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Abstract

In this work the main target is to study numerically the mechanical fibre floccu-
lation and fibre orientation for a cellulose fibre suspension. The aim is specially
to develop fibre flocculation and fibre orientation models for turbulent flows in
complex geometries, i.e. typical to be found in paper machine equipment. Fur-
thermore the aim is to study the dilute consistency regime, i.e. <1%, which is
expected in papermaking.

Different mechanical flocculation models for turbulent one phase flow is tested
for various geometries, i.e. a sudden pipe expansion and a planar contraction.
The sudden pipe expansion is studied for various flow rates and with fixed step
size and fibre properties. For the planar contraction two flocculation models
in literature are evaluated. Various parameters such flow rate, fibre properties,
inlet turbulence quantities are explored.

The fibre floccualtion model captures some general phenomena known from ex-
periments, in particular the prediction of a minimum in flocculation intensity
after the step of a sudden pipe expansion, and the subsequent re-flocculation
process. Varying the fibre properties, i.e. fibre length and diameter, different
behaviors of the flocculation intensity evolution in a planar contraction is pre-
dicted for typical headbox flows. Longer fibres are activated easier and from
an equilibrium state at the inlet the flocculation intensity increases throughout
the contraction. A shorter fibre such as birch will predict the opposite. In ad-
dition both long and short fibres will give an increase in flocculation intensity
starting from a non-equilibrium state at low intensity. This trend is supported
by experimental results from the literature.

An Eulerian propability density function is determined by solving a convection-
dispersion equation describing the evolution of fibre orientation in a combined
extensional and shear flow. This numerical approach is used to evaluate the
effect of turbulence generating vanes and wall boundary layers on fibre orienta-
tion distribution in a planar contraction. The boundary layer will for both in
the plane of paper and in the plane of contraction wider the fibre orientation
distributions, i.e the fibres will be less oriented. For the outlet profile of the
contraction the fibre orientation distribution will be more effected by the blunt
vane tip than the tapered vane tip. The model is validated with experimental
results in literature and a good qualitative agreement was achieved.

Descriptors: fibre suspension, fibre flocculation, fibre orientation, flow con-
traction, pipe expansion, headbox, turbulent flow, anisotropy
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CHAPTER 1

Introduction

One of the key component of a papermachine is the forming section. This is,
as the name reveals, where the paper is formed from a cellulose fibre suspen-
sion into a paper web. Within the forming section two main components are
included, namely the headbox and the former. Besides the forming criteria of
the headbox, it also has the capability to distribute the fibre suspension evenly
into a jet, e.g. 10m wide and 10mm thick, for speeds up to 2200 m/min. Fur-
thermore is the cross directional basis weight and fibre orientation controlled
by means of dilution control and slice lip micro adjustment respectively. In a
headbox sheets/vanes/wedges are used for different purposes. It can be used
e.g. for better formation, lower the ratio between the strength in the machine
direction (MD) and the strength in the cross direction (CD) or as separating
layers for multi-layering capability. For Tissue paper grades multi-layering or

AIR DELIVERY

CROSS MACHINE
AIR CHAMBER

FIGURE 1.1. KMW air-wedge technology with purge of excess
air between jets, Andersson (1982)

stratified forming is a key feature of the headbox. The application of this tech-
nology started in mid 70’s. Within former Beliot Corporation the Strataflo
headbox was introduced in which flexible sheets were used to separate the lay-
ers. At KMW Development Center in Karlstad, Gunnar Stenberg introduced
the air-wedge technology separating the layers thus reducing the mixture of the
layers. Into this air wedge also excess air was purged to control the reattach-
ment point between the jets and as a stabilization of the jets, cf. Figure 1.1.

1
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The basic principle was to decrease the velocity gradients within the separated
jets before they attach and to keep the individual jets separated all the way
into the drainage zone, cf. Stenberg (1979), Andersson (1982) and Andersson
(1984). The historical development of the multi-layer Tissue headbox within
Metso Paper was starting with the HTB type with air-wedge and lately with
vanes. Thereafter the SymFlo TIS headbox was introduced in the beginning
of the 90’s. The latest Tissue multi layer headbox is the OptiFlo II TIS with
wedges that separates the layers, cf. Figure 1.2. New hydraulics in combi-
nation with wedges will reduce the flocculation process and therefore improve
formation in this headbox, with maintained layer purity.

FIGURE 1.2. The latest multi layer headbox within Metso Pa-
per is the OptiFlo IT TIS with wedges

1.0.1. Outline of thesis

The first part of the thesis presents a summary section of the papers covered
and the second part consists of the papers. Two main modelling areas have
been considered in this thesis, i.e. mechanical fibre flocculation and fibre ori-
entation. For a numerical modelling of a cellulose fibre suspension in water,
difficulties will arise with a multi-phase description due to the flexible long fi-
bres and their many interactions with each other. In modern headboxes the
flow is of turbulent nature, therefore this will be the key feature of the mod-
elling approach. Examples of studies reported in the literature to model fibre
suspensions in turbulent flows are, e.g. Andersson (1966) , Hourani (1988a),
Hourani (1988b), Steen (1990), Steen (1993), Plikas et al. (2000), Kuhn & Sul-
livan (2001) and Hyensjo et al. (2003). The aim is to develop useful tools for
the industry when studying the effect of headbox geometry, flow rate and fibre
type on fibre orientation, flocculation and formation.
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CHAPTER 2
Mechanical fibre flocculation modelling

Cellulose fibres dispersed in water tend to form aggregates, i.e. flocs, due to
mechanical and nonmechanical factors, studied experimentally by e.g. Mason
(1954), Norman et al. (1977) and Kerekes (1983). The state of these aggregates
in the forming section of a papermachine, i.e. the headbox and the former, de-
termines the formation of the final paper made. For a numerical modelling of
a cellulose fibre suspension in water, difficulties will arise with a multi-phase
description due to the flexible long fibres and their many interactions with
each other. A typical number of particles, at a papermaking consistency of
1%, for one cubic centimeter can be up to 3.0 - 10* particles. For the complex
geometries typically found in paper machine equipment this will exclude any
lagrangian approach, i.e. based on solving the equations of motion for an indi-
vidual particle in a given flow field. Examples of studies that are reported in
the literature to model fibre suspensions in turbulent flows are, e.g. Andersson
(1966) , Hourani (1988a), Hourani (1988b), Steen (1990), Steen (1993), Plikas
et al. (2000), Kuhn & Sullivan (2001) and Hyensjo et al. (2003). The model
proposed by Steen, i.e. the Fibre Flocculation Concept (FFC), is based on a
one-phase description of the fluid flow. In his model the fibrous phase is only
described by the flocculation intensity solved as a passive scalar variable. The
result of this approach is that the effects of the fibre phase on a main flow (i.e.
average water flow and turbulence) are neglected. The FFC is based on the
governing equation for a general scalar fluctuation, e.g. Rodi (1993). The rup-
ture term, i.e. the dissipation term, is similar to the one derived by Rodi (1993)
but the aggregation term, i.e. the production term is different. The production
of a scalar fluctuation is usually controlled by mean scalar gradients, while the
flocculation aggregation in the FFC is based on that floc aggregation starts out
as a small scale activation of fibres followed by floc collisions and fibre network
settling, cf. Steen (1990) and Steen (1993). In the work by Plikas et al. (2000)
and Kuhn & Sullivan (2001), a similar analogy with a general scalar fluctuation
is used. However both dissipation and production terms are based on model
constants which are calibrated against experimental data by Moayed (1999).
This makes it applicable only for that particular grid-generated turbulence flow
cell.

The FFC by Steen is investigated in a planar contraction and a sudden pipe
expansion, which is a typical geometry in a headbox. Two slightly different
versions of FFC is reported named here as FFC-1990 and FFC-1993, cf. Steen
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(1990) and Steen (1993). The FFC-1990 is studied with the sudden pipe ex-
pansion, while for the planar contraction both versions of the FFC are applied
and the result of the different versions are presented and the difference of them
are discussed. The effect of various parameters, e.g. fibre properties, i.e. fibre
length and diameter, flow rate and the state of the fibre suspension on aggre-
gation are studied. Finally observe that this study considers only the dilute
consistency regime, i.e. <1%, which is expected in papermaking.

2.1. Sudden Pipe Expansion

The position of the maximum turbulent kinetic energy downstream of a circular-
to-circular pipe expansion, has its approximate location slightly upstream of
the re-attachment point for a pure fluid. In the experimental work by Karema
et al. (2001), they showed that the maximum of the turbulent fluctuations of
the fibrous phase and the minimum floc volume also coincide approximately
with this location. Their measurement of the turbulent state of the fibrous
phase was done with a pulsed ultrasound-Doppler anemometer. Also d’Incau
(1989) clearly showed experimentally that the maximum strain rate and min-
imum macro length scale coincide at approximately the same position. The
assuming cylindrical symmetry of flocs gives the definition of the dimensionless
floc volume to be the projected length component in the streamwise direction
times the projected length component in transverse direction squared divided
by the cubic of the average fibre length, cf. Karema et al. (2001). The measured
dimensionless floc volume for PPP3 geometry and for Pine at 0.5% consistency
for different flow rates shows a decreasing minimum floc volume with increas-
ing flow rate, cf. Figure 2.1, Karema et al. (2001). The same trend was found
by Moayed (1999), measuring the flocculation intensity. The result of Karema
et al. in Figure 2.1, also show how the curves seem to almost collapse into a
common line independent of the flow rates from the point of minimum floc size
and forward. CFD simulations were performed for the same geometry and flow
rates as used by Karema et al. shown in Figure 2.1. The flocculation inten-
sity values for the respective axial position were calculated as area weighted
averages of the flocculation intensity field, cf. Figure 2.2 and the definition of
flocculation intensity in equation (2) in Paper 1 and 2. Also here the curves
seem to collapse into a common curve. The minimum values are not that pro-
nounced as in Figure 2.1, but the general trend is the same, i.e. increasing
flow rate decreases the minimum value and vice versa. Furthermore the values
tend to reach a saturation level for the respective flow rate. This type of sat-
uration behaviour can be seen for another geometry with a smaller step and
the same pulp, cf. Karema et al. (2001). T the case of birch pulp, i.e. shorter
fibres, these authors found that the pronounced minimum after the step for
the same geometry and flow rate, was absent. Further the figures clearly show
that the time scales differs since in the experimental data the flocs seem to
grow at a slower rate than for the simulations. This still shows that even with
the "non-tuned” FFC the simulations catch some of the physical behaviour.
The diffusivity of the flocculation intensity was varied, to be able to study the
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FIGURE 2.1. Dimensionless floc volume vs. mean residence
time from the step, cf. Karema et al. (2001)
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FiGURE 2.2. CFD simulated flocculation intensity as a func-
tion of mean residence time from the expansion

influence on the flocculation intensity profile, cf. Figure 2.3. The simulations
were carried out for a flow rate of 1.59 1/s in a straight pipe with the inner
diameter of 26 mm. In the paper by Steen (1990), the effective diffusivity was
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FIGURE 2.3. Effect with various effective diffusivities on the
flocculation intensity profiles for a fully developed pipe flow

arbitrary set equal to 0.001. This includes both the kinematic and turbulent
diffusivity when introduced in the equation for a passive non-reacting scalar
variable in our case cf. equation (1) in Paper 1. For a fully developed fluid
flow in a pipe the convective term vanishes. Therefore for vanishing effective
diffusivity only the source term would be significant, and by setting this term
equal to zero, i.e. A = R, it is possible to solve for a fully developed flocculation
intensity profile in the case D.y; = 0, cf. Figure 2.3. The figure clearly shows
how the presence of diffusivity to various degrees evens out the flocculation
intensity profile. The various effective diffusivity models used are indicated in
the legend of Figure 2.3. When decreasing the kinematic diffusivity the centre
value, i.e. the peak value, goes asymptotically to a given value. This means
that the diffusivity is dominated by turbulent diffusivity, cf. Figure 2.3 case
Desr=1.0-107° +14/Sc;.

2.2. Planar Contraction

The evolution of flocculation along the centerline in a planar contraction is here
quantified with the normalized flocculation intensity, ¢/¢o (¢o = 3.57 - 1073),
cf. Figure 2.4. The inlet flocculation intensity value, ¢y, was obtained from
the aggregation term, A, set equal to the rupture term, R, with given kg and
€0, which corresponds to a fully developed flocculation field with a vanishing
convective term, and with the effective diffusivity term neglected. Two differ-
ent turbulence models with FFC-1990 are compared, the k-¢ and the Reynolds
Stress model (LLR-IP). Also for the Reynolds Stress model two different bound-
ary conditions for the flocculation intensity, ¢, are tested, zero value, ¢ = 0,
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FIGURE 2.4. Normalized flocculation intensity with inlet value
along centerline of the contraction for different turbulence
models with FFC-1990

and zero gradient at the wall. As can be seen the k-¢ turbulence model will give
a non physical behavior of the flocculation intensity development due to factors
described in Paper 2. The Reynolds Stress Model (LLR-IP) gives a more ac-
curate description of the turbulence and therefore a more realistic description
of the flocculation behavior in a planar contraction. The outlet value of the
flocculation intensity is dependent on which boundary condition for ¢ that is
chosen. The case with isolated wall boundary condition, d¢/dn=0, gives the
highest flocculation intensity outlet level. This due to the fact that the quan-
tity, ¢, is globally preserved in the planar contraction. The result from the
two versions, FFC-1990 and FFC-1993, are shown in Figure 2.5. These simula-
tions are made with the RSM (LLR-IP) turbulence model and with d¢/dn=0
at the wall and an even mean consistency is assumed for both FFC-1990 and
FFC-1993. The difference in result for the equilibrium inlet of the flocculation
intensity between the versions are striking. The flocculation intensity at the
inlet ¢ = 2.39 - 1079 for FFC-1993 which is six orders of magnitude lower
that for the FFC-1990. Now increasing the velocity to typical headbox flows,
i.e. 10 times the flow in Figure 2.4 and 2.5. This will furthermore reduce the
time scale, which is important for the flocculation process, cf. Karema et al.
(2001). The importance of time when increasing the velocity, thus reducing the
time scale, is predicted with FFC-1990, cf. Figure 2.6. The inlet turbulence
level, i.e. k, and &g, is kept the same for the different velocities, and this cor-
responds turbulence intensities 5.45%, 4% and 2.73% with increasing velocity
respectively. As can be seen in Figure 2.6 a), a jet velocity of 33.33 m/s, have
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FIGURE 2.5. Normalized flocculation intensity with inlet value
along centerline of the contraction for the two different versions
FFC-1990 and FFC-1993

the shortest residence time in the contraction and therefore the lowest outlet
flocculation intensity value. In Figure 2.6 b), the normalized flocculation inten-
sity with normalized position along the contraction is shown. The convective
dependency or the time scale is also here illustrated giving a lower normalized
flocculation intensity gradient with increasing velocity. Note that for velocities
typical of headbox flows the flocculation intensity value will increase from an
equilibrium inlet value in contrast with the case earlier, cf. Figure 2.6, 2.4 and
2.5. Experimental result by VI'T Energy/Metso Paper Inc. provides some
results on the development of floc length in CD direction for different outlet
jet velocities in a planar contraction for a Birch fibre, cf. Figure 2.7. As can be
seen the floc size for the particular contraction will increase, i.e. reflocculation
takes place in the contraction. This was also demonstrated by Karema et al.
(2001) in a contraction with vanes. In Figure 2.8 a) the modelled flocculation
intensity evolution with FFC-1990 for a planar contraction with fibre dimen-
sions, 1=3mm and d= 30pum is shown and in b) with fibre dimension for Birch,
i.e. 1=0.96mm and d= 18.9um. The modelled result shows different behavior
for the case starting from an equilibrium state. The Birch fibre will decrease
through out the contraction while the longer fibre will increase in flocculation
intensity. The experimental result in Figure 2.7 indicates that the floc volume
will increase for a planar contraction. For the non-equilibrium case, 0.01¢g,
both fibre dimension cases predict an increase in flocculation intensity.
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in planar contraction with Birch fibre dimensions: 1=0.96mm
and d= 18.9um.



“MarkoThesis” — 2005/3/11 — 10:05 — page 11 — #17

CHAPTER 3
Fibre orientation distribution modelling

The paper strength properties in machine direction and cross-machine direc-
tion as well as in thickness direction (i.e. z-direction) are important for the
runnability and dimensional stability of the paper sheet in copying and print-
ing machines. The strength properties are determined by chemicals, fibre type
and preparation, but also largely by anisotropy of fibre orientation distribu-
tion. Many of the final paper properties is based upon the state of the fibre
suspension in the early stage of the process, e.g. Norman & Soderberg (2001).
As the jet hits the moving fabric the state or the history of this jet is essen-
tial. The jet is formed in the so called headbox. The headbox ensures that
the jet leaves with a specific state depending on the type of paper web to be
produced. The interaction between this jet and the moving fabric(s) is a main
feature for achieving the desired final result. For example in high speed print-
ing it is desirable to have high tensile strength in the direction of the paper
feed. For other application such as sack paper it is required to have a uniform
distribution and orientation distribution of the fibres. The state of the jet can
be modified in various ways. One way is to vary the contraction ratio, i.e. the
ratio between the inlet height and outlet height of the contracting channel. By
increasing the contraction ratio it is known that it significantly increases the
fibre alignment, e.g. Ullmar (1997), Ullmar (1998) and Zhang (1998), and this
can essentially change the final paper properties, e.g. Nordstrém & Norman
(1994) and Séderberg & Kiviranta (2003). Other ways is to insert vanes into the
contracting channel of the headbox. These vanes, depending on their shapes
and lengths, generate turbulence and this can disperse and disorient fibres, i.e
result in a more uniform sheet by means of final strength of the paper. The
effect of the vane tip location on fibre mixing was experimentally studied by
Lloyd & Norman (1998). This was done by dying a layer of pulp fibres blue,
passing them through a hydraulic headbox and then scanning a finished sheet
of paper for the variation of blue content. Their results showed that different
vane locations can in fact lead to different levels of mixing. Conventional head-
boxes use also a slice bar near the exit to control the cross machine direction
(CD) basis weight profile. Simultaneously it also affects the fibre orientation
angle. When modern headboxes of today utilizes dilution water to control the
CD basis weight profile, the slice bar can be used to adjust the fibre orienta-
tion angle profile. Unfortunately very little is known on neither the effect of
turbulence vanes, nor on the effect of a slice bar or headbox geometries, all of

11
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which can have a significant effect on fibre orientation anisotropy.

The main purpose of this study is to use numerical modelling to evaluate the
effect of turbulence generating vanes and wall boundary on fibre orientation
distribution in a planar contraction. An approach to use the CFD modelling
as an input for the extended one dimensional headbox model is illustrated.
Earlier modelling studies have neglected the influence of turbulence in an ac-
celerated fluid flow, e.g. Zhang (1998), Olson (2002) and Akbar & Altan (1992).
The rotational dispersion coeflicient, in the extended one dimensional headbox
model, will be determined by correlating the CFD analysis with experimental
data presented in the work by Ullmar (1998). The rotational dispersion coef-
ficient has been related to turbulence quantities, cf. Olson & Kerekes (1998),
Olson (2001) and Krushkal & Gallily (1988). The relationship is based on
Kolmogoroffs local isotropic hypothesis for very small eddies of the turbulence
spectrum, cf. Equation (4) in paper 3. In the experimental work by Asplund
& Norman (2003), the fibre orientation anisotropy in a jet after a planar con-
traction with vanes was studied. Result from this study has been used as a
validation and comparison of the extended one dimensional headbox model.

3.1. Fibre Orientation Distribution

The convection-dispersion equation describing the evolution of fibre orientation
in a one dimensional headbox, as derived by Olson et al. (2004), is here extended
to be valid for an arbitrary streamline. The extended one dimensional headbox
model is then given for a coordinate system, s, following a streamline as:
) .

ov + Usag = Dpa—ql — L(QN) (3.1)

ot Jds 0¢? 0¢
where s is defined as the square root of the sum of the squared values of the plane
coordinate variables, x and y resp., and U, is the tangential average velocity
along the streamline. Note that even though we are following a streamline this
is still a Eulerian approach since we are not following individual fibres. D, is
the rotational dispersion coeflicient and ¢ is the projected angle in the plane
of contraction. The first term is the time derivative of the fibre orientation
distribution. Equation (3.1) is simplified by assuming steady flow, and made
dimensionless with the scaled variables 5 = Lis and U, = g—;, where L is the
length of the streamline considered. This gives the following expression for
fibre orientation in the plane of contraction along a streamline:

;)\ — E

Us o3 - p a¢2 5¢ (¢\D) (3'2)
In previous work, a convection-dispersion model of fibre orientation in a one di-
mensional headbox was derived and numerically studied by Olson et al. (2004).
The model accounts for a constant value, 2.5, of the dimensionless rotational
dispersion coefficient and it was shown to agree well with the independent find-
ings of Ullmar (1998). The constant in the dimensionless rotational dispersion
coefficient presented in equation (3.3) has been determined and validated with
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the results presented by Ullmar (1998). This resulted in the following correla-

tion: I

s, E\1
—(= 3.3
o) (33)
This result is about 5.5 times smaller than the proposed value by Olson (2001).
In the work by Olson (2001) this expression was derived for isotropic homoge-

neous turbulence, which is not the case here.

D, =6.57x 1072

3 3 3
°
2 2 2
>
1 ij/k@ 1 1
0 0 0
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y [rad] y [rad] y [rad]

FI1GURE 3.1. Predicted and measured, Ullmar (1998), fibre
orientation distributions for contraction ratios of 16.7, 25, 50.

In Figure 3.1 results for different contraction ratios of 16.7, 25 and 50, of the
proposed correlation in equation (3.3) compared to experimental data of Ull-
mar (1998) can be seen. These results are from the outlet in the centerline of
the contraction and made in the plane of paper, i.e. 7. This suggest a good
agreement between the predicted and measured data for the different contrac-
tion ratios. This also demonstrates the enhanced alignment of fibres for an
increased contraction ratio. The dimensionless rotational turbulent dispersion
in Equation (3.3) is used for both « and ¢.

3.2. Results

Since the fibre orientation distributions for v are nearly Gaussian distributions
the degree of fibres not being oriented towards y=0 is represented by the stan-
dard deviation o(7):

+3
o2(w,y) = / VU (v, 2,y)dy (3.4)

™

2
U(y,x,y) is here the normalized distribution function for v on the interval
—7m/2 <~ < +m/2. For ¢ we may make an analogous definition:

+3

wHay) = [ (0= 0n) W6, 0)d0 (35)
-3

where ¥(¢,z,y) is the distribution function for ¢. One may observe that,

although the mean value of ¢ taken over a complete cross section of the channel

is zero, this is not necessary the case for the local mean value ¢, (z,y), cf.

Figure 3.2. Figure 3.2 shows the local mean value, ¢,,, across the outlet section,
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F1cUre 3.2. Outlet profile of the local mean value of ¢ for a
tapered vane at vane position -80 mm from the outlet.

from the centreline and to the upper wall. The overall trend at the outlet is a
mean orientation basically along the local flow direction, gradually approaching
the inclination of the upper wall for increasing distance from the centreline.
Deviations from this trend appear in the shear layers of the wake and the wall,
where fibres close to the wall have a mean angle less than the upper wall it self
and fibres in the lower part of the wake have a positive mean angle. The effect
of vane position is presented in Figure 3.3. The closer the vane is to the outlet
the larger is the effect on the o4. This trend is similar to experimental data for
the fibre orientation anisotropy, cf. Asplund & Norman (2003). In their work
for a thick, blunt vane tip at a mean velocity of 5 m/s, the undisturbed region
was vanishing as the vane tip was moved closer to the outlet.
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CHAPTER 4
Concluding remarks

The fibre floccualtion model captures some general phenomena known from ex-
periments, in particular the prediction of a minimum in flocculation intensity
after the step of a sudden pipe expansion, and the subsequent re-flocculation
process. Varying the fibre properties, i.e. fibre length and diameter, different
behaviors of the flocculation intensity evolution in a planar contraction is pre-
dicted for typical headbox flows. Longer fibres are activated easier and from
an equilibrium state at the inlet the flocculation intensity increases throughout
the contraction. A shorter fibre such as birch will predict the opposite. In ad-
dition both long and short fibres will give an increase in flocculation intensity
starting from a non-equilibrium state at low intensity. This trend is supported
in experimental result from the literature.

The use of this one-phase approach with the FFC shows on a need of a modifi-
cation of the turbulence model, which takes into account additional production
and dissipation. There is a lack in literature of such modifications in turbulence
for the presence of flexible long fibres or aggregates of fibres, i.e. flocs.

An Eulerian propability density function is determined by solving a convection-
dispersion equation describing the evolution of fibre orientation in a combined
extensional and shear flow. This numerical approach is used to evaluate the
effect of turbulence generating vanes and wall boundary layers on fibre orienta-
tion distribution in a planar contraction. The boundary layer will for both in
the plane of paper and in the plane of contraction wider the fibre orientation
distributions, i.e the fibres will be less oriented. For the outlet profile of the
contraction the fibre orientation distribution will be more effected by the blunt
vane tip than the tapered vane tip. The model is validated with experimental
results in literature and a good qualitative agreement was achieved.

Shear flow is used today to break flocs in the turbulence generator of the
headbox. It is shown that turbulence is good at dispersing flocs as in other
applications, but the decay of turbulence is also effective in reflocculating the
fibres into aggregates once again. One solution is to use extensional flow to
break flocs which has be shown in literature to be more efficient, or combina-
tion of such flows. From a numerical modelling point of view, a combination
of a flocculation model with a floc/fibre orientation would be of interest. The
essential validation of such numerical models needs experiments.

16
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This paper introduces a comparison between CFD simulations and experimen-
tal data of a dilute fibre suspension flow in an expanding step. In this model
the fibrous phase is described only by the flocculation intensity solved as a
passive scalar variable. Even when using the "non-tuned” Fibre Flocculation
Concept (FFC) it captures some general behaviour that is expected, thus pre-
diction of a minimum after the step and the re-flocculation process. The curves
for the re-flocculation process seem to collapse into a common curve, which is
consistent with experimental data. The study also shows that in CFD simula-
tions for increasing flow rate the minimum value of the measure of flocculation
decreases at the same rate as experimental data, with an underestimation for
the higher flow rates. Furthermore CFD simulations and experimental data
showed that the time scales differ. In the experimental data the flocs seem to
grow at a slower rate than for the simulations. However, the qualitative picture
of the flocculation process is definitely captured by the FFC. Thus the model
is a useful tool in R&D when studying the effect of headbox geometry and flow
rate on flocculation and formation.

1. Introduction

One of the most focused properties of a paper sheet is the formation. A good
dispersion of fibres, equivalent to a good formation, is necessary to insure good
mechanical properties of the paper, e.g. Andersson & Steen (1962) and Nor-
man & Soéderberg (2001). The formation is defined as the small-scale basis
weight variations up to about 40 mm in wavelength, c¢f. Norman & Wahren
(1972) and Norman (1998). The cellulose fibres dispersed in water tend to form
aggregates, i.e. flocs, due to mechanical and non-mechanical factors, which has
been studied experimentally for many years, e.g. Mason (1948), Norman et al.
(1977) and Kerekes (1983). Furthermore the formation of the paper made in

23
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a paper machine is dependent on the state of the fibre suspension flow in the
forming section, i.e. the headbox and the former. In product development of
pulp- and paper process equipment of today, the experimental work is com-
bined with Computational Fluid Dynamics (CFD) modelling. For a cellulose
fibre suspension in water, difficulties will arise with a multi-phase description
due to the flexible long fibres and their many interactions with each other. Few
attempts have been made to model fibre suspensions in turbulent flows, e.g.
Andersson (1966), Hourani (1988a), Hourani (1988b), Steen (1989), and Steen
(1990). The proposed model by Steen, i.e. the Fibre Flocculation Concept
(FFC), for this complex system was based on a one-phase description of the
fluid flow. In his model the fibrous phase is described only by the flocculation
intensity solved as a passive scalar variable. The result of this approach is
that the effects of the fibre phase on a main flow (i.e. average water flow and
turbulence) are neglected. In the present paper the FFC by Steen will be inves-
tigated and compared to experimental data. The experimental data used was
presented for a sudden enlargement of a circular pipe by Karema et al. (2001).
This type of geometry can typically be found in a turbulence generator in a
modern headbox for a paper- or board machine. The aim is to study the dilute
consistency regime, i.e. {1%, that is expected in such equipment. The FFC
is generally based on the governing equation for a general scalar fluctuation,
e.g. Rodi (1993). The rupture term, i.e. the dissipation term, is similar to
the one derived by Rodi but the aggregation terms, i.e. the production terms
are different. The production of a scalar fluctuation is controlled by mean
scalar gradients, while the flocculation aggregation in the FFC is based on that
floc aggregation starts out as a small scale activation of fibres followed by floc
collisions and fibre network settling, cf. Steen (1989), and Steen (1990).

2. Method

The numerical modelling work has been carried out with the commercial CFD
code CFX5, ver. 5.5.1. All the simulations were turbulent, and the turbulent
fluid flow was modelled with the standard k-e turbulence model, with the de-
fault values of the constants provided in the CFD code, cf. CFX (1999-2002).
The geometry outline is the PPP3 reference geometry described in the paper
by Karema et al. (2001). The geometry consists of a circular constriction block,
which gives a contracting step and an expanding step respectively. The outer
and inner diameters were 26 mm and 18.6 mm respectively. Fully developed
inlet boundary conditions were set for all variables (velocity, turbulence and
flocculation intensity) at the inlet of the PPP3 geometry. These boundary
conditions were provided from CFD calculations of a straight long pipe, with
the length to diameter ratio of 50. Further the PPP3 geometry was modelled
as an axial-symmetric 2D case, with a structured discretization mesh. The
total number of elements was 56850. For the near wall treatment, the so-called
scalable wall function was used, cf. CFX (1999-2002). With the scalable wall
function the predictions of the solution will be less sensitive to the choice of
the point nearest to the wall. The flocculation intensity was solved as a passive
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non-reacting scalar variable with the following general transport equation in
the presence of turbulence.

v,

Vo (0U9) = Ve (Ds + 5 )V (p9)) = Sy (1)

With the definition of flocculation intensity,

6= var(c) f B 2o @)
I

where, ¢/, is the fluctuation in consistency, c.., .., is the root-mean-square value

and, ¢, is the mean fibre consistency. This is defined analogous to the definition
originally proposed by Wahren (1967), whereas he defines the intensity as the
square root of equation (2). The effective diffusivity, D.ys, of the passive
scalar is the sum of the kinematic diffusivity, Dy, and the turbulent diffusivity,
ve/Sc; was set to 0.001 and the turbulent Schmidt number, Sc¢;, was set to 0.9
according to the default value in the CFD code. The effective diffusivity will
be further discussed in the results section. The source term includes both the
rate of aggregation of flocs and rupture according to, cf. Steen (1989), and
Steen (1990):

S = p(A—R) (3)

The wall boundary condition for the flocculation intensity was set to zero at
this tentative stage. The same constants presented by Steen (1990), were used
for the flocculation intensity calculations. Exceptions made are the effective
diffusivity, see discussion above, the fibre length and the fibre diameter. For the
fibre properties, values were taken from Karema et al. (2001), i.e. the softwood
kraft (pine), with average fibre length of 2.09 mm and average fibre diameter
of 29.2 m.

3. Results

In Figure 1, measured floc volume and CCD images with its corresponding
median threshold images can be seen for various locations downstream of the
expanding step together with flocculation intensity simulations. The measure-
ments were first presented by Houvila et al. (2000). The flocculation intensity
contour plot, in Figure 1, is based on the present simulations with fully de-
veloped inlet conditions entering the step. The downstream position from the
expanding step of the maximum turbulent kinetic energy for a circular-to-
circular pipe expansion has its approximate location slightly upstream from
the position of the re-attachment point for a pure fluid. In the experimental
work by Karema et al. (2001), they showed that the maximum of the turbulent
fluctuations of the fibrous phase and the minimum floc volume also coincide
approximately with this location. Their measurement of the turbulent state
of the fibrous phase was done with a pulsed ultrasound-Doppler anemometer.
Also d’Incau (1989) clearly showed experimentally that the maximum strain
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rate and minimum macro length scale coincide at approximately the same posi-
tion. The measured dimensionless floc volume for PPP3 geometry and for Pine
at 0.5% consistency for different flow rates shows a decreasing minimum floc
volume with increasing flow rate, cf. Figure 2, Karema et al. (2001). The same
trend was found by Moayed (1999), measuring the flocculation intensity. The
result of Karema et al. in Figure 2, also show how the curves seem to almost
collapse into a common line independent of the flow rates from the point of
minimum floc size and forward. CFD simulations were performed for the same
geometry and flow rates as used by Karema et al. shown in Figure 2. The
flocculation intensity values for the respective axial position were calculated as
area weighted averages of the flocculation intensity field, cf. Figure 3. Also
here the curves seems to collapse into a common curve. The minimum values
are not that pronounced as in Figure 2, but the general trend is the same, i.e.
increasing flow rate decreases the minimum value and vice versa. Furthermore
the values tend to reach a saturation level for the respective flow rate. This type
of saturation behaviour can be seen for another geometry with a smaller step
and the same pulp, cf. Karema et al. (2001). No pronounced minimum after
the step for the same geometry and low flow rates was also shown in the same
paper for a birch pulp, i.e. shorter fibers. Further the figures clearly shows
that the time scales differs, in the experimental data the flocs seem to grow
at a slower rate than for the simulations. This still shows that even with the
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FIGURE 2. Dimensionless floc volume vs. mean residence time
from the step, cf. Karema et al. (2001)
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Ficure 3. CFD simulated flocculation intensity as a function
of mean residence time from the expansion

"non-tuned” FFC the simulations catch some of the physical behaviour. Using
the minimum flocculation intensity/floc volume for the case of lowest flow rate
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to normalise with the minima for the other flow rates, the two curves for nor-
malised floc volume and flocculation intensity minima shows similar behaviour,
cf. Figure 4. However the CFD simulations of the flocculation intensity tend to

1 @ T T T T T

- x - exp. Karema et al. [13]
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FIGURE 4. Normalized values of the floc volume and floccula-
tion intensity vs. flow rate

be lower than the measured floc volume for the larger flow rates. The diffusivity
term was varied, to be able to study the influence on the flocculation intensity
profile, cf. Figure 5. The simulations were carried out for a flow rate of 1.59
1/s in a straight pipe with the inner diameter of 26 mm. In the paper by Steen
(1990), the effective diffusivity was arbitrary set equal to 0.001. This includes
both the kinematic and turbulent diffusivity when introduced in the equation
for a passive non-reacting scalar variable in our case. For a fully developed
fluid flow in a pipe the convective term vanishes. Therefore for vanishing ef-
fective diffusivity only the source term will be significant, and by setting this
term equal to zero, i.e. A = R, it is possible to solve for a fully developed
flocculation intensity profile in the case D.ss = 0, cf. Figure 5. The figure
clearly shows how the presence of diffusivity to various degrees evens out the
flocculation intensity profile. The various effective diffusivity models used are
indicated in the legend of Figure 5. When decreasing the kinematic diffusivity
the centre value, i.e. the peak value, goes asymptotically to a given value. This
means that the diffusivity is dominated by turbulent diffusivity, cf. Figure 5
case Depp = 1.0-107° + 1,/ Sey.

4. Conclusions

Even when using the "non-tuned” FFC it captures some general behaviour that
is expected, thus prediction of a minimum after the step and the re-flocculation
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process. The curves for the re-flocculation process seem to collapse into a com-
mon curve, which is consistent with experimental data. The study also shows
that in CFD simulations for increasing flow rate the minimum value of the mea-
sure of flocculation decreases at the same rate as experimental data, with an
underestimation for the higher flow rates, cf. Figure 4. The CFD simulations
and experimental data showed that the time scales differs. In the experimental
data the flocs seem to grow at a slower rate than for the simulations. There
is a need to determine the time constant for the FFC concept. The actual
magnitude of the effective diffusivity term is also necessary to study further,
cf. Figure 5. It is worth to point out here, that all the simulations for the fluid
flow was described as single phase with no coupling from the fibrous phase.
Therefore the re-attachment point was always underestimated for the simula-
tion cases, which is a well-known inaccuracy of the standard k-e turbulence
model and an effect of the non-coupling in momentum exchange between the
phases. It is known that turbulence is influenced by the addition of fibres in
water, e.g. Norman et al. (1977). Thus the use of this one-phase approach
shows on a need of a modification of the turbulence model, which takes into
account additional production and dissipation. There is a lack in literature of
such modifications in turbulence for the presence of flexible long fibres. Still
several articles on the interaction between particles and turbulence of the fluid
phase have been published, e.g. Hestroni (1989) and Gore (1989). CFD model-
ing of a turbulent multi-phase flow is a challenging problem and all phenomena
will be hard to capture in detail. But, even such a relatively simple model
like the FFC, can predict flocculation tendency at least qualitatively correct.
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Thus the model is a useful tool in R&D when studying the effect of headbox
geometry and flow rate on flocculation and formation.
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The flocculation behavior in a planar contraction is studied numerically. Two fi-
bre flocculation models in the literature have been implemented and reviewed,
namely the Fibre Flocculation Concept (FFC) introduced by Steen versions
1990 and 1993 respectively. Moreover various turbulence models is studied in
conjunction with the fibre flocculation models. The result reveals large differ-
ences in the magnitude of the flocculation intensity between the two flocculation
models. Starting at an equilibrium between aggregation and rupture the later
model, FFC-1993, gives lower magnitude of flocculation intensity. Since the
fibre flocculation model uses the turbulent quantities, such as k and ¢, is the
numerical prediction of these is a crucial feature. The standard k—e turbulence
model will predict an un-physical behavior of the normal stress, in the direction
of the contraction, and therefore also predict an un-physical fibre flocculation.
The Reynolds Stress turbulence models gives a better qualitative prediction of
the turbulence quantities than the isotropic standard k — ¢ turbulence model.
Fibre properties, i.e. fibre length and diameter, will by comparison predict
different behavior of flocculation intensity evolution in a planar contraction
with FFC-1990 for typical headbox flows. Longer fibres are activated easier
and from an equilibrium state at the inlet the flocculation intensity increases
throughout the contraction. A shorter fibre such as birch will predict the oppo-
site. In addition both long and short fibres will give an increase in flocculation
intensity starting from a non-equilibrium state at low intensity. This trend is
supported in experimental result from the literature.

1. Introduction

Cellulose fibres dispersed in water tend to form aggregates, i.e. flocs, due to
mechanical and nonmechanical factors, studied experimentally by e.g. Mason
(1954), Norman et al. (1977) and Kerekes (1983). The state of these aggregates
in the forming section, i.e. the headbox and the former, of a papermachine de-
termines the formation of the final paper made. For a numerical modelling of
a cellulose fibre suspension in water, difficulties will arise with a multi-phase
description due to the flexible long fibres and their many interactions with each

35
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other. Few studies are reported in the literature to model fibre suspensions in
turbulent flows, e.g. Andersson (1966) , Hourani (1988a), Hourani (1988b),
Steen (1990), Steen (1993), Plikas et al. (2000), Kuhn & Sullivan (2001) and
Hyensjo et al. (2003). The model proposed by Steen, i.e. the Fibre Flocculation
Concept (FFC), is based on a one-phase description of the fluid flow. In his
model the fibrous phase is only described by the flocculation intensity solved
as a passive scalar variable. The result of this approach is that the effects of
the fibre phase on a main flow (i.e. average water flow and turbulence) are
neglected. The FFC is based on the governing equation for a general scalar
fluctuation, e.g. Rodi (1993). The rupture term, i.e. the dissipation term, is
similar to the one derived by Rodi (1993) but the aggregation term, i.e. the
production term is different. The production of a scalar fluctuation is usually
controlled by mean scalar gradients, while the flocculation aggregation in the
FFC is based on that floc aggregation starts out as a small scale activation of
fibres followed by floc collisions and fibre network settling, cf. Steen (1990)
and Steen (1993). In the work by Plikas et al. (2000) and Kuhn & Sullivan
(2001), a similar analogy with a general scalar fluctuation is used. However
both dissipation and production terms are based on model constants which are
calibrated against experimental data by Moayed (1999). This makes it appli-
cable only for that particular grid-generated turbulence flow cell.

In the present paper the FFC by Steen is investigated in a planar contraction,
which is a typical geometry in a headbox just before the free jet. Two slightly
different versions of FFC is reported named here as FFC-1990 and FFC-1993,
cf. Steen (1990) and Steen (1993). Results from these two versions are pre-
sented and the difference of them are discussed. Various parameters, e.g. fibre
properties, i.e. fibre length and diameter, flow rate and the state of the fibre
suspension is considered and studied. Furthermore the aim is to study the
dilute consistency regime, i.e. <1%, which is expected in papermaking.

2. The Fibre Flocculation Concept - FFC

The flocculation intensity, ¢, in FFC is solved as a passive non-reacting scalar
variable with the following general steady state transport equation:

Ve (pUg) =V e (TyV(p9)) = Sy (1)

with the definition of flocculation intensity, ¢,

var(c) 2 12

where, ¢/, is the fluctuation in consistency, ¢/ is the root-mean-square value
b b ) ™ ms’

and, ¢, is the mean fibre consistency. This is defined analogous to the defini-
tion originally proposed by Wahren (1967), were the intensity is defined as the
square root of the right hand side of equation (2). T', is the effective diffusivity
of the passive scalar which for the original FFC was set to an arbitrary value of
0.001. For a true turbulent case it includes both the kinematic diffusivity and
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the turbulent diffusivity. Hyensjo et al. (2003), study the effect of various effec-
tive diffusivity values on the flocculation intensity profile for a fully developed
pipe flow with FFC-1990. The source term, Sy, includes both aggregation of
flocs and rupture which will be discussed further in the following sections. It
is mainly the source term that differs between the two version available, FFC-
1990 and FFC-1993. Furthermore since the source term for FFC describes the
main action concerning the flocculation process, this is the foremost feature
for a successful flocculation model. In FFC the turbulence fluctuations are
divided into large scales and small scales. The intensity of the large scales are
expressed for the isotropic turbulence case as the root-mean-square value of
the turbulence fluctuations:

Urs = 2k (3)

rms 3

The small scales are the Kolmogorov scales in the flow and the velocity and
length scales, are expressed as:

3
wt = 1.74(ve)V4, 1* = 1.43(%)1/4 (4)

In FFC the ratio of the velocity scales, v = u*/ul.,,, defines the volumetric

fraction of the fine structure region and (1 — ) defines the fraction of the large
scale region. The FFC postulates moreover that the large scale region, (1 —~),
will contain flocs and in the fine structure region, ~, there will only be single
fibres. Therefore the average consistency in the large scale region, i.e the floc
consistency, is defined as:

Cfloc = c+ c/rms (5)

Furthermore the definition of the mean consistency is expressed in terms of the
average fiber consistencies in respective region as:

E:Cfloc(l _’7) —|—C*’}/ (6)

where ¢* is the consistency of the fine structure region. The mean consistency
in the FFC is either prescribed to a constant, homogenous value, or calculated
from an average conservation equation for the fibrous phase. The root mean
square of the fibre consistency fluctuations, ¢, ., is given by the solution of

equation (2), and equation (6) then defines the value of ¢*.

2.1. The Fibre Flocculation Concept - 1990

The source term, Sy, has the following definition for the FFC-1990, cf. Steen
(1990), which includes both aggregation, A, and rupture, R, of flocs:

So = p(A—R) (7)
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The rupture term, R, is based on the analogy to the turbulent energy cas-
cade where a passive scalar under assumptions of isotropic and homogeneous
turbulence can be modelled as:

R= cﬂ%qs (8)

The constant, Cyy is a constant, specifying the ratio of the time scale charac-
terizing the scalar fluctuation to that characterizing the velocity fluctuation, cf.
Rodi (1993). This can vary from 1 to 2 depending on the flow considered, cf.
Launder (1977). In the FFC, C/o, is set to 1. Now, aggregation is supposed to
be a result of collisions between the free fibres in the fine structure regions and
flocs in the large structure regions. The aggregation, A, may then be written
as the product of three factors, A1, A2 and A3, representing different physi-
cal effects. Firstly, the average probability of collisions is proportional to the
product of the respective average volumetric concentrations of free fibres, ~yc*,
and flocs, (1 — ¥)cfioe. Thus

Al = ~v¢" (1 — )¢ fio0e (9)

Secondly, the rate of aggregating collisions is assumed proportional to the in-
verse of the Kolmogorov time scale, 1/7 = «*/I*, and the resonance energy
transfer coefficient, f(;%). Then,

u* o w
A2= p(2) (10)
where (22
w wo
T e ey 2 .
with
* 4FET
w = %,wo = /7(172[4 (12)

where [ is the fiber length and d, the fiber diameter, EI, the stiffness of a fiber,
and (3, damping factor. At last a factor A3 accounts for a finite settling time
, tri, for a free or surface fibre of a floc after collision. If ¢;; is longer than
a typical floc-fibre contact time, t’, estimated by the time scale of the largest
eddies, k/e, then the collision is less efficient. Therefore,

¢ k1

A3 = ~—
triv  Etrp

(13)

The complete aggregation term, A, is then expressed as:

A= CfléA1A2A3 (14)
C
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where Cyy is set to 1. Now making equation (1) dimensionless by dividing
with pUp/L. Motivation for this is to find out the dependent variables for
the dimensionless aggregation and rupture term. This gives the dimensionless
source term, Sy,

Sy _ p(A—R)
5=y = (15)
L L

scaling now k with U3 and ¢ with U3 /I, where I. is the dissipative length scale,
giving,

~ kK _ el
7 E= 5 (16)
The inlet boundary conditions,
—2 3
ke — Us (T + Too + Tao) — 3Us T, _k§ 17
0 — 9 - 9 , €0 = I ( )
€
and in dimensionless form,
—2
~ 3T, - =3
]{/‘0 = 70, Ep = k‘Og (18)

where Ty is the average turbulence intensity. Equation (18) shows that the
dimensionless inlet turbulent quantities is only a function of the average tur-
bulence inlet intensity. The rupture term, R, in dimensionless form will fur-
thermore be,

pR € Ug 1 L gL
PO Cre kL (19)
This gives the inlet dimensionless Rupture term,
_ ~ L 3 L
Ro = Cpok? 2o = Cpy f:ro (20)
I 271,

Showing that the inlet dimensionless rupture term is dependent on the turbu-
lence intensity at the inlet and the dissipative length scale. Now the aggregation
term can be rewritten with Equations (2), (6) and (14) as,

w 1745 1k 1
A= 1-(1—-7)(1 1-9)(1 21
pA = pCpi| + /9 VO )T EC) Tha @

or

w 174 k1
A= 1-(1-7)(1 J(1—)(1 — 22

Furthermore the following observation can be made, ie.,

*2 VUi(? ~ =
2= 2 7174“ 31.74“ ;Eﬁ—?ﬁm2 v_ve (23)

’y:

’I"’ITLS 0 E B 2 UOZE k
Now, defining a Reynolds number based on the dissipative length scale,
Uol
Re;, = —2=< (24)
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the dimensionless aggregation term together with Equations (22), (23), and
(24) gives,

A w 1.74 E L
i = pCii[l = (1= )1+ /81— 7)1+ \/@]f(wj)@mﬁm
(25)

Equation (25) shows that the dimensionless aggregation term is dependent
on velocity as 1/4/Up. Note also that the function f is dependent on the
Kolmogorov scales. w = u*/I*.

2.2. The Fibre Flocculation Concept - 1993
The source term for the FFC-1993 version is defined as follows, cf. Steen (1993):
Sy=A—pR (26)

where the rupture term, R, has the same definition as in equation (8). Note
that now the aggregation term is not multiplied with the density, p, cf. equation
(7). The aggregation term on the other hand is modified to be:

1
A= 076—2(é)2A1A2A3 (27)

The constant, C~, is set to be 1E-3. The term Al is now:
Al =7c"(1 = 7)(cpioc =€) = " (1 = 7) s (28)

which differs from FFC-1990 by the second factor, cf. equation (9). The
floc consistency, ¢ + .4, is now reduced by the fine structure consistency,
c¢*. Furthermore in the A2 term the resonance energy transfer coefficient, cf.
equation (11), is not allowed to be lower than 1/3%, when w* > wy. The A3

term is similar to that in FFC-1990, cf. equation (13).

2.3. Summary of the Fibre Flocculation Concept

There are four differences between FFC-1990 and FFC-1993. Firstly in the
source term the density is not multiplied with the aggregation term, cf. equa-
tions (7) and (26). This will in a closer look lead to inconsistency with units.
Secondly, disregarding this fact, the aggregation term has decreased 100 times
in magnitude. This by comparing equations (7),(14),(26) and (27) and using
I = 3mm and d = 30um. Thirdly in equation (28), the A1 factor is proportional
to the intensity of the consistency fluctuations, ¢,.,,.. This can be interpreted
that with no variation in consistency there will be no aggregation. Moreover
since Al in both FFC-1990 and FFC-1993 is proportional to fine structure
consistency, c¢*, the aggregation term will vanish if all the fibres are located in
the large scale region as flocs, i.e. if ¢* is zero. Fourthly the resonance energy
transfer coefficient which is a distribution function with maximum at resonance
frequency, is restricted to a value of 1/32, for frequencies higher than, wg. This
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is motivated with that other eddies in the turbulent structure may be able to
activate fibres for w* > wy.

3. Method

The numerical modelling work has been carried out with the commercial CFD
code CFX5, ver. 5.5.1. The flow was modelled with three different turbulence
models, the standard k-e model, the Reynolds Stress model (LLR-IP) and the
Omega-Reynolds Stress model (SMC-w) with default values of the constants
provided in the CFD code, cf. CFX (1999-2002). Exception made for the
dissipation length scale, which has been varied for the k-¢ model, see further
results section. The geometrical outline modelled is provided from the work by
Parsheh (2001). The geometry is due to symmetrical reasons modelled as the
upper half of a planar contraction, cf. Figure 1.

wall

025 m

symmetry
143m

0018m

FIGURE 1. The geometrical outline, cf. Parsheh (2001), mod-
elled as a half planar contraction (Note: Out of scale.)

For the near wall treatment, the so-called scalable wall function was used, cf.
CFX (1999-2002). The structured grid has 100 elements in height and 500
elements along the channel length and 1 element in the depth. The density
p = 998kg/m? and the dynamic viscosity u = 1-10"3kg/ms. Inlet boundary
conditions for the velocity components were set to, Uy = 0.18m/s, Wy = 0 and
potential flow was considered for V} giving:

2Q) tan @

Vo=t "7
0~ 2Ltand + n)2”

(29)

Here @, is the flow rate, 6, the half angle of the contraction, L, the length of the
contraction and, h, the height of the contraction. These settings gives an outlet
velocity of 2.5 m/s, which corresponds to a headbox jet speed of 150 m/min.
Studies are also made for typical headbox flows, giving jet speeds of 1000, 1500
and 2000 m/min. For the inlet boundary conditions of the turbulent quantities
ko and &g, the turbulent intensity, Ty,o = 3.6%, T0 = 3.8% and Ty9 = 3.5%,
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measurements by Parsheh (2001) were used (case Cl4gl, C = 13.8):

UZ (T2 + T2 + T2 kg
_ O( u0+ 1J0+ wO) g0 = 0 (30)

k
0 2 ’ 1.

The above values for turbulence intensities was used in most of the cases in
results section if nothing else is specified. The inlet flocculation intensity value,
g, was obtained from the aggregation term, A, set equal to the rupture term,
R, with given kg and £y, which corresponds to a fully developed flocculation
field with a vanishing convective term, and with the effective diffusivity term
neglected. In view of the fact that the single phase velocity field is not fully
developed at the contraction inlet this assumption is a simplification of the
true conditions which are not known. Two different wall boundary conditions
have been studied for the flocculation intensity namely zero value, ¢ = 0, and
zero gradient, d¢/dn=0. For FFC-1990 and FFC-1993 the following values
has been used; = 3mm, d = 30um, tfy = 1s, 8 = 10, Cpy =1, Cp2 =1,
Cr;=1-107% and EI = 1-10"'2Nm?. The effective diffusivity, I's, includes
both the kinematic diffusivity, Iy, and the turbulent diffusivity, I';, according
to:

Vi
I'y="T =T —_— 31
o =Tk +14 k+Sct (31)

T}, is set to 0.001m? /s. Sc¢; corresponds to the turbulent Schmidt number which
is set to 0.9 according to the default value in the CFD code. The definition of
the kinematic eddy viscosity, v, is dependent on the turbulence model applied,
cf. CFX (1999-2002). In FFC-1990 and FFC-1993 an even mean consistency
is assumed.

4. Results

Measured, by Parsheh (2001), and modelled normal components of the Rey-
nolds Stresses along the centerline of a planar contraction is shown in Figure
2. The local contraction ratio, C, is defined as:

U
0= (32)

where U is the local velocity along the centerline and Uy is the inlet velocity.
The normal component of the Reynolds Stress in the x-direction, the direction
along the contraction, shows a good prediction. The other two components
fails in prediction. Similar results is shown by Parsheh (2001), using an alge-
braic Reynolds Stress and differential Reynolds Stress models. Development of
the turbulent kinetic energy along the contraction centerline normalized by the
inlet values for different turbulence models compared with experimental data
provided by Parsheh (2001), is shown in Figure 3. The turbulence models
compared are the standard k- model, the Reynolds Stress model (LLR-IP)
and the Omega-Reynolds Stress model (SMC-w). Additionally the standard k-
€ model is computed with two different dissipative length scales, which provides
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15-
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FIGURE 2. Measured, by Parsheh (2001), and modelled nor-
mal components of the Reynolds Stresses along the centerline
of a planar contraction

— = k-e:l =40.2mm
k-g: \t =10.2mm
" RSM(LLR-IP) -
~ SMC-w -
O Exp. Parsheh et al.(2001) -

0 5 10 15

Ficure 3. Turbulent kinetic energy normalized with inlet
value for different turbulence models compared with experi-
mental data provided by Parsheh (2001)

separate inlet boundary conditions for k and . To achieve a good prediction
Parsheh (2001) demonstrates the importance of choosing a appropriate dis-
sipative length scale for a Reynolds Stress model and a Algebraic Reynolds
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Stress model. A decrease of the dissipative length scale will restrain the turbu-
lent components. The Reynolds Stress models are modeled with a dissipative
length scale of 10.2mm. The commercial code, CFX, recommends to use 0.3
times a typical length scale, which can be for example the hydraulic diameter
or mesh size. Furthermore in Figure 3, the Reynolds Stress models seems to
give a better qualitative agreement with experimental data. Figure 4 reveals a

250

22
ufug B
- - v/v0 /
200 1 wiw, ’ -
o /
/
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7/
’
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100 4 —
’
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-
50(- .7 4
oF e e T T 4
50}~ 4
-100 b
-150 . -
0 5 10 15

C

FI1GURE 4. Turbulent normalized components along the con-
traction line modeled with the k- turbulence model

background as to why the k- turbulence model fails to predict the turbulent
component in such flows. In a flow with a high rate of strain the k-¢ model
will overstress k and v2, which will lead to a negative u?, cf. Parsheh (2001),
where the different normal stresses are evaluated according to:

— 2 ou

— 2 oU

v =Skt u(25-) (34)
W:zk-ﬁ-ﬁ:%k (35)

The evolution of flocculation along the centerline in a planar contraction is here
quantified with the normalized flocculation intensity, ¢/¢o (¢po = 3.57 - 1073),
cf. Figure 5. Two different turbulence models with FFC-1990 are compared,
the k- and the Reynolds Stress model (LLR-IP). Also for the Reynolds Stress
model two different boundary conditions for the flocculation intensity, ¢, are
tested, zero value, ¢ = 0, and zero gradient at the wall. As can be seen the k-¢
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T T T
— - k-¢ with dg/dn =0 at the wall
RSM(LLR~IP) with dg/dn = 0 at the wall
—— RSM(LLR-IP) with @= 0 at the wall
16 q

141 B

121 q

FIGURE 5. Normalized flocculation intensity with inlet value
along centerline of the contraction for different turbulence
models with FFC-1990

turbulence model will give a non physical behavior of the flocculation intensity
development due to factors described earlier. The Reynolds Stress Model (LLR-
IP) gives a more intuitive description of the flocculation behavior in a planar
contraction. The outlet value of the flocculation intensity is dependent on
which boundary condition for ¢ that is chosen. The case with isolated wall
boundary condition, d¢/dn=0, gives the highest flocculation intensity outlet
level. This due to the fact that the quantity, ¢, is globally preserved in the
planar contraction. In Figure 6 normalized flocculation intensity (¢o = 3.57 -
10~3) outlet profiles of the contraction for the two different boundary conditions
is shown. As can be seen the profiles have the same shape but the case with
d¢/dn=0, is shifted towards higher values. The result from the two versions,
FFC-1990 and FFC-1993, are shown in Figure 7. These simulations are made
with the RSM (LLR-IP) turbulence model and with d¢/dn=0 at the wall and
an even mean consistency is assumed for both FFC-1990 and FFC-1993. The
difference in result for the equilibrium inlet of the flocculation intensity between
the versions are striking. The flocculation intensity at the inlet ¢g = 2.39-107°
for FFC-1993 which is six orders of magnitude lower that for the FFC-1990.

This is partly a result of the fact that the aggregation term includes a factor
100 times smaller in FFC-1993 than FFC-1990, cf. equations (7), (14), (26),
and (27). This will give a lower level of equilibrium for the equations. The
normalized flocculation intensity, ¢/¢o, has qualitatively the same behavior in
the two cases, although FFC-1993 gives values below that of FFC-1990. The
signification of the local equilibrium state, A = pR for FFC-1993, is illustrated
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F1GURE 7. Normalized flocculation intensity with inlet value
along centerline of the contraction for the two different versions
FFC-1990 and FFC-1993

in Figure 8. When solving for A = pR along the contracting the convective and
diffusive terms are neglected. The solution is allowed to find a local equilibrium
for a value of the normalized flocculation intensity, ¢/¢g (¢o = 2.39 - 1079),
in every position along the contraction. Now, the full solution of FFC-1993
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FicUrRE 8. The significance of the convective and diffusive
term along the contraction for FFC-1993

shows the significance of including convective and diffusive terms. Thus, the
flocculation process is far from being at equilibrium along the contraction.
The discrepancy is largest in the final part of the contraction were the velocity
acceleration is dominating. The development of the source term, Sy, along
the contraction centerline for FFC-1993 and RSM(LLR-IP) turbulence model
is shown in Figure 9. In the beginning there is a negative value, i.e. the source
term is rupture dominating cf. equation (26). This is also illustrated in Figure
7, where the normalized flocculation intensity is decreasing. At a x/L value
of about 0.84 the source term is shifted to be dominated by aggregation. In
Figure 7 this can be seen that the gradient is decreasing towards the region of
x/L values of about 0.8 to 0.9. The effect of the rapid increase of the source
term is not seen in Figure 7. This is a consequence of the increased turbulence
generated close to the wall in vicinity of the outlet accelerating channel were
the rupture term will be dominated. This will effect the centerline even though
the source term is positive. The effect of increasing or decreasing magnitude
of the source term for FFC 1990 is illustrated in Figure 10. As the magnitude
of the source term is increased will this drive the solution to the equilibrium
state, i.e. Aggregation equals Rupture (A=R). The opposite with decreasing
magnitude of the source term gives a trend towards the solution of S=0, i.e.
flocculation intensity value preserves with the value of unity for the case with
d¢/dn=0 at the wall. The inlet value of the flocculation intensity has been
chosen in earlier figures to be at equilibrium state with the inlet turbulence
quantities kg and €g. In a real headbox contraction will this not most likely
be the case. In experimental work by Karema et al. (2001) a sudden pipe
expansion is considered and equilibrium state is achieved further downstream
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FI1GURE 9. The development of the source term along the cen-
terline of the contraction with FFC-1993 and RSM(LLR-IP)
turbulence model

of the step than the length of a typical turbulence generator secondary tube.
On the other hand the result by Karema et al. (2001) demonstrates that a
longer Pine fibre in combination with a smaller step, then equilibrium state is
achieved faster. This is to be taken into careful consideration when studying
specific cases. Varying the magnitude of the inlet value of the flocculation
intensity will give different result of the evolution of the flocculation intensity
through out the contraction, cf. Figure 11. For a non-equilibrium state there
will be a increase of the flocculation intensity instead of the decrease shown
in a equilibrium case. With a almost homogenous fibre suspension, i.e. low
flocculation intensity value of 0.01¢y there will be a continuously increase of
the flocculation intensity value with the most rapid increase in the beginning
of the contraction. Now comparing FFC-1990 and FFC-1993 for the same case
is the difference in result striking, cf. Figure 12.
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F1GURrE 11. Different inlet values for ¢ with FFC-1990

4.1. Typical Headbox flows

Increasing the velocity in the contraction will increase the convective part. This
will furthermore reduce the time scale, which is important for the flocculation
process, cf. Karema et al. (2001). The importance of time when increasing
the velocity, thus reducing the time scale, is predicted with FFC-1990, cf. Fig-
ure 13. The inlet turbulence level, i.e. k, and eg, is kept the same for the
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FIGURE 12. Development of the normalized flocculation in-
tensity for inlet values of 0.01 for both FFC-1990 and FFC-
1993

different velocities, and this corresponds turbulence intensities 5.45%, 4% and
2.73% with increasing velocity respectively. As can be seen in Figure 13 a), a
jet velocity of 33.33 m/s, have the shortest residence time in the contraction
and therefore the lowest outlet flocculation intensity value. In Figure 13 b),
the normalized flocculation intensity with normalized position along the con-
traction is shown. The convective dependency or the time scale is also here
illustrated giving a lower normalized flocculation intensity gradient with in-
creasing velocity. Note that the flocculation intensity value now will increase
from an equilibrium inlet value in contrast with the case earlier, cf. Figure
13, 5 and 7. This is a consequence of the f-function in equation (11) which
will strongly activate the aggregation term. The f-function has its maximum
value at resonance frequency, wp, i.e ratio w/wy = 1. The eigenfrequency, wy,
is a function of fibre dimensions and the stiffness of the fibre, cf. equation
(12). Varying the inlet turbulent energy will also change the equilibrium inlet
condition, cf. Figure 14. With the two lowest turbulence intensities, i.e. lower
activation energy, the flocculation intensity will decrease in the beginning of the
contraction and thereafter develop accordingly to the other cases. The highest
turbulence intensity will give the lowest outlet flocculation intensity value. The
difference in inlet values is larger than the difference of the final outlet values.
Different fibre dimensions, e.g. Pine or Birch, will accordingly to the FFC have
unique fibre flocculation property. A shorter fibre, e.g. Birch, will have a higher
eigenfrequency, and therefore need more turbulent energy in the Kolmogorov
scales,cf. equation (4), to be activated for aggregation. The equilibrium floccu-
lation intensity values for different fibre dimensions and for varying turbulence
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FIGURE 13. a)Development of the normalized flocculation in-
tensity with increasing flow rate for FFC-1990 with residence
time. b) The normalized flocculation intensity with normal-
ized position along the contraction

levels with a given dissipation length scale are shown in Figure 15. Starting
from a totally homogenous fibre suspension, ¢., = 0, the longer fibre with the
lower eigenfrequency will be activated more easily since the Kolmogorov scales
have enough energy for activation. Now comparing the case with turbulence
intensity of 1% accordingly the longer fibres have a higher level of equilibrium
flocculation intensity value. It is known that longer fibre or higher consistency
will enhance mechanical flocculation due to a collision mechanism, eg. Mason
(1948). The frequency of fibre collisions is increased in both cases. In Figure 15
is this illustrated that the flocculation intensity with a longer fibre is enhanced
earlier and it will give higher maximum value of flocculation intensity. If the
turbulence intensity is increased further a local maximum is reached. After the
maximum the FFC-1990 postulates that the collisions will be less efficient as the
typical contact time, t' ~ k/e ~ . /\/ko, is shorter than the settling time, ¢,
cf. equation (13). The local maxima is present for all the three fibres compared
and it is shifted towards higher turbulence intensity value for shorter fibres due
to its higher eigenfrequency. High enough turbulence intensity will give almost
the same level of equilibrium flocculation intensity for all the three compared
fibres. Experimental result by VI'T Energy/Metso Paper Inc. provides some
results on the development of floc length in CD direction for different outlet
jet velocities in a planar contraction for a Birch fibre, cf. Figure 16. As can be
seen the floc size for the particular contraction will increase, i.e. reflocculation
takes place in the contraction. This was also demonstrated by Karema et al.
(2001) in a contraction with vanes. In Figure 17 a) the modelled flocculation
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F1GURE 14. Development of the flocculation intensity for dif-
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F1GURE 16. Experimental result of CD floc length in a planar
contraction by permission from Metso Paper Inc/VTT Energy
Jyvaskyld, Finland. Birch fibre dimensions: 1=0.96mm and
d= 18.9um.

intensity evolution with FFC-1990 for a planar contraction with fibre dimen-
sions, 1=3mm and d= 30pm is shown and in b) with fibre dimension for Birch,
i.e. 1=0.96mm and d= 18.9um. The modelled result shows different behavior
for the case starting from a equilibrium state. The Birch fibre will decrease
through out the contraction while the longer fibre will increase in flocculation
intensity. The experimental result in Figure 16 indicates that the floc volume
will increase for a planar contraction. For the non-equilibrium case, 0.01¢g,
both fibre dimension cases predict an increase in flocculation intensity.
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FIGURE 17. a) Modelled flocculation intensity with FFC-1990
in planar contraction with fibre dimensions: 1=3mm and d=
30pum. b) Modelled flocculation intensity with FFC-1990 in
planar contraction with Birch fibre dimensions: 1=0.96mm and
d= 18.9um.

5. Conclusions

The following conclusions can be drawn from this study:

1. Flocculation models proposed by Steen, i.e. FFC-1990 and FFC-1993,

is dependent on turbulence quantities, such as k and ¢, consequently a
careful consideration of turbulence models for a specific flow geometry
is of great importance.

. Results reveal large difference in the magnitude of the flocculation inten-

sity between the two flocculation models. Starting from a equilibrium
between aggregation and rupture the later model, FFC-1993, gives a
lower magnitude of flocculation intensity.

. The importance of residence time in the contraction is predicted by

means of increasing the flow rate. Result clearly shows that the short-
est residence time, i.e. highest flow rate, gives the lowest outlet value of
the flocculation intensity. Experimental result by Karema et al. (2001)
suggests the same behavior.
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4. From an equilibrium state of the flocculation intensity, for which the
rates of aggregation and rupture are equal, a longer fibre predicts an in-
crease in flocculation intensity in the planar contraction, while a shorter
Birch fibre suggests the opposite. On the other hand both fibre types
predicts an increase in flocculation intensity from a non-equilibrium
state. This trend is also indicated by experimental results.
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A model of the effect of turbulence generating vanes and its location in a planar
contraction for predicting fibre orientation distribution is proposed. Simultane-
ously with CFD simulations and with experimental data, the non-dimensional
rotational dispersion coefficient has been determined for the extended 1D head-
box model. Furthermore the behavior of turbulence generating vanes types,
i.e. blunt and tapered, and the location of such has been studied. For different
streamlines in the contracting channel, the one dimensional fibre orientation
distribution model is solved, and the fibre orientation distribution is studied
along streamlines near the vane wall and vane tip and further away. The model
reveals the effect of the vane tip and the wall boundary layer on fibre orientation
distribution. The boundary layer will for both in the plane of paper and in the
plane of contraction wider the fibre orientation distributions, i.e the fibres will
be less oriented. For the outlet profile of the contraction the fibre orientation
distribution will be more effected by the blunt vane tip than the tapered vane
tip. The model is validated with experimental results in literature and a good
qualitatively agreement was archived.

1. Introduction

In papermaking a cellulose fibre suspension in water is formed and dried into
a continuous paper web. The formation of this web in a paper machine begins

59
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in the wet end or in the forming section. In the forming section the dilute fibre
suspension is accelerated by passing through a contracting duct and evenly
spread out as a jet onto a moving fabric or into a gap of two moving fabrics.
The jet can be about 10mm thick and 10m wide. The formation, i.e. the
small scale basis weight variation, is dependent on the state of fibre suspension
in this forming section. To ensure a good formation the fibres must be evenly
dispersed in the suspension. The paper strength properties in machine direction
and cross-machine direction as well as in thickness direction (i.e. z-direction)
are important for runnability and dimensional stability of the paper sheet in
copying and printing machines. The strength properties are determined by
chemicals, fibre type and preparation, but also largely by anisotropy of fibre
orientation distribution. Many of the final paper properties is based upon the
state of the fibre suspension in the early stage of the process, e.g. Norman &
Soderberg (2001). As the jet hits the moving fabric the state or the history of
this jet is essential. The jet is formed in the so called headbox. The headbox
ensures that the jet leaves with a specific state depending on the type of paper
web to be produced. The interaction between this jet and the moving fabric(s)
is a main feature for achieving the desired final result. For example in high
speed printing it is desirable to have high tensile strength in the direction of
the paper feed. For other application such as sack paper it is required to have a
uniform distribution and orientation distribution of the fibres. The state of the
jet can be modified in various way, one way is to vary the contraction ratio, i.e.
the ratio between the inlet height and outlet height of the contracting channel.
By increasing the contraction ratio it is known that it significantly increases the
fibre alignment, e.g. Ullmar (1997), Ullmar (1998) and Zhang (1998), and this
can essentially change the final paper properties, e.g. Nordstrém & Norman
(1994) and Séderberg & Kiviranta (2003). Other ways is to insert vanes into
the contracting channel of the headbox. These vanes depending on type and
length generate turbulence and this can disperse and disorient fibres, i.e result
in a more uniform sheet by means of final strength of the paper. The effect
of the vane tip location on fibre mixing was experimentally studied by Lloyd
& Norman (1998). This was done by dying a layer of pulp fibres blue, passing
them through a hydraulic headbox and then scanning a finished sheet of paper
for the variation of blue content. Their results showed that different vane
locations can in fact lead to different levels of mixing. Conventional headboxes
use also a slice bar near the exit to control the cross machine direction (CD)
basis weight profile. Simultaneously it also affects to fibre orientation angle.
When modern headboxes of today utilizes dilution water to control the CD basis
weight profile, the slice bar can be used just to adjust fibre orientation angle
profile. Unfortunately very little is known on neither the effect of turbulence
vanes, nor on the effect of a slice bar or headbox geometries, all of which can
have a significant effect on fibre orientation anisotropy.

The main purpose of this study is to use numerical modelling to evaluate the
effect of turbulence generating vanes and wall boundary on fibre orientation
distribution in a planar contraction. In this paper an approach to use the
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CFD modelling as an input for the extended one dimensional headbox model is
illustrated. Earlier modelling studies have neglected the influence of turbulence
in an accelerated fluid flow, e.g. Zhang (1998), Olson (2002) and Akbar & Altan
(1992). The rotational dispersion coefficient, in the extended one dimensional
headbox model, will be determined with CFD analysis, and validated with
experimental data presented in the work by Ullmar (1998). The rotational
dispersion coefficient has been related to turbulence quantities, cf. Olson &
Kerekes (1998), Olson (2001) and Krushkal & Gallily (1988). The relationship
is based on Kolmogoroffs local isotropic hypothesis for very small eddies of
the turbulence spectrum, cf. Equation (4). When the rotational dispersion
coefficient is determined, arbitrary geometries with or without vanes is studied.
In the experimental work by Asplund & Norman (2003), the fibre orientation
anisotropy in a jet after a planar contraction with vanes was regarded. Result
from this study has been used as a validation and comparison of the extended
one dimensional headbox model in this paper.

2. Modelling Approach

In tracking particles in any flow, one of two approaches can be used. A La-
grangian model is based on solving the equations of motion for an individual
particle in a given flow field. The fibres orientation and position distribution
are then determined from the statistics of a collective ensemble of trajectories.
An Eulerian model is based on determining a probability distribution func-
tion (PDF) of the fibre orientation and position in a fixed geometric space. In
application to turbulent flows, two components must be considered: a mean
component and a fluctuating component. The Eulerian PDF is determined by
solving a convection-dispersion equation where the mean component of the flow
transports the fibres position and orientation distribution, while the fluctuating
component disperses fibres against the gradient of the position and orientation
distribution. The major advantage to the Eulerian model is that it requires far
less computation time, which is often a practical advantage for many engineer-
ing applications, and has the potential to account for the effect of increasing
particle concentration. Firstly in this section the fluid flow CFD modelling
setup will be described and then the theory of the extended one dimensional
headbox model.

2.1. CFD simulation

The Computational Fluid Dynamics calculations for the fluid flow has been
carried out with the commercial CFD code, CFX5, ver. 5.6. The geometrical
outline in this study has experimentally been studied by Parsheh (2001). The
geometry consists of a planar contraction with one vane in the centreline of
the contraction. Two of the four different vane tips in the work by Parsheh
(2001) have been studied here, i.e. the blunt and the tapered one. All the
simulations were turbulent, and the turbulent fluid flow was modelled with the
omega-Reynolds Stress Model turbulence model, with the default values of the
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constants provided in the CFD code, c¢f. CFX (1999-2002). Different turbulence
models were examined by Parsheh (2001), and the isotropic k-¢ turbulence
model failed to describe the turbulence quantities in a planar contraction, while
LLR-Reynolds Stress Model and Algebraic Reynolds Stress models did perform
better. This motivates the use of the Omega-Reynolds Stress Model instead
of an isotropic model. Boundary conditions for the inlet was set to a specified
velocity corresponding to the same flow rate as in the work by Parsheh (2001),
i.e equal to a Reynolds number of 50000. The turbulence quantities at the inlet
was set to specified turbulence intensity of 3.7% and autocompute length scale,
c.f. CFX (1999-2002). The turbulence intensity, T1, is defined as:
w2

TI = o2 (1)
This value is an estimate from measurements by Parsheh (2001) for a slightly
lower Re number for the same specific turbulence grid generator. The wall
boundary was resolved with Y+ values between 2-3 for the first node closest to
the wall. A symmetrical boundary condition was set for the centerline of the
geometry.

2.2. The Extended One Dimensional Headbox Model

The convection-dispersion equation describing the evolution of fibre orientation
in a one dimensional headbox, as derived by Olson et al. (2004), is here extended
to be valid for an arbitrary streamline. The extended one dimensional headbox
model is then given for a coordinate system, s, following a streamline as:

ov ov 0% 9(o¥)
F R I R 2)

where s is defined as the square root of the sum of the squared values of the plane
coordinate variables, x and y resp., and U is the tangential average velocity
along the streamline. Note that even though we are following a streamline this
is still a Eulerian approach since we are not following individual fibres. D,, is
the rotational dispersion coefficient and ¢ is the projected angle in the plane
of contraction. The first term is the time derivative of the fibre orientation
distribution. Equation (2) is simplified by assuming steady flow, and made
dimensionless with the scaled variables s = Lis and U, = g—;, where L, is the
length of the streamline considered. This gives the following expression for
fibre orientation in the plane of contraction along a streamline:

0V 9% 0
Usg = Dpw - 87(1)((1)\1/) (3)

The dimensionless rotational dispersion coefficient, ﬁp, is expressed in analogy
with, cf. Olson & Kerekes (1998), Olson (2001) and Krushkal & Gallily (1988).
This relationship is based on Kolmogoroffs local isotropic hypothesis for very



“MarkoThesis” — 2005/3/11 — 10:05 — page 63 — #69

Modelling a Turbulent Dilute Fibre Suspension in a Planar Contraction 63

small eddies of the turbulence spectrum:

L 1
D, = consti;(gﬁ (4)
where, L, is the streamline length and Uy, is the inlet mean velocity. In
previous studies, e.g. in Olson et al. (2004), D,, was considered to be constant
and that in this study e is a function of position through the duct and is
estimated from CFD modelling. In Equation(3) the non-dimensional rotational
velocity in the plane of contraction is given by Olson & Kerekes (1998) for a
straight, rigid, infinitely thin, inertialess fibre to be:

é:—g—gsin2¢+%co§¢—%sin2¢ (5)
The dimensionless expression for fibre orientation in the plane of the paper,
7, is identical to Equation (3) with the exception that rotational velocity is
defined, cf. Olson (2001), as:

= —% %U; sin 2y (6)
which is here expressed in the coordinate system following a streamline. It has
been assumed that fibres entering the headbox are randomly oriented. This
agrees well with the experimental findings of Zhang (2001) very near the inlet,

hence the initial condition expressed for ¢ is:

1

w(0,0) = — (7)
The boundary condition for Equation (3) is set to be periodic with respect
to ¢ or 7y, meaning that the gradient of ¥ is set to be equal at the bound-
aries £7/2 and also the value of ¥ is equal. The one dimensional headbox
model and this extended one considers only the mean translation of the fibres
along streamlines. Translational dispersion, both in the direction of the flow
and perpendicular to the flow direction are neglected. Equation (3) has been
modelled with MatLab ver. 12 by the Gauss-Siedel iterative method. For the
finite differences the fully implicit formulation was used with a second order
approximation.

3. Model Validation
3.1. Fluid Flow

In Figure 1, (a) and (c), the mean velocity value divided by undisturbed ve-
locity, U, for different positions in the wake after the two different vane tips is
presented for both experimental data of Parsheh (2001) and CFD simulations.
Furthermore in Figure 1, (b) and (d), describes the fluctuating streamwise ve-
locity component, u. The results for the tapered vane is at a position 1 mm
downstream from the tip in figure 1, (a) and (b) and 6 mm for the blunt vane.
Figures (c) and (d) is at 151 mm downstream from the vane tip for both of
the vane types Both vanes have a thickness of 5.5mm and the tapering starts
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FiGure 1. Validation of CFD simulations against experimen-
tal data of Parsheh (2001). The experimental data for tapered
vane tip is denoted circles and the blunt vane tip with squares
and simulations is denoted by solid and dotted line for tapered
and blunt vane tip respectively.

35mm back from the tip. The centerline is located at y=0. As can seen from
the results the tapered vane shows a good agreement with experimental data.

For the blunt vane tip no recirculation mean velocity was recorded in the experi-
ment, which was seen in simulation. Furthermore the turbulence was underesti-
mated according to experiments. This can come from the fact that instabilities
occur for this size of blunt vane tip, 5.5 mm, and this can give rise to enhanced
turbulence dispersion. A vortex shedding effect can explain the behavior of this
effect. In simulation restriction was made due to the symmetrical boundary
condition. These simulations were made with air as fluid. The same approach
was used for simulations made with water as described above, at Re number of

0.2
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50000. The wall boundary was resolved and once again so that Y of 2-3 was
achieved.

3.2. Fibre Orientation Distribution

In previous work, a convection-dispersion model of fibre orientation in a one di-
mensional headbox was derived and numerically studied by Olson et al. (2004).
The model accounts for a constant value, 2.5, of the dimensionless rotational
dispersion coefficient and it was shown to agree well with the independent find-
ings of Ullmar (1998). The constant in the dimensionless rotational dispersion
coefficient presented in equation (4) has been determined and validated with
the results presented by Ullmar (1998). This resulted in the following correla-
tion:
2 LS E.1

o) 3)
This result is about 5.5 times smaller than the proposed value by Olson (2001).
In the work by Olson (2001) this expression was derived for isotropic homoge-
neous turbulence, which is not the case here.

D, = 6.57 x 10~

3 3 3
°
2 2 2
>
1 W/k% 1 1
0 0 0
-1 0 1 -1 0 1 -1 0 1
y[rad] y [rad] y [rad]

FIGURE 2. Predicted and measured, Ullmar (1998), fibre ori-
entation distributions for contraction ratios of 16.7, 25, 50.

In Figure 2 results for different contraction ratios of 16.7, 25 and 50, of the
proposed correlation in equation (8) compared to experimental data of Ullmar
(1998) can be seen. These results are from the outlet in the centerline of the
contraction and made in the plane of paper, i.e. «. This suggest a good agree-
ment between the predicted and measured data for the different contraction
ratios. This also demonstrates the enhanced alignment of fibres in a increased
contraction ratio. The dimensionless rotational turbulent dispersion in Equa-
tion (8) is used for both v and ¢ in this paper.

Example of development of the computed fibre orientation distribution along
a contraction with a contraction ratio of 50, can be seen in Figure 3. There is
a trend for increased orientation of fibres at the end of the contraction which
seems to be a reasonable result, since the velocity gradient is almost expo-
nentially increasing. Even the dimensionless rotational dispersion coeflicient is
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FI1GURE 3. Development of fibre orientation distribution along
the centerline streamline for contraction ratio of 50.

increased in the end of the contraction, cf. Figure 4. This is due to the in-
crease in turbulent dissipation rate in such fluid flow. Furthermore there seems
to be a constant part in the beginning of the contraction. Also, the higher the
contraction ratio is the lower is this constant part and it accelerates in the end
of the contraction. The final outlet value is highest for the highest contraction
ratio. The constant value representing the solid line was assumed by Olson
et al. (2004), and the CFD calculations shows that this is significantly non
linear through the duct.

4. Results

Since the fibre orientation distributions for v are nearly Gaussian distributions,
cf. Figure 3, the degree of fibres not being oriented towards y=0 is represented
by the standard deviation o(7):

+%
o2(z,y) = / VAU (v, z, y)dy (9)



“MarkoThesis” — 2005/3/11 — 10:05 — page 67 — #73

Modelling a Turbulent Dilute Fibre Suspension in a Planar Contraction 67

6 T T
— cr=16.7
— —cr=25.0
cr=50.0
—— Olson et al. 2003
5l 1
’/
[
i
I
4+ I
/
o /
> 1
3 I
5 3f 4
g a
£ r!
S ;!
/
7y
2+ // , T
_ /7
- _ ~ 7
- =T
1f“~‘_\_7ﬁ*7777,~4,~/ 4
L L L L L L L L L

0
0 0.05 01 015 0.2 025 03 0.35 04 045 05

x[m]

FIGURE 4. Dimensionless rotational dispersion coefficient
along the centerline for different contraction ratios of 16.7, 25,

50.

U(y,x,y) is here the normalized distribution function for v on the interval
—m/2 <~ < +m/2. For ¢ we may make an analogous definition:

+3

whan) = [ (0= 0n) Um0 (10)
-3

where U(¢,z,y) is the distribution function for ¢. One may observe that,

although the mean value of ¢ taken over a complete cross section of the channel

is zero, this is not necessary the case for the local mean value ¢, (z,y), cf.

Figure 5, 6 and 7.
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F1GURE 5. Outlet profile of the local mean value of ¢ for a
tapered vane at vane position -80 mm from the outlet.

Figure 5 shows the local mean value, ¢,,, across the outlet section, from the
centreline and to the upper wall. The overall trend at the outlet is a mean
orientation basically along the local flow direction, gradually approaching the
inclination of the upper wall for increasing distance from the centreline. Devia-
tions from this trend appear in the shear layers of the wake and the wall, where
fibres close to the wall have a mean angle less than the upper wall it self and
fibres in the lower part of the wake have a positive mean angle. In Figure 6 the
local mean value of ¢ is shown as a contour plot over the whole contraction.
The mean value at the inlet is zero as a consequence of the inlet conditions,
cf. Equation 7. Also the boundary layer effect can be noted, for the upper
wall with negative values as shown in Figure 6 and for the vane wall boundary
with positive values, meaning that the fibres heads are pointing upwards. The
effect of the tapered vane tip will decrease the mean value locally as can be
seen in Figure 6 and in more detail in Figure 7, as a result of deflection of the
streamlines in the area around the vane tip. The value of o and o4 along
different streamlines have been converted into contour plots, cf. Figures 8 and
9. A smaller standard deviation value means a larger degree of orientation
towards the mean value of the fibres and vice versa. In Figures 8 and 9 the
top two figures represent a contraction with no vane, and the middle figures
and the bottom figures represent the tapered and blunt vane tips respectively.
The left column represents the degree of orientation in the plane of paper and
the right column the degree of orientation in the plane of the contraction. In
Figure 8 one can clearly see how the boundary layers of the wall and the vane
causes the degree of orientation towards y=0, to decrease. This result was
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FIGURE 6. Overview contour plot of the local mean value of
¢ for a tapered vane at vane position -80 mm from the outlet.
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F1cure 7. Close up contour plot of the local mean value of ¢
in the vicinity of a tapered vane tip at a position -80 mm from
the outlet.

experimentally shown by Asplund & Norman (2003). From this figure no clear
difference between the vane tips is obvious.
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FIGURE 8. Overview contour plots for three different cases,

(a) and (b); no vanes, (c¢) and (d); tapered vane tip, (e) and
(f); blunt vane tip.
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FIGURE 9. Close up contour plots near the vane tip and down-
stream to the slice opening for the three different cases, (a) and

(b); no vanes, (c) and (d); tapered vane tip, (e) and (f); blunt
vane tip.
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FIGURE 10. Standard deviation outlet profiles for ~, (a), and
o, (b), at different flow rates, denoted with a dotted line for
Qrey, circles for a flow rate 0.7Q),.y and a solid line for a flow
rate 1.3Qy¢f, for a blunt vane tip at a position -230mm from
the outlet.

A close-up contour plot in the vicinity of the vane tip is presented in Figure 9.
Here the height of the figure is the outlet opening of the contraction. A clear
influence of the respective vane tip is observed downstream, where the blunt
vane tip has a wider effect. In Figure 10 the influence of different flow rates
is illustrated at the outlet of the contraction for a blunt vane tip. The flow
rate was varied £30% from the original reference value, Q.. (corresponds to
Re=50000). Note that the x-axis has been reversed to illustrate the effect of the
degree of orientation towards the mean value, rather than the spreading around
the mean value more clearly. Clearly the lowest flow rate will give a slightly
higher degree of orientation towards the mean value of fibres in the undisturbed
region and in the wake of the vane tip in the vicinity of the centreline. The
overall increase in turbulence level as the flow rate increases would explain the
decrease in the the degree of orientation towards the mean value in the wake
from the vane tip and in the undisturbed region for both v and ¢, cf. Figure
10. The effect of wall boundary layer on the degree of orientation towards the
mean value can also be seen in Figure 10. Asplund & Norman (2003) showed
a clear trend toward a lower anisotropy for higher flow velocities close to the
wall for v, caused maybe due to an increased overall turbulence level. In their
study a wide flow range were studied from velocities about 2 m/s to over 10
m/s. In this study the mean flow velocity is about 0.9 m/s £30%. Figure
10 reveal no clear difference for increasing flow rates in the immediate region
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FIGURE 11. Standard deviation outlet profiles for v (a) and ¢
(b), at different vane positions: -80 (..), -230 (-) and -380 (o)
mm from the outlet, for a tapered vane tip.

closest to the wall for the angle in the plane of the paper, . The results for o,
for different flow rates deviates from each other approximately 3mm from the
upper wall and further away to the undisturbed region. The value of standard
deviation for v of about 0.9, indicates that the fibres have almost no preferred
direction closest to the wall. Note that the fibres in the simulations has no
extension while in the experimental result by Asplund & Norman (2003), 3mm
long nylon fibres were used.

For the angle in the plane of the contraction, ¢, there seems to be differences
for the result of o, between the flow rates close to the wall. The lowest flow
rate will give more degree of orientation towards the mean value. There is also
a trend for decreasing of o4 in the immediate region of the wall. This can be
explained by that turbulence will decrease the degree of orientation towards
the mean value in the outer part of the boundary layer and in the near wall
region the velocity gradient (increase of du/dy) causes o to decrease and also
the fibres to orient towards a smaller negative mean angle, cf. Equation 3 and
Figure 5.

The effect of vane position is presented in Figure 11. The closer the vane
is to the outlet the larger is the effect on the o4. This trend is similar to
experimental data for the fibre orientation anisotropy, cf. Asplund & Norman
(2003). In their work for a thick, blunt vane tip at a mean velocity of 5 m/s,
the undisturbed region was vanishing as the vane tip was moved closer to the
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FIGURE 12. Overview, (a) and (b), and close-up, (c¢) and (d),
outlet profiles for different vanes, blunt (x) and tapered (tri-
angle) and no vane (circle), at vane position: -80 mm from the
outlet.

outlet. The clear difference of o, and o4 when comparing the different vane
tips at a fixed position and flow rate is shown in Figure 12. The wider wake
from a blunt tip compared to the tapered vane tip, results in a lower degree
of orientation towards the mean value, i.e. in correspondence to experimental
data for v, cf. Asplund & Norman (2003).

5. Conclusions

A model for predicting fibre orientation distribution in a headbox contraction
with a turbulent generating vane is proposed and the effect of vane location
and shape. The non-dimensional rotational Dispersion coefficient for the ex-
tended 1D headbox model has been determined with CFD simulations together
with available experimental data. The behavior of vanes types, i.e. blunt and
tapered, and the location of such has been modelled. For different streamlines
in the contracting channel, the one dimensional fibre orientation distribution
is solved, leading to that the fibre orientation distribution could be studied for
streamlines near the vane wall and vane tip and further away. The model re-
veals the effect of the vane tip and the wall boundary layer on fibre orientation
distribution. Following findings in this study could be concluded:

1. The magnitude of the rotational dispersion coefficient is determined for
a contracting channel to be according to Equation 8.

2. A method to solve Equation 4 together with CFD, along different streamlines
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and with a rotational dispersion coefficient dependent on turbulence quantities,
is presented. This will reveal effects of wall boundaries and wakes on fibre ori-
entation distribution in a two-dimensional frame.

3. Different experimental results reported in the literature, i.e. Asplund &
Norman (2003), was compared with this modelling approach and a good qual-
itatively agreement was archived.
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