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Abstract

This review presents the basic principles of the papermaking pro-
cess,viz �bre network compressionand water 
o w through the �bre
network. The phenomenathat are relevant for mechanical dewater-
ing in papermaking are presented together with experimental data.
Special attention is given to the e�ect of inhomogenities in the �bre
network and the interaction between the �bre network and the wire.
Some ideas of where further e�ort should be concentrated are also
given.
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1 In tro duction

Most of the dewatering takesplacein the forming sectionhydraulic pressure
and vacuum, with the �bre web reaching a solids content of approximately
20 percent. In the presssection, water is also mechanically removed from
the web, but now with much higher pressurelevels. A mechanical load is
applied in a pressnip, which leads to an increasein the solids content to
approximately 45 percent. In the drying section,most of the remaining wa-
ter is dried by evaporation as it passesover a number of heated cylinders,
thus �nalising the dewatering process. As may be expected, the dewater-
ing energyincreasesas the water content in the paper web decreases,which
has consequencesfor the costs. The drying sectionhas the largest costsby
far, since water is removed by evaporation. It is, therefore, preferable to
remove water, asmuch aspossible,mechanically in the cost-e�ective forming
and pressingsections. Even small improvements in mechanical dewatering
will lead to signi�cant cost reductions. Reliablemathematical modelsof me-
chanical dewatering will contribute to better machine designs,dewatering
optimisation in the forming and pressingsections,and to control systemim-
provement. Furthermore, various important characteristicsof the �nal paper
are determinedby mechanical dewatering. Hence,a better understandingof
the process,with the help of reliable, physically basedmodels,improvements
in paper quality may alsobe achieved. This article reviewscurrent modelling
of mechanical dewatering in order to frame a coherent view of the process
and suggestimprovements for future models.

2 Mec hanical Dew atering

2.1 Forming Section

The �rst generationof forming sectionswas the Fourdrinier formers,where
dewatering took placeon a horizontal wire by the action of the gravit y. In the
1970's,the secondgeneration,twin-wire formers, started being increasingly
used. The main advantagesof twin-wire formersarethe increaseddewatering
rate (approximately four times dewatering in a Fourdrinier former), and the
lessenedtwo-sidedness.Although the retention is worsened,the advantages,
especially of being able to run the paper machine at much faster velocities,
exceedthe disadvantages, and nowadays most machines have a twin-wire
former. Basically, there are two dewatering principles normally usedin twin-
wire formers,viz. roll and bladeformers. In roll formers,the suspensionis fed
between two wires that wrap a roll. The applied pressureis approximately
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constant and equal to the wire tension divided by the radius of curvature.
In blade formers,the suspensionand the wires are de
ected through a series
of opposingblades. In this case,the suspensionexperiencesa seriesof small
pressurepulses. Blade formers generatepaper with good formation. There
is, however, a trade-o� betweenformation and retention. Usually, when for-
mation improves, retention worsens. The pressurepulsesgeneratedby the
bladesare believed to disrupt the larger 
o cs in the suspensionby stretch-
ing, improving large scaleformation. As a result, retention deterioratesand
expensive retention aids must be added to maintain acceptableretention.
Roll formers, on the other hand, usually producepaper with bad formation
but good retention. Therefore, as pointed out in Nordstr•om and Norman
[1994], roll-blade formers endeavour to achieve the best of both, giving up
as little as possible. The initial mat is formed at a high retention. Later,
in the blade former region, the partially formed �bre mats help to enhance
retention in the formation-improving phaseby acting as�lters. Baines[1967]
conceptually divided twin-wire dewatering in the forming section into three
zones,viz: the free-jet, the wedgeand the presszones1 (Figure 1). The free-
jet zoneis the region the suspensiontravels after leaving the headbox until
it impinges onto the wires. At the impinging point the wedgezonestarts,
where the �bre mats { separatedby the �bre suspension in between them
{ are built up on the wires until they meet. In this region, drainageoccurs
by �ltr ation [Hisey, 1956, Parker, 1972]. After the contact point, dewatering
occurs through compressionof the �bre mats. This is the presszone,where
dewatering occurs by thickening, i.e. compressionof the �bre mat. Com-
prehensive description of the forming processcan be found in Wrist [1962],
Norman [1989] and Norman and S•oderberg [2001].

2.2 Wet Pressing Section

The dewatering principle in wet pressingcan be described as an intense
thickening. In wet pressing as well as in the press zone in forming, the
stressapplied on the �bre network is balancedby two components, viz. the
hydraulic pressureand the �bre network stress(often called the structural
stress). The hydraulic pressurecauseswater to 
o w in-between the �bres,
whereasthe �bre network stressdeformsthe �bre network. In wet pressing,
the applied loadsaremuch higherand the water 
ow from the �br e walls may
play an important role. Campbell [1947] was the �rst researcher to make a
detailed account of the physics of wet pressing. He introduced Terzaghi's

1Presszone should not be confusedwith the presssection. Although the dewatering
mechanism is the same,they are two distinct things, and occupy di�eren t regions in the
paper machine.
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Figure 1: A squematic �gure with the di�eren t zones in the forming
section. The dewatering mechanisms in each zoneare indicated.

principle [1944] from soil mechanics into paper science. According to this
principle, the total applied stressin the nip, � T , is balancedby the sum of
the hydraulic pressure,pw, and the �bre network stress(alsocalledstructural
stress),� s. Actually, Terzaghi'sprinciple is a special caseof the of the more
generalexpression[Biot , 1941, Auriault and Sanchez-Palencia, 1977]:

� T = � e�
a pw + � s; (1)

when � e�
a is equal to the unity. The parameter � e�

a is called the e�ective
areal porosity and is determined experimentally [Kata ja et al., 1995]. Al-
though the total applied stressis approximately constant in the direction of
application, the two components vary dueto the 
o w. The hydraulic pressure
decreasesin the direction of 
o w and the �bre network stressincreasesac-
cordingly. Therefore,the layersclosestto the surfacewherethe water leaves
the medium are the most compressed.This phenomenonis called strati�ca-
tion [MacGregor, 1989]. Still basedon the stressdecomposition in the nip,
Wahlstr•om [1969] introduced the conceptsof 
ow-controlled and pressure-
controlled dewatering accordingto the importanceof each component in the
right-hand sideof Equation (1). The ideaof 
o w-controlled dewatering makes
it easierto understandthe advantage of extendednip presses(ENP) 2, where

2Nevertheless,pressure-controlled nips may also experiencedewatering improvements
[Wahlstr•om, 1990].
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one roll is replacedby a pressshoe. In thesecases,the resistanceimposed
by the liquid 
o w in-betweenthe �bres is the limiting factor for dewatering.
Therefore, the increasedresidencetime in ENP enablesa longer water 
o w
time from the web, improving dewatering.

3 Fibre/W ater Separation Pro cess

The physical modelling of the �bre/w ater separationprocessinvolves mass
and momentum balancesof the components and some constitutive equa-
tions. As the geometryof the �bres is complex,simplifying assumptionsare
frequently used,wherethe di�erent phasesare usually treated a continuum.
A short survey of the of the experiments relevant for mathematicalmodelling
of mechanical dewatering is given below.

3.1 Flo w Through Porous Media

Momentum balancebetweenthe phasesis often postulated to obey Darcy's
law for homogeneousmedia subject to a pressuredi�erence:

v =
K
�

� pw

L
; (2)

where v is the super�cial velocity, pw is the hydraulic pressure,L and K
are the medium length and permeability, repectively, and � is the 
uid vis-
cosity. Equation (2) neglectsinertial forces,which appears reasonablefor
Reynolds number, Re = �r v=� , less than unity [Bear, 1972, Scheidegger,
1974, Greenkorn, 1986]. r is the averagepore sizeradius3 and � is the 
uid
density. Equation (2) has been extended in caseswhere inertial terms are
signi�cant:

� pw

L
= av + bv2; (3)

where a and b are constants [Scheidegger, 1974, Dullien, 1979]. This equa-
tion is usually called the Forchheimer equation, and was suggestedin the
�rst decadeof the 20th century. It applies for Reynolds numbers larger
than unity. Equation (2) was originally presented by Darcy for isotropic,

3Some researchers use the average �bre radius instead. However, some �bre modi-
�cating processes,e.g. beating, alter considerably the 
o w conditions without changing
markedly the average�bre radius.
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homogeneous4 porous media. However, �bre mats are highly compressible,
and many interesting separationprocesseshave non-constant concentration
and composition and, therefore, varying permeability through the medium.
Moreover, the 
o w resistancein the medium may also vary with direction.
Equation (2) is extendedto heterogeneous,anisotropic media by expressing
it in the di�erential form:

v =
K
�

grad pw ; (4)

whereK is the permeability tensor, which has to be described in the whole
medium. Thus,Darcy's law may alsobeusedin compressibleanisotropicme-
dia. Several researchershave examinedthe in
uence of porousmediaconcen-
tration on the permeability, using thick media in compression-permeability
(CP) cells [Collicutt , 1947, Robertson and Mason, 1949, Ingmanson, 1952,
1953, Nilssonand Larsson, 1968, Gren and Ljungkvist , 1983, Ljungkvist , 1983,
Carlssonet al., 1983, Rasi et al., 1999]. Their experimental resultsfor several
di�erent kinds of pulp �t well to Equation (2), which suggeststhat inertial
terms are negligible in thoseexperimental conditions. Indeed, Mantar et al.
[1995] andWildfong et al. [2000b] concludethat inertial e�ects may bepresent
but play only a secondaryrole in the 
o w through �bre mats. Di�eren t re-
lationships are employed to �t the measuredpermeability data at di�erent
concentrations. Usually, at concentrations typical for wet pressing,empirical
relationshipsare usedfor �tting [Nilssonand Larsson, 1968, Carlssonet al.,
1983, Bloch, 1995], although considerableadvanceshave beenachieved lately
in modelling liquid 
o w through a unstructured medium [Koponenet al.,
1998]. At concentrations typical for forming, theoretical considerationsun-
derpinning the semi-empirical equations are employed to describe the ob-
served data. The theoretical model by Kozeny and Carman is the onemost
used. It is an extrapolation of the Poiseuille equation to porous medium
by using the conceptof hydraulic radius [Dullien, 1979]. According to this
formulation, permeability, K , asa function of the concentration (or porosity)
is given by:

K =
� 3

ext

k0S2
v (1 � � ext )2

; (5)

where k0 is the Kozeny constant, Sv is the speci�c surfacearea { i.e. the
external area per unit volume { in contact with the 
uid and � ext is the
external porosity, i.e. the ratio betweenthe volumeavailable for 
o w and the

4Homogenity is said of a property that is independent of the position, whereasisotropy
is said of a property that varies with the direction. As this text only considershetero-
genities and anysotropies in the 
o w resistance,i.e. with respect to the permeability, this
property will be omitted for simplicit y.
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total volume. According to the measurements by Ingmansonet al. [1959], k0

is approximately constant (= 5:55) for valuesof e�ective porosity until 0.8,
above which k0 increasesdramatically. The external porosity, � ext , can be
expressedas1� ac, wherea is the e�ective volumeand c is the concentration.
Substituting it into Equation (5) and performing somerearrangement yields:

�
K c2

� 1
3 =

�
1

5:55Sw

� 1
3

(1 � ac) ; (6)

where Sw = Sva is the external surfacearea per weight of �brous material.
Robertson and Mason [1949] examined the permeability of kraft and sul-
phite pulps beaten to di�erent degreesover a concentration range between
�v e and twelve percent. They calculatedthe permeability parametersa and
Sw basedon their measurements for trials with two kraft pulps and �v e with
sulphite pulp. Robertson and Mason's [1949] and also Ingmanson's [1952]
permeability data are in good agreement with Equation (6) for concentra-
tions up to slightly above 15 percent solids content for sulphite pulp, Fig-
ure 2. Nevertheless,in order to obtain Equation (6), it wasassumedthat the

Figure 2: Left: Recti�ed permeability data as a function of the con-
centration for a seriesof beaten samplesof sulphite pulp. The freeness
numbers are given in the diagram [Robertson and Mason, 1949]. Right:
Similar results by Ingmanson [1952].

volumenot available for 
o w in the �bre mats is constant, which is de�nitely
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not true at high solids content. As the �bre network gets compressed,the
speci�c volume of the �bres diminishes,which will eventually lead to water
expressionout of the �bre walls. It is alsopossiblethat water actually 
o ws
through the �bres in conditions typical for pressing[Gustafssonet al., 2001,
Lucisanoand Martinez, 2001]. Both these phenomenawould imply some-
what higher permeability values than the Kozeny-Carman equation reck-
ons. Indeed,it givesnegative permeability for concentrations, c, higher than
1=a, and the deviation increaseswith increasingsolidscontent is. Therefore,
Meyer [1969] suggestthat a and Sw werea function of the stressin the �bre
network. Wang et al. [2002] give another solution to this problem. They
suggestan exponential expressionfor � ext as a function of concentration, in
order to avoid porosity reaching zero.

3.2 Fibre Net work Compression

Fibre mats are highly compressible,and the �bre network stressinduced by

uid 
o w through the porous medium has a cumulative e�ect, resulting in
a heterogeneousporous medium. Also, as pointed out above, permeability
dependson the porosity. Therefore,in order to quantify the dewatering rate
in a heterogeneousmedium with the help of Equation (4), a mathematical
description of the concentration as a function of the �bre network stressis
required.

3.2.1 Low Loads

Several researchershave reported the stress-strainbehaviour of the �bre net-
work at low mechanical loadsandconcentrations [Campbell, 1947, Ingmanson,
1952, Jones, 1963, Han, 1969, Gren and Ljungkvist , 1983, Vomho� and Schmidt ,
1997, Jong, 1998, Boxer and Dodson, 1999]. Usually the concentration is ex-
pressedas a function of the stress,� , accordingto a power law [Campbell,
1947]:

c = M
�

�
pr

� N

; (7)

where c is the concentration, pr is a referencepressureand M and N are
�tting constants5 [Gren and Ljungkvist , 1983]. In the forming section, �bre
networks are at low concentrations (normally below 20 percent). In this
range, the �bre network is not compressedto such a high extent that a
considerableamount of water from inside the �bre walls is squeezedout.
Therefore,the stress-strainbehaviour of the �bre mats iis not expectedto be

5pr is intro duced just to avoid complex units in M .
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rate-dependent in this range. Wilder [1960] studied the in
uence of creepin
the behaviour of a �bre network at low loads. For short compressiontimes
(< 40ms) creep is of relatively little importance. Nevertheless,based on
the modelling of constant-
o w drainage experiments, Sayeghand Gonzalez
[1995] obtained good agreement by assumingthat the �bre network behaves
asa Maxwell element. However, onecouldsuspect that this might alsobedue
to �nes distribution in the thicknessdirection (seesection3.3). Jones[1963]
observed hysteresisin the compressibility behaviour of the �bre networks
(Figure 3). It is clear that the strain not only depends on the applied
stress,but also on the history of the compression.Therefore, the following
notation may be preferred:

� � � [� ]; (8)

wherethe squarebrackets meanthat � at a given time dependson the whole
history of � until that given instant.

Figure 3: Hysteresis behaviour of solids concentration against applied
stressfor a �bre network madeof loblolly pine summerwood [Jones, 1963].

3.2.2 High Loads

In saturated �bre mats, the water located in the interstices between �bres
and in the �bre lumens is called the extra-�br e water. In contrast, a con-
siderableamount of water is also held in the porous structure of the �bre
wall, the intr a-�br e water. The intra-�bre water can be estimated by dif-
ferent techniques[Lindstr•om, 1986], amongstthe most commonis the water
retention value (WRV). The �rst evidencesupporting the importanceof the
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intra-�bre-w ater 
o w for pressingcomesfrom experiments showing the ex-
pression of water out of �bre walls [Carlssonet al., 1977]. Therefore, in
the wet-presssection, the intr a-�br e water 
ow may play an important role
in the dewatering process. In addition, the e�ect of pressingon the intra-
�bre water has beenshown using di�erent techniques [Laivins and Scallan,
1993b, Maloney et al., 1997, H•aggkvist, 1999]. Maloney et al.'s [1997] and
H•aggkvist's [1999] results show that larger poresare closed�rst followed by
continuously smaller pores,and someporesare permanently closed(horni-
�c ation). Moreover, someintra-�bre pores can be reopened by dispersion
[Maloney et al., 1997]. Drying and beating are also shown to in
uence the
amount of intra-�bre water [Laivins and Scallan, 1993a, 1995]. Arguably,
the water inside the �bre wall is more di�cult to remove than the water
in-between the �bres. Therefore, in pressnips, where a limited impulse is
available, the intra-�bre water appearsto limit the solidscontent that canbe
achieved after the presssection(Figure 4). Hence,it is now widely accepted

Figure 4: In
uence of the water retention valueon the �nal solidscontent
for several di�eren t pulps [Busker and Cronin, 1982].

that the e�ect of intra-�bre-w ater 
o w shouldbe included in the description
of the stress-strainbehaviour of the �bre network. Accordingly, Wahlstr•om
[1990] proposesthe further decomposition of the total stress:

� T = pw + � s = pw + � s;eq + � s;f l ; (9)

where, the �bre network stressis decomposedin � s;eq and � s;f l , the static
compressioncurve and the resistanceto compressiondue to 
o w out of
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the �bre wall, respectively. Dynamic measurements of the stress-strainbe-
haviour of the �bre network show considerablerate dependence[Ellis, 1981,
Szikla and Paulapuro, 1989, Vomho� , 1998, Lobosco, 2000]. Further, dur-
ing the unloading phase,there is usually little or no expansionof the �bre
network before the applied pressurecomesto zero [Vomho� , 1998]. How-
ever, someslow but signi�cant expansiondoesoccur if the web is unloaded
completely.

3.3 Flo w with Compression

In several experiments, for practical reasons,the �bre mat 
o w resistanceis
measuredby �ltration wherea considerablecompressionof the �bre network
takesplacedue to 
o w. The �bre mat 
o w resistanceis thus given in terms
of 
ow speci�c resistance6, Rw , independent of the thickness, which is a
function of the pressuredrop through the medium and is given by:

Rw =
� pw

v�w
; (10)

wherev is the super�cial velocity and w is the grammage[Ingmanson, 1952].
Notwithstanding the �bre mat compression,the mediumpermeability param-
eterscan be obtained from the speci�c resistanceby taking into account the
�bre network deformation with the help of Equation (7). Ingmanson[1952,
1953] obtainedpermeability parametersin good agreement with permeability
results from a CP-cell. However, usually only the speci�c resistanceof �bre
mats is studied under di�erent conditions. Herzig and Johnson[1999] have
studied the 
o w resistancedue to the wires. Their results �t well to Equa-
tion (3), i.e. Forchheimer's. Wildfong et al. [2000a] draw the sameconclusion
basedon results from a laboratory-drainage tester. However, the in
uence
of the resistanceto 
o w due to the wire was much greater than could be
accounted for by simply adding it to the �bre mat resistance[Meyer, 1969,
Radvan, 1980]. The interaction between�bre mat/wire implies an additional

o w resistance,due to the self-healinge�ect, i.e. the �bres are deposited in
apertures in the wires. This phenomenonhasbeenacknowledgedasearly as
in 1962by Han. His data from an experimental vacuum former show a fast
resistanceincreaseuntil 10{20g=m2, of approximately the sameorder ascan
be seenin the measurements of Herzig and Johnson[1999] and Jong et al.
[1999]. Jong et al.'s results show a fast resistanceincreaseuntil a mat of
approximately 20g=m2 is formed, followed by a monotonic decrease.How-
ever, neither of them attribute thesephenomenato an interfacial resistance.

6When, for simplicit y, the term resistance is used,it refersto the 
o w speci�c resistance.

11



In fact, by expressingthe e�ective resistanceas a sum of the interfacial re-
sistance,Ri , and the mat resistance,Rw , one obtains for grammagesabove
w0:

Re� =
Ri w0 + Rw(w � w0)

w
; (11)

wherew0 is the grammagein the interfacial layer (here w0 v 20g=m2) and
Re� is the overall (e�ectiv e) resistanceof the mat and the interface. The
interfacial resistance,Ri , is given by the averageresistancein the interface,
w0 (Figure 5). Equation (11) can be applied to the experimental results
by Han [1962] and Jong et al. [1999]. For small Ri or large7 w, Re� is ap-
proximately Rw . Concluding, 
o w resistancedue to the wires is signi�cant
only in the casesof fast-draining pulps and over the initial impingement area
[Herzig and Johnson, 1999]. Further, the interfacial resistancemay play an
important role in mechanical dewatering. However, not much data exists for
this subject, and neither doesan establishedform for modeling it.

Figure 5: A possibledependenceof the incremental speci�c resistance,
R, on grammage,w, for an unbeaten pulp [Norman, 2004].

Mantar et al. [1995] estimate the �bre-mat resistanceto 
o w using a
constant-pressuredrainagetester. They show a �bre mat 
o w resistancein-
creasingwith �nes content in the pulp. In contrast to Jong et al. [1999], the
estimated resistancedoes not include the contribution from the interfacial
resistance,which was accounted together with the wire resistanceinstead.
Therefore,Mantar et al. [1995] doesnot observe the decaying pattern shown
by Jong et al. [1999]. Mantar et al.'s results [1995] show an increasein resis-
tance with grammagefor pulps where �nes are present, and approximately

7CP-cells usually usehigh �bre grammages.
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contant resistancefor an unbeaten pulp. They attribute this phenomenon
to an increasein entrapment of �nes with grammage. This is corroborated
by the resultsof Han [1962] and Wildfong et al. [2000b,a], although the sup-
posedinterfacial resistancewas included in the resistancein their case. In
this case,the interfacial resistancemust have been small. Han [1962] and
Wildfong et al. [2000b] measuredthe retention as a function of grammage.
They observedan increaseof retention with grammage,which wasattributed
to be the reasonof the increased
o w resistance. Mantar et al. [1995] also
studied the in
uence of the slurry concentration on the �bre-mat resistance,
and observed a maximum value at approximately 0.5 percent for bleached
softwood kraft pulp. At lower concentrations the �nes concentration de-
creases,whereas,at higher concentrations, 
o cculation increases.Both lead
to decreasing
o w resistance. Also, �nes and 
o cculation may play an im-
portant role in the resistanceto 
o w. Therefore,a �bre mat with constant
concentration may not have a constant permeability dueto changesin 
o ccu-
lation condition and the �nes content. Accordingly, Sayeghand Gonzalez's
[1995] results could be reinterpreted in a di�erent way than the authors'.
They attributed the increasein 
o w resistanceto the visco-elasticcompres-
sion of the �bre network. However, in opposition to what one would in-
tuitiv ely expect, groundwood pulp presented a viscousparameter that was
approximately �v e times larger than that for unbleached hardwood kraft
pulp, which has far more intra-�bre water. Further, the viscouscontribu-
tion increasedwith decreasingCSF, which is expected to correlate with the
amount of �ne material. In contrast to that, the increased
o w resistance
could be attributed to the increasing �nes retention, which enhances
o w
resistance,as the experimental results by Han [1962], Mantar et al. [1995]
and Wildfong et al. [2000b,a] have shown.

4 Mo delling

4.1 Forming

All the models that take into account the e�ect of the �bre mat deforma-
tion use a power law to describe the relationship between the concentra-
tion and the �bre mat stress[Meyer, 1962, Emmons, 1965, Martinez, 1998,
Zahrai et al., 1998]. There are no models hitherto that take into account
the behaviour of the �bre mats during unloading or reloading. Therefore,
these models are limited to situations where the applied stress in the �-
bre mats never decreases,and it is not possible to use these models to
study the dewatering of the �bre mats after they leave the forming roll,
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for instance. Several researchers have modelled dewatering in roll formers
[Baines, 1967, Wahren et al., 1975, Hauptmann and Mardon, 1973, Norman,
1979, Miyanishi et al., 1989] and the pressuredistribution around blades
[Zhao and Kerekes, 1995, Nigam and Bark, 1997, Zahrai et al., 1997, Holmqvist,
2002] without consideringthe �bre network deformationand e�ect on perme-
abilit y. There are, however, a few exceptions. Martinez [1998] developed a
physically basedmodel of the dewatering rate in twin-wire roll formers tak-
ing into account the deformationof the �bre mats. The model disregardsthe
time derivative, which meansthat the di�usion term balancesthe convective
one completely. As Boxer et al. [2000] pointed out, this assumptionimplic-
itly meansthat the model only can handleconstant pressuresasa boundary
condition on the wires.

4.2 Wet Pressing

Several modelsof wet pressinghave beenproposed. However, most of them
show stress-strainrelationshipsof the �bre network, which do not present rate
dependence.Someconsiderthe �bre network to beonly elastic[Roux and Vincent ,
1991, Bloch, 1995], whereasothersalsoconsider(rate-independent) plasticity
[El-Hosseiny, 1990, Kata ja et al., 1992, Riepen et al., 1996, Bezanovic et al.,
2002]. In contrast to those,Ceckler and Thompson[1982] presented a model
of wet pressing,which includesa rate-dependent descriptionof �bre-network
compression. This description presents an elastic part, attributed to �bre
bending,and a rate-dependent part, attributed to the expulsionof the water
from the inside the �bres. However, this mathematical description shows
too largean expansionduring unloading, which hasnot beenobserved in ex-
periments [Vomho� , 1998]. McDonald and Kerekes[1991a,b, 1994] presented
an alternativesolution to include intra-�bre-w ater dewatering, the decreasing
permeability model. They suggesta model of wet pressing,in which intra- and
extra-�bre 
o w resistanceis considered,but the mechanical sti�ness of the
�bre network is ignored. The model is usefulfor solidscontent determination
within the operability regionswhere the parameterswere estimated. How-
ever, it gives little insight into the real physical phenomenataking place in
web consolidation. Concluding, modelsof the �bre network rheology, which
can be usedin reliable physically basedmodels of wet pressingare needed,
but are not yet available. Indeed,accordingto B•orje Wahlstr•om [1990]:

\None of the seriousattempts of mathematicalmodeling of water
removal by pressing,[...], have taken water in the �b er wall into
account and have thereforebeenunable to properly describe wet
pressing."
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5 Summarising

Forming There are good experimental resultssupporting the modelling of
mechanical dewatering by consideringthe suspesion and the wires as con-
tinua. However, the following conclusionscanbe drawn, which are not taken
into account in the modelling of dewatering:

� The �bre mats are heterogeneousdue to 
o cculation and the uneven
distribution of �nes.

� The interfacial 
o w resistance,i.e. due to the �rst layers of �bres on
the wire (10{20 g=m2), may play an important role.

� The stress-strainrelationship may be consideredrate independent but
presents hysteresis.

Wet Pressing In wet pressing,intra-�bre water is pressedout of the �-
bre walls, which results in a rate dependent stress-strainrelationship of the
�bre network. Rate dependenceis also observed in the slow but signi�cant
expansiontaking placeafter the endof the pressurepulse. There is no math-
ematical model that capturesthesephenomena.
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