid pressure ps calculated using Equation (4) depend on
various assumptions made above and especially on the value of constant kS.
It appears, however, that for realistic values of that constant, the gravity term

Figure 4 Measured and calculated pressures at z = 0. Thick solid line is the
calculated total pressure pT (t,0). Thin lines show the calculated fluid pressure p̃f (t,0)
for various values of the specific permeability constant. Thin solid line is for
kS = 1.2 ·10−12 m2 ≡ kS0, dashed line is for ks = 1

2 kS0 and dot-dashed line is for ks = 2kS0.
Solid symbols are the corresponding measured values of fluid pressure.
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on the right side of Equation (4) is negligible as compared to the drag term D
given by Equations (10) and (11). Since the velocities ũs and ũf are fixed experi-
mentally, it follows that the calculated solid pressure is approximately pro-
portional to μ/k. Based on this order of magnitude analysis we ignore the
gravity term (buoyance) in Equation (4) and convert it in dimensionless form
by defining the dimensionless variables z* = z/h0, uα* = ũα /U and ps* = ps /Π.
Here h0 is the initial height of the fluid column above the wire, U is a velocity
scale appropriate for the experiment, Π = μh0U/k0 is the pressure scale and
k0 = k(�s0) is the permeability coefficient at the initial state of suspension with
solid volume fraction �s0. The dimensionless solid pressure thus fulfils the
approximate equation

�f

�

�z*
ps* ≈

k0

k
(uf* − us*). (14)

Solved from Equation (14), ps* does not depend on the value of constant
kS. It does however depend on the dimensionless permeability function
k(�s)/kS . It also depends weakly on other assumptions and choices made
above, such as the value of the bound water moisture ratio MRb. Taking
μ = 0.001 kg/ms, h0 = 0.4 m, kS = 1.2 · 10−12 m2, whereby k0 ≈ 9.4 ·10−8 m2, and
U = qmax

T  ≈ 0.01 m/s, the absolute scale for the solid pressure is given by
Π ≈ 50 Pa.

Figure 5 Dimensionless solid pressure (the vertical normal stress of the fibre
network) as a function of consistency along a set of solid pathlines.
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Figure 5 shows the calculated dimensionless solid pressure as a function of
consistency along a set of pathlines. Again, the data for all the pathlines
collapse approximately on the same line indicating similar stress behaviour
for all layers of the fibre network. The particular result shown in Figure 5 is
well fitted by a power law of the form ps* = 0.19 · (Cm − Cm0)

1.75. The data
can thus be considered to represent a valid material property, namely the
experimental stress-strain relation of the fibre network during filtration.

5. CONCLUSIONS

We have introduced a novel method for a local measurement of slow filtration
of liquid-fibre suspension in a gravity driven laboratory filtration device. The
method is in a large part based on pulsed ultrasound-Doppler anemometry
that is used to measure the local time-dependent velocity field of the fibre
phase in a region including the filtrated fibre layer on top of a wire. Simul-
taneously, the total flux of the suspension is measured using ultrasound sur-
face detector, and fluid pressure at the bottom of the filtrating layer is
detected using a sensor placed underneath the wire. The measurement is non-
disturbing and its resolution with respect to position, time and velocity is
sufficient such that the dynamics of the filtration process can be monitored in
a great detail. The analysis of the data utilizes general equations of one
dimensional time dependent two-phase flow whereby the relevant flow quan-
tities such as velocities and consistencies can be obtained separately for both
phases as a function of time and vertical position. Moreover, through such an
analysis it is possible to obtain the local flow resistance, fluid pressure and
normal stress (solid pressure) of the fibre network. Such an experimental
information on the material properties of the consolidating fibre network is
invaluable in order to gain better understanding on various complicated pro-
cesses of paper-making, forming in particular.
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ABSTRACT

In this research note we report some preliminary results, not
included in the original paper presented in these proceedings,
from measuring the properties of consolidating fibre network dur-
ing filtration of liquid-fibre suspension. The measurement was
done in a laboratory hand-sheet mould using a novel method
based on pulsed ultrasound Doppler anemometry. The new
results presented here include comparison of various permeability
correlations found in the literature and of the stress-strain proper-
ties of consolidating network for softwood and hardwood fibres.

1 INTRODUCTION

In these proceedings we introduced a novel method for measuring the proper-
ties of consolidating wood fibre network during gravity-driven one-
dimensional filtration of liquid-fibre suspension in a laboratory hand-sheet
mould [1]. The method was based on pulsed ultrasound-Doppler anemom-
etry. The details of the device and of the techniques for data analysis were
presented in ref. [1] and will not be repeated here.

The essence of the experimental method is that the one-dimensional (verti-
cal) velocity field v(t,z) of fibres, and the velocity (total flux) qT(t) of the
surface of fluid column in the mould are measured with high resolution using
pulsed ultrasound-Doppler anemometer and a separate ultrasound surface
detector, respectively. Here t is time and z is the vertical distance from the
screen on which filtration takes place. Using the continuity equations of the
fluid phase and of the solid phase (wet fibres), the volume fraction of the two
phases and the velocity field of also fluid phase can be computed as a func-
tion of t and z. Furthermore, integrating the two momentum equations, we
can calculate the total pressure pT(t,z), the fluid pressure pf (t,z) and the solid
pressure ps(t,z). That, however, requires that the permeability k of fibre net-
work is given as a function of solid volume fraction �s. In other words, the
value of fluid pressure and solid pressure thus obtained depends on the choise
of the permeability function k = k(�s), which is unknown a priori. On the
other hand, the fluid pressure at screen (z = 0) is also directly measured dur-
ing the filtration process. This allows us to study the combatibility of various
functional forms of permeability by comparing the measured and the calcu-
lated values of fluid pressure at z = 0.

Here we have studied five different permeability functions found in the
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literature. These include the relation by Kozeny and Carman [2], by Happel
[3,5], by Kuwabara [4,5], by Jackson and James [5] and by Koponen et al [6].
These functions are as follows

k

k0

=
(1 − �s)

�2
s

; Kozeny-Carman , [2]

k

a2
=

1

8�s(1 − �s)
2 �− ln�s +

�2
s − 1

�2
s + 1� ; Happel (1959), [3,5]

k

a2
=

1

8�s(1 − �s)
2 �− ln�s −

3
2

+ 2�s� ; Kuwabara (1959), [4,5]

k

a2
=

3

20�s(1 − �s)
2

(− ln�s − 0.931) ; Jackson & James (1986), [5]

k

a2
= 5.55 � (1 − �s)

2 (e10.1�s − 1) �
−1

; Koponen et al. (1997). [6]

Here, k0 is the specific permeability (in Kozeny-Carman relation) and a is the
radius of fibres.

The Kozeny-Carman relation is one of the most widely used permeability
correlations for porous media. Even though it is well known that Kozeny-
Carman relation may not be most suitable for fibrous porous materials with
high porosity, we include it here since it is nevertheless frequently used also in
analysis of fluid flow in paper, press fabrics etc. The rest of the correlations
listed above are specifically derived for fibrous porous materials. The formu-
las by Happel, by Kuwabara and by Jackson and James (see ref. [5] and
references therein) are analytic results applicable for relatively high porosities.
The result by Koponen et al [6] is an interpolation formula obtained from
direct numerical simulations using the lattice-Boltzmann numerical method.
The shapes of these five permeability correlations are shown in Figure 1.

In Figure 2 we show the measured fluid pressure at screen (at z = 0) as a
function of time for softwood fibres. Also shown are the total pressure and
the fluid pressure at z = 0 as calculated utilizing the velocity data and the
momentum equations with three different permeability functions. In each
case, the value of the unknown parameter (k0 or a) was found by fitting the
calculated function pf (t,z = 0) with the measured pressure data. As shown in
Figure 2, all of the three permeability functions give a reasonably good fit to the
measured data for softwood fibres. (The results corresponding to permeabil-
ity functions given by Happel and by Jackson and James are not shown in the
figure. These results are very close to those obtained by using the correlation

12th Fundamental Research Symposium, Oxford, September 2001

Ultrasound Anemometry for Measuring Filtration of Fibre Suspension



by Kuwabara.) In Table 1 given are the corresponding fitted values of the
unknown parameters that appear in each permeability function. For the for-
mulas especially derived for fibrous structures, the free parameter is the fibre
radius a. As shown by the table, the fitted diameter is of a correct order of
magnitude for all cases (for pine fibres 2a ≈ 30 μm). The most accurate result

Figure 1 The permeability correlations tested in this work as a function of solid
volume fraction �s. The curves are arbitrarily scaled to unity at �s = 0.001 to allow for

comparison of the functional shapes.

Table 1 Fitted values of the free parameters and the fit residual for various permea-
bility functions (unbeaten softwood fibres, MRb = 1.5, see ref. [1], Equation (12) ).

Perm. model Fitted values Fit residual

k0 (m
2)

Kozeny-Carman 1.4 · 10-12 3.8 · 10−4

2a (μm)

Happel 18.1 1.8 · 10−4

Kuwabara 20.4 1.6 · 10−4

Jackson and James 16.3 1.8 · 10−4

Koponen et al. 32.9 2.0 · 10−4
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in this respect is given by the result by Koponen et al. Notice however, that
the analytical and numerical results used here, excluding Kozeny-Carman,
are obtained for smooth regular fibres, while wood fibres are irregular in
shape and have fine structured surface. Consequently, real wood fibres have
higher specific surface area. We may thus expect the effective diameter of
fibres, as calculated from the measured value of permeability, to be less than
the geometrical mean radius of fibres.

Also given in the Table 1 are fit residuals for each permeability function. A
small value of the residual indicates good agreement between measured and
calculated pressure values. For softwood fibres the best fit is achieved by using
the permeability function of Kuwabara while the worst fit is given by the
Kozeny-Carman result.

In Figure 3 and in the Table 2, we show the same data as in Figure 2 and
Table 1, but for hardwood fibres (birch). Also in this case the best agreement
with measured data is obtained by the Kuwabara result, while the result
corresponding to Kozeny-Carman formula is clearly off the measured data.
The fitted values of fibre diameter are again of a correct order of magnitude
(for birch fibres 2a ∼ 20 μm).

Figure 2 The measured and the calculated pressure values at screen (z = 0) during
filtration for unbeaten softwood fibres. The solid thick line is the calculated total
pressure. The measured values of fluid pressure are given by open triangles. Also
shown are the fluid pressure values calculated using the permeability model by
Kozeny-Carman (dashed line), by Kuwabara (thin solid line) and by Koponen et al.

(dash-dotted line).
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Figure 4 shows the calculated solid pressure ps as a function of solid mass
consistency Cm along a number of solid pathlines (in t-z -plane, see Figure 2 in
ref. [1]) for softwood fibres and for hardwood fibres. The most remarkable
feature of this result is that the data points for all pathlines fall quite closely
on a single curve in Cm-ps -plane (for softwood and for hardwood fibres
separately). This indicates, that the result indeed reflects a true material prop-
erty, namely the stress-strain behaviour of the consolidating fibre network
during filtration! As expected, the network formed by birch fibres appears

Figure 3 Same as Figure 2, but for unbeaten hardwood fibres.

Table 2 Same as Table 1, but for unbeaten hardwood fibres (MRb = 1.0, see ref. [1],
Equation (12) ).

Perm. model Fitted values Fit residual

k0 (m
2)

Kozeny-Carman 0.75 · 10−12 72 · 10−4

2a (μm)

Happel 10.5 13 · 10−4

Kuwabara 12.0 9.4 · 10−4

Jackson and James 9.7 44 · 10−4

Koponen et al. 18.1 21 · 10−4
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softer than that formed by pine fibres. For the data shown in Figure 4, the initial
consistency was 0.2% for softwood fibres and 0.4% for hardwood fibres.
Both consistencies correspond to a growding number of approximately 15 [7].
Notice, that the measured stress-strain correlation depends on the permeabil-
ity function used in data analysis. Here, the formula by Kuwabara was used.

In addition to the continuous consolidation discussed above, the device can
be used to study more complicated filtration processes. For example, by inter-
rupting the filtration for a certain time, one can extract information on relax-
ation behaviour and on the intricate rheological properties of fibre structure,
such as viscoelasticity, plasticity etc. Figure 5 shows the pressures measured
at z = 0 in such an experiment for softwood fibres. Here, filtration is inter-
rupted by closing the air valve for a few seconds in the middle of the experi-
ment. This causes the total pressure to level off and the fluid pressure on
screen surface to increase and approach the total pressure from below as the
flow ceases.

Figure 6 shows the stress-strain history of fibres along two solid pathlines
with different initial position during the process. The curves first follow a
common path similar to those shown in Figure 4 for continuous consolidation.
After the flow is interrupted, fibre network undergoes relaxation which is
indicated by a rapid decrease of solid pressure towards zero associated with a
slight decrease of also consistency as the fibre network expands. Obviously,

Figure 4 Solid pressure as a function of consistency along pathlines for unbeaten
softwood fibres (triangles) for unbeaten hardwood fibres (squares).
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Figure 5 As Figure 2, but for interrupted filtration experiment.

Figure 6 Stress-strain behaviour of softwood fibres along two solid pathlines. The
initial position of the pathlines is z0 = 55 mm (triangles) and z0 = 80 mm (squares).
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the behaviour of the network at this stage is highly non-elastic. As the flow is
resumed, the stress-strain curves again approach the curve of continuous
consolidation. The time required to approach the original curve gives a rough
estimate of the magnitude of the time constant associated to viscoelastic
behaviour of the network. (The time interval between the data points indi-
cated by solid symbols on the curve is 0.58 s.) A more detailed analysis of the
stress-strain behaviour of the consolidating fibre network is left in a future
work.

2. CONCLUSIONS

Filtration measurement based on the use of pulsed ultrasound Doppler
anemometry facilitates a very detailed experimental study of slow one-
dimensional filtration of fibre suspensions. Essential material properties, such
as the permeability to fluid flow and the stress-strain behaviour of the con-
solidating fibre network can be studied by utilizing the general two-phase
flow equations in the data analysis. The method is presently limited to a
relatively low filtration speed (a few cm/s) and to pure fibre suspensions, with
no fillers or fines and with a narrow distribution of fibre lengths.

A clear and plausible difference in the flow resistance and stress-strain
properties was observed for unbeaten softwood and hardwood fibres. Of the
various possibilities tested in this preliminary study, the best compatibility of
measured data was obtained using the permeability correlation by Kuwabara.
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Jean-Claude Roux EFPG

In your experimentation you show the movement of the free surface versus
the time, and I would like to know if you have obtained results with a slope
for expressing the decreasing of the free surface rather than a horizontal slope
at the beginning of time?

Markku Kataja

Yes, I think I showed that data already (Figure 2). The slope is the velocity,
the total flux.

Jean-Claude Roux

It seems to me that in Figure 2 of your paper where you mention the different
curves, the immediate curve has horizontal slope which surprised me (refer-
ring to slide 19 (Figure 4) ). At the beginning your curve has a horizontal
slope and I was wondering if you obtain these results?

Markku Kataja

It is horizontal because the valve is closed at this point, there is no flow! In
this experiment I first trigger data acquisition and then after a few seconds, I
gradually open the valve and start the flow, slowly in order to reduce inertial
effects.

Jean-Claude Roux

I am serious if I say that it is because I believe that the inertial force can have
some importance at this point, and the acceleration also can have importance.
In the initial equations if we remove the inertial terms and make some dis-
crepancy or some error I can say that you can have some differences at the
beginning, because this is a difficult region we are working on this.
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Markku Kataja

I am not sure whether this bump in the filled curves near the point where the
flow is started comes from inertial terms. It may also come from smoothing
of data. Anyway at the point where I open the valve there is a minor inertial
effect which I ignore, but the effect disappears very rapidly.

Jean-Claude Roux

I agree with all the results but at the beginning there is great difficulty in
studying this problem.

Hannu Paulapuro Helsinki University of Technology

This is a very important and interesting paper. In a way you tried to classify
the different types of fibrous materials and their behaviour in an invariable
way, which we need when we look at these phenomena. My question is, could
you include a pulsating effect in your drainage measurement?

Markku Kataja

We haven’t done anything like that. It could probably be done, but only at a
relatively slow rate.

Hannu Paulapuro

I wondered if this kind of measuring device could be mounted on equipment
like a moving belt former, as a pulsating de-watering as well as a vacuum
application.

Markku Kataja

In principle yes, if it could be done in an airless environment. Another dif-
ficulty is that with this technique we can only basically measure one compon-
ent of velocity so we cannot at the moment, measure shear fields of two
dimensional flows. I do not know whether that kind of measurement is
possible.

John Daicic Institute for Surface Chemistry, Stockholm

Those equations that you showed for permeability at the end i.e. Koseny-
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Carman equation and all the others do any of them take into account that the
sediment should be compressible?

Markku Kataja

The sediment is certainly compressible and that effect is fully accounted for in
this analysis.

John Daicic

Do those forms for the permeability account for compressibility i.e. the fact
that the sediment is compressing during the sedimentation in the pressure
filtration experiment.

Markku Kataja

Yes, it is compressing.

Bill Sampson Department of Paper Science, UMIST

I think the point is that you have the variable for solidity in your equations,
Kozeny-Carman and others, and you have shown that you have a solidity
profile for the forming mat, so how do you incorporate that variability at the
forming mat?

Markku Kataja

I applied the equation locally. I refer to Equations 1–4, 10 and 11 in our paper.

John Daicic

Just one small point, you said that you couldn’t have fines or flocs (changed
to fillers) in your suspension but the reason that I said flocs was because isn’t
it the case that, even though you only have fibres you have effectively particles
of different sizes falling with different velocities because of the fact that you
have flocs there, so you have a distribution of particle sizes effectively.

Markku Kataja

Yes there is a distribution of velocities even in this case of a narrow particle
size distribution. That is why I am using four ultrasonic transducers to give
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some special averaging already in the measurement stage. The transducers are
arranged under the wire such that they measure some quite wide transverse
area of the suspension above the wire. In addition to that, some further
filtering of data is needed in order to reduce the effects of velocity fluctu-
ations that indeed are present in the original measured signal. Part of that
fluctuation is simply ‘device noise’ irrelevant in the measuring method, and
part of that is actual velocity variations that arise due to flocculated structure
of fibre network.
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