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ABSTRACT

A particle-level numerical model is used to simulate forming with
a twin-wire former configuration. The development of the paper
structure along the length of the former is observed to explain the
effects of the dewatering elements on the paper structure at differ-
ent jet-to-wire speed ratios, consistencies, and target basis weights.
The simulations indicate that most of the structure development
takes place in the initial part of forming (forming roll) and, in
some instances, at the drop to atmospheric pressure after the
forming roll. Dramatic effects on the through-thickness fibre
orientation anisotropy are observed when the consistency is var-
ied by changing the jet thickness, while changes in basis weight
had less impact. The through-thickness concentration gradient
was almost uniform throughout the forming process, except in the
lower range of typical papermaking consistencies. This indicates
that the dewatering mechanism is normally thickening, rather
than filtration.
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1 INTRODUCTION

Controlling formation and fibre orientation anisotropy of the paper structure
is essential for the optimisation of product performance. Many important
features of the paper structure develop in the forming section of the paper
machine, and it is through the design of the forming process that the paper
structures can be controlled. However, the development of the paper struc-
tures occurs at the length scales of fibres, which are difficult to access in on-
line measurements. Particle-level simulations of forming have the potential to
predict the evolution of the paper structure, thus uncovering information
critical for a more systematic forming process design.

With the emerging technique of particle-level simulation of forming [1],
greater detail of the evolving paper structure becomes available for analysis
along the length of the forming section. This opens up the possibility to
investigate a variety of questions critical to papermakers. In this paper, we are
specifically concerned with the questions:

* What are the effects of individual drainage elements on the paper
microstructures?

* How does changes in the basic parameters, i.e. grammage and consistency,
modify the paper microstructures?

In order to answer these questions, we investigate the development of the
through-thickness fibre length distribution, and the through-thickness fibre
orientation distribution in a roll-blade gap former.

An illustration of the former configuration examined in this study is pro-
vided in Fig. 1. This configuration is similar to the one used in the Voith
DuoFormer™ TQv [2]. The headbox ejects a wide and thin (~1 cm) jet of fibre
suspension, which impinges on two moving wires. The wires are running
under tension, so that a pressure develops in the mix between them as they
pass the forming roll. Fluid is thus drained through the wires, while most of
the fibrous material remain between the wires due to the geometrical con-
straints of the wire yarns. Further downstream, other types of drainage elem-
ents continue to drain fluid from the mix: The blades induce intermittent
pressure pulses into the mix, draining fluid as well as causing an oscillating
flow relative to the wires in the machine direction. The suction box and the
couch roll apply a vacuum to drain fluid. In addition, a structural pressure
develops over the couch roll due to the wire tension.

Previously, forming theories usually assume that the fibre suspension in the
forming section consists of a homogeneous fluid (or a homogeneous fluid
and a permeable continuum solid) and is then formulated by coupling the
standard conservations laws for multiphase flow, Darcy’s law [3], and a choice
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Figure 1. Schematic illustration of a roll-blade gap former. The headbox nozzle

ejects a thin wide jet of pulp mix onto two permeable wires (dotted lines). The tension

of the top wire provides drainage pressure over the roll. The blades induce pressure

pulses in the mix, which intermittently push fluid through the wires. Suction boxes
drain fluid by applying vacuum, as do the couch roll.

of solidity-dependant constitutive law for the stress—strain relation of pulp
fibre networks [4]. This approach was taken by Bando et al [5] to model the
pulsating flow of a roll-blade former, and by Martinez [6] to model dewater-
ing on a forming roll. Lobosco and co-workers applied a similar uniaxial
pressure model to a roll-blade former [7]. The modelling framework was
expanded by Holmgqvist et @l [8] to include machine directional flow. There
are, however, some fundamental difficulties with these forming models. Par-
ticularly, the continuum assumption on which all the basic equations rely. The
inherent length scale of the pulp mix is, at least, in the order of the fibre
length (1-3 mm), probably even greater due to flocculation. Therefore, the
representative volume element must be much greater than the fibre length,
and consequently, greater than the thickness of the jet. Moreover, microscale
effects, such as the limited fibre mobility, fibre orientation, flocculation and
deflocculation, are not captured with the continuum assumption due to its
limited resolution.

Another approach is to formulate the problem on a particle level. The first
attempt to recreate the fibre network structure of paper with a computer
model was presented by Niskanen and Alava [9]. In this, so called, PAKKA
model, flexible fibres are randomly deposited on a substrate, one at a time. A
three-dimensional structure is obtained which captures some of the statistical
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properties of real fibre networks. To account for effects of the forming fabric,
Barratte et al [10] introduced a forming fabric geometry onto which fibres
were deposited or rejected. However, these fibre deposition models do not
consider the dynamics of the forming section, and cannot predict important
effects of the former on the paper structures. Switzer et al. [11] simulated the
dynamics of handsheet-making using the fibre suspension model of Schmid
et al. [12], which integrates the motion of flexible fibres in a prescribed Stokes
flow. The validity range of that model does not include the flow conditions of
industrial forming operations, nor the important two-way coupling between
the fibres and the suspending medium.

Building on the fibre suspension model proposed by Schmid, Switzer, and
Klingenberg [12], Lindstrom and Uesaka presented a new particle-level fibre
suspension model, whose validity was expanded into a much wider range,
including the flow conditions of forming in modern paper machines [13, 14].
The new model considers inert, flexible fibres of various equilibrium shapes
flowing and interacting with each other, and with the surrounding fluid
medium through a two-way coupling. The model has also been employed in
simulation of twin-wire forming [1], taking into account all relevant length
scales of the flow down to the fibre diameter. The issues of dewatering and
fibre network development are both handled in this single modelling frame-
work. It was shown that the model captures well the essential features of the
forming effects on the paper structure (fibre orientation anisotropy, network
three-dimensionality, and formation).

In this work, we investigate ow the paper structure develops during form-
ing under different operating conditions, and where in the former this struc-
tural development takes place. This information is equally critical for the
design of the forming section and the optimisation of the paper structure
through tuning of the process parameters.

A brief overview of the fibre suspension model is given in Sec. 2. It also
describes how multi-scale modelling can be applied to the flow in the forming
section, in order to reduce the computational demand and maintain reason-
able execution time for simulations. Section 3 includes a description of how a
fibre analyser and other measurements performed at the paper mill have been
used to formulate the initial conditions and process parameters of the simula-
tions. The simulation results are presented in Sec. 4, including analyses of the
development of the paper structure along the length of the forming section,
as well as a comparison between the simulated sheets and sample sheets
obtained from the paper mill. The last section 5 summarises the most import-
ant new findings of this investigation.
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2 THEORY

The particle-level model for forming is based on a fibre suspension model
which can be used to integrate the equations of motion for the coupled
system of fibres and fluid. A detailed account of the suspension model is
given in Ref. [13]. This section briefly describes the suspension model, and
more thoroughly how the suspension model is applied to forming.

2.1 Fibre suspension model

The fibre suspension model integrates the motion of flexible fibres and a
Newtonian fluid medium in a box-shaped domain Q. A Cartesian coordinate
frame I" with base vectors é,, é,, and é&; is used, its three axes aligned with the
sides of Q.

2.1.1  Fluid model

The fluid medium is assumed to be incompressible with a constant density p
and viscosity #. The motion of the fluid is described by the three-
dimensional, incompressible Navier—Stokes equations. In this work, we use
the finite difference scheme proposed by E and Liu [15], which is based on the
vorticity—vector potential form of the Navier—Stokes equations:

% = VX(va)Jr%VXV'TqL%VXFh (la)
T = 0 [Vo+ (Vo) (1b)
£ = Vxv (lc)
v = Ux® (1d)

AD = —¢ (le)

v(,0) = wo(w), (1f)

where £ is the vorticity, T is the viscous stress tensor, v is the velocity, v, is the
initial velocity, @ is the vector potential, and FP® is the body force density.
Here, F® includes the pressure exerted by the fibre phase, as well as immersed
boundaries, on the fluid. The boundary conditions for planar fluid—void
interfaces are
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n-v = 0 (2a)

0 o —
nx® = 0 (2¢)

a . o

%(n -®) = 0 (2d)
AxéE = 0 (2e)

0 A —
071(" §) = 0, (2f)

where 7 is the outward normal unit vector. Condition (2a) ensures that no
fluid flows over the boundary, and condition (2b) follows from the vanishing
shear stress at the free-slip boundary. Boundary conditions (2c)—(2f) are
derived (see Ref. [16]). A second order spatial discretisation on a regular grid,
and a third order time discretisation were employed to integrate Eqs. (1a)-
(1f). Note that the third order derivatives of the velocity in Eq. (1a) can be
replaced by second order derivatives of the vorticity after some manipulation,
thus enabling the use of an essentially compact scheme for the spatial
discretisation.

The subgrid turbulence model proposed by Lesieur and Métais [17] was
included in order to allow for the calculation of large Reynolds number flows
at a reasonable cell size of the spatial discretisation. This is a Reynolds-
average approach in which the subgrid turbulence is accounted for by adding
the eddy viscosity

n(x,t) = 0‘105C§3/2pAr\/Fg(w,t), (3)

to the true viscosity of the medium. Here, Cy = 1.4 is the Kolmogorov con-
stant, x is the position, Az is the cell size of the spatial discretisation, and F', is
the local second order velocity structure function defined by

Fy(z,t) = <||’U("L'at) —U($+p7t)||2>”pH:Ax. @

On a regular grid, equation (4) is efficiently approximated by using a local
statistical average over the six closest grid points. The Kolmogorov energy
spectrum, E(k), < k7, for isotropic turbulence is well reproduced with this
subgrid turbulence model [17] (k denotes the wave number). It should be
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noted that the presence of fibres introduces non-isotropic structures in the
suspension, suggesting that the dissipation may be different from the iso-
tropic case. The development of a subgrid turbulence model which includes
the effects of the immersed fibres on subgrid scales is, however, not within the
scope of this work.

During drainage, the fluid interacts with the forming fabrics, which are
weft from yarns of much larger diameter than wood fibres. The Immersed
Boundary Method (IBM) was proposed by Peskin [8] for modelling complex
moving boundaries inside the computational domain. With the IBM, the
volume occupied by the immersed objects are included in the CFD computa-
tions and a forcing term is added at their boundaries to enforce the no-slip
condition. Suppose a body occupies the region Q‘b(t) and that its velocity is
vP(x, t): QP — R>. The body exerts a traction ¢}” on the fluid at the interface.
Note that ¢® is the sum of the traction on the outer and inner side of the
virtual boundary. In this work, we employ a variant of the IBM with direct
forcing [19]. The body force density of Eq. (la) is divided into two
components:

— FP 4+ ZFlh (5)

where F* represents the force density exerted on the fluid by the particles,
while F" is the force density exerted by the ith immersed boundary:

FP(x / /) o tPo(x — )dS, (6)

Figure 2. The Immersed Boundary Method. The ith immersed object occupies the

domain Q. Its boundary 0Q" is discretised, and a traction ¢ is computed at the

surface grid points. This force is then mapped onto the regular grid of the fluid
discretisation.
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where z° € 9Q®, and dS is a surface element. Consider the region w™ consist-
ing of all points whose distance to the boundary 0Q" is less than half the cell

1 .
size of the discretisation EA.T. Then, w! is a shell of thickness Az enclosing

the boundary. From Newton’s second law, we obtain the force density FP?
required to accelerate the fluid inside w!” to the velocity ©” in one time step

Fib { —poxE=V-T—F" =3, FP+ 4 (vP—v), zeuwl 7
¢ 0 , otherwise.

The force density F;° must overcome the dynamic and viscous forces of the
fluid, as well as effects of the particle pressure. If there is a velocity difference
vP(1) — v(¢), the last term of Eq. (7) accelerates the fluid to the prescribed
velocity at time ¢ + Az. Note that the sum of the contributions from other
immersed boundaries is eliminated when the domains w', Vk are disjoint.
Eliminating F'}” from Eqgs. (6) and (7) renders an expression for the traction ¢.",
which, in this work, is represented by a grid of point forces. A mapping
procedure is used to add the grid of forces to the body force term F® of
Eq. (1a) (see Ref. [13]).

2.1.2  Fibre model

Fibres are modelled as chains of cylinder-shaped fibre segments with spher-
ical caps, as illustrated in Fig. 3. The spherical caps make the calculation of
distance between fibre segments more efficient, as compared to plane caps,
thus significantly reducing the computational demand in the calculation of
distance-dependant interactions. The length of the fibre is denoted by L and

Figure 3. Fibres are modelled as chains of fibre segments with spherical caps. Each
segment indexed i is associated with a segment length /, a position vector r;, a
direction vector Z,, and an up-direction vector p,.
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the diameter by D. A fibre segment indexed 7 is associated with a segment
length /,, a position vector r; to the segment centroid, a direction unit vector ;
pointing along the length of the segment, and an up-direction unit vector y,
That is, a local, Cartesian coordinate system I'; with base vectors £ = y, X Z,,
¥, and Z; is fixed to segment i. The equilibrium shape of the fibre is repre-
sented by a set of affine transforms mapping each I';? onto I';1,. Here, I';% is
the local coordinate system of the equilibrium state. Storing the equilibrium
shape makes possible the calculation of the restoring moments in the fibre
segment joints.

Applying Newton’s second law for translational motion to segment 7 gives

. h
mir,-—F,,; +Xi+| _XL+;fU7 (8)

where m;, is the mass, F" is the drag force, X; is the force of segment 7 acting on
adjacent segment i — 1, and f; is the interaction force exerted on segment i by
segment j of some other fibre, or by a non-adjacent segment of the same fibre.
Similarly, Newton’s second law for rotational motion yields

0 li
E(Ii W) =T'+Yi - Y+ 2% % (X i1+ X))+ Zt, 9)
) j

where I; is the tensor of inertia of segment i with respect to I', w; is the
angular velocity, T" is the hydrodynamic torque, Y, is the torsion and bending
moment exerted on segment i — 1 by segment i, and ¢; is the torque caused by
the contact force f;. The system of equations is closed by adding connectivity
constraints. The requirement that adjacent segment ends must coincide gives

. . 1 . 1 N
T — Tip1+ iliwi X Zi + iliJrlwiJrl X Ziy1 = 0. (10

Equations (8)—(10) can be solved for the velocities and angular velocities of
the fibre segments for one fibre at a time, if the dynamics of the fibre contacts
are properly handled [1].

2.1.3  Fibre—fluid and fibre—fibre interactions

The fibre suspension model takes into account the two-way interactions
between the particles and the fluid, as well as inter-particle collisions. This
momentum balance between the phases and within the particle phase is often
referred to as the four-way coupling.
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The dynamics of a circular cylinder in a linear flow gradient of a
Newtonian fluid is well known from analytical [20, 21, 22] as well as experi-
mental studies [23, 24]. The hydrodynamic drag force F" and torque T" on
fibre segment i, due to the flow velocity v, can be expressed as [25]

F} = A} (v(r) =) (1)

T = C". (Qr) —w;) + H": %(r,), (11b)

1 1
where Q = 2 V x v is the angular velocity of the fluid, and § = > (W + (W)

is the rate of strain tensor. The hydrodynamic resistance tensors A", C", and
H" are defined in Ref. [13]. If v is not a linear flow gradient, Eqgs. (11a) and
(11b) represent an approximation of the hydrodynamic interactions based on
the multipole expansion of v around the centroid of the fibre segment. Higher
order terms are neglected.

With Egs. (11a) and (11b), the local flow disturbance caused by the fibre
segment is accounted for, but not explicitly included in the velocity field v.
The fluid flow solver is responsible for capturing the flow structures at length
scales greater than the fibre segment length. Therefore, the maximum cell size
Az of the discretisation of w is in the order of the segment length. It was
shown numerically in Ref. [13] that it is sufficient to choose the cell size equal
to the fibre segment length in order to predict the self-interactions of isolated
fibres.

The momentum conservation between the fibre and fluid phases is
enforced, simply by adding the reaction forces —F" and reaction torques —T"
as a grid of point forces to the body force density F° of Eq. (1a) (see Ref. [14]).

All subgrid interactions between fibre segments are modelled using the
interaction force f;, defined by

fi]‘:F?jJngjJrFij’ (12)

where F'}jis the normal force, F'[is the frictional force, and F'jis the lubrication
force. Evidently, potential forces can be included with ease. The interaction
force also gives rise to a torque t; =j; X f;, where j; is a vector from the
centroid of segment i to the point of contact on the fibre surface.

The terms of the expression for the interaction force (12) does not numer-
ically well-behave for ideal particles, i.e. fibre segments of perfectly smooth
surfaces. The lubrication force would be singular, and the normal force would
be discontinuous. Therefore, we introduce a measure J, for the surface rough-
ness, the typical amplitude of the surface asperities.
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Yamamoto and Matsuoka [26] and Schmid et al. [12] suggested that the
normal forces should be taken as a repulsive force, exponentially increasing
with the fibre surface interpenetration. We employ their mode, but also
include a linear elastic model at the scale of the surface roughness:

Ho

_FO (‘,XI)(—HL.‘7+6S> s [’L7 S —(SS
Fimii=q -R(3-5) - <H;<s, (13)

205

0 s Hyj > 0,

where 7; is the outward normal unit vector of segment i at the point of
interaction, f;is the gap between the two segments, which may be negative in
the event of an overlap, and F;, and H, are constants. The choice of constants
is discussed in Ref. [13]. The frictional force is directed to counteract the
relative tangential motion of fibre segments. It is assumed that the fibres are
always slipping, and that

|FL| = | FY), (14)

where g s the coefficient of interparticle friction.

Yamane et al. [27] derived the leading order term of the lubrication force
between two infinite circular cylinders. Here, since lubrication breaks down at
particle separations smaller than the surface roughness [28], a lubrication cut-
off was included at H;=4,. In addition, an upper lubrication cut-off at

H;=D;=2/(1/D;+ 1/D)) was included because of the validity limit of the
lubrication approximation:

3T —o 1/65 ) Hz] S (Ss o
nD;Hy; - 1/Hij 6 < Hiy < Dy (15)
0 ,H,jj > DLJ

F! . p, =
o g

Here, 0 is the contact angle. The tangential lubrication is @(ln(Bi, /H})), and
was neglected in this contact model. The finite length of the fibre segments
can be accounted for, as described in Ref. [13].

2.2 Forming model

With the fibre suspension model outlined above, a model for forming may be
formulated. Even though the computational intensity has been significantly
reduced by only accounting for subgrid flow features implicitly, it is still a
challenge to deal with the large number of particles whose motion may be
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integrated throughout the forming process. In addition, the length scale of
the geometry of the headbox is too great to allow for a particle-level simula-
tion within a reasonable time frame. Therefore, these simulations are focused
on the jet and the drainage zone.

2.2.1 Separation of scales

The headbox ejects a thin, plane jet, whose thickness varies in the flow direc-
tion (see Fig. 4). Near the point of impingement at the wires, there may be
significant secondary flows, as well as instabilities in the free surfaces of the
jet. On the forming roll, fluid is drained through both wires at different rates.
The complex interactions between the two-phase flow and the moving
boundary of the wires give rise to pressure variations in the machine direc-
tion. The pressure variations, in turn, induce acceleration or deceleration of
the mix in the machine direction. The pressure, the dewatering rate, and the
flow are coupled, so that the conditions downstream affect the dewatering
upstream and vice versa. In this sense, the flow has global qualities. Therefore,
to predict the flow, it is necessary to take the whole flow geometry into
account. At the same time, since the particle size is of the same order as the
jet thickness, it is not possible to employ a continuum approximation for the
suspension. Consequently, the dynamics of the system must be captured at
particle length scales as well as the length scale of the entire flow geometry; a
formidable problem from the point of computational intensity.

To address these computational issues, the problem is separated into two
ranges of length scales: The large scale flow for length scales much greater
than the jet thickness, and the small scale flow for length scales in the order of
the jet thickness and below. Then, we may exploit the fact that the large scale
flow is almost one-dimensional. The small scale flow can be integrated inside
a box-shaped domain moving with the wires.

.

Figure 4. Complex flow inside the former. The headbox ejects a jet, which first

contracts and then expands before it impinges on the wires. The flow is three-

dimensional at length scales smaller than the jet thickness, and two-dimensional at
scales larger than the jet thickness.
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1

Figure 5. A coordinate system I' is introduced, where the x| axis runs along the
length of the web, the x5 axis points in the cross direction, and the x5 axis is directed
through the thickness of the web, pointing away from the forming roll.

As illustrated in Fig. 5, a curvilinear coordinate system I" is introduced,
with its origin fixed at the headbox nozzle. The x{ axis points in the machine
direction (MD) and follows the curvature of the web. The x5 axis points in the
cross direction (CD). The x coordinate vector is perpendicular to the z] and
x5 coordinate vectors, so that the z} axis points in the thickness direction
(ZD), away from the forming roll. A moving Cartesian coordinate system I
with coordinates x,, x,, and x; is defined, so that z, = z] — ut, x, = x5, and
x3 = x4 Here, u,, is the wire speed. The domain of computations Q for small
scale flow is stationary with respect to I', and thus moves along the web with
the speed of the wires. Henceforth, I'” will be used for modelling the large
scale flow, while T is suitable for modelling the small scale flow.

Clearly, I is an accelerated coordinate frame due to the curvature of the z]
axis. The centripetal acceleration enters the Navier—Stokes equations through
the body force term FP®, but when the curl of F" is taken in Eq. (l1a) the
contribution from the centripetal acceleration vanishes. That is, with the
vorticity—vector potential formulation, the effects of the curvature will be
included in the boundary conditions rather than the equations of motion.

2.2.2  Small scale flow

Flow features at the scales of the jet thickness and below are computed using
the fibre suspension model previously described in Sec. 2.1. Fibres and fluid
are contained within the box-shaped domain Q, which moves with T.
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Between points A and B along the x| axis in Fig. 5, the suspension travels in
free air. Free-slip boundary conditions are applied to the boundary planes of
Q with surface normal *é,. That is, the suspension—air interfaces are
restricted to planes in this model. Periodic boundary conditions are applied
to the other boundaries of Q.

At the point B, two model wires are introduced outside the domain Q used
in the simulation of the jet, their yarn surfaces tangent to the free-slip bound-
aries of Q. All fibrous material is thus contained between the wires at this
point. The domain is then expanded in the *z; directions so that it encloses
both wires. The flow geometry at point B is illustrated in Fig. 6.

The wires are modelled as a set of interwoven yarns, where each yarn is
modelled using the fibre model of Sec. 2.1.2 with infinite stiffness. Because
the yarns generally have a much larger diameter than the fibres of the suspen-
sion, the interactions between the yarns and suspending medium are mod-
elled using the IBM (see Sec. 2.1.1).

The bottom and top wire positions along the x; direction are denoted by #,
(z7) and h, (x7), respectively. The volumetric fluxes of suspension through the
bottom and top wires are A, (z]) and — i, (x7). It is described in later Sec. 3
how these functions can be approximated using machine measurements and
previous models.

The average mix-to-wire speed difference Au,,, (z7) is not given by the small
scale flow model. Instead, it is supplied by the large scale flow model
described in the next section.

Figure 6. Drainage simulation with the small scale flow model. Two wire yarns are
introduced with the fibre suspension in between. The motion of the wires is controlled
by A, (z7) and h, (x7).
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2.2.3 Large scale flow

The large scale flow is modelled in one dimension with the spatial coordinate
x; of the I'” coordinate frame. Since the free surface flow of the jet is neglected
in this model, there is no change in average momentum or amount of
material in the jet. After the impingement point B, however, momentum may
be added to the mix through the traction of the wires, and fluid and particles
escape from the mix through the voids of the wires.

The physical state of the large scale flow is described by the mix-to-wire
speed difference Au,,, (x}), the average solids concentration by volume c¢(z7),
and the hydrodynamic pressure in the mix P, (x}). To relate the physical state
of the large scale flow to that of the small scale flow, we define the domain of
the mix between the wires in the I' coordinate frame: Q = {x:h,
(z7) £y < hy (7))}, and describe the physical state at the point z{ by the mix-
to-wire speed difference

Aty () = v /// v(x, 7] /uy) - €é1dx1dTedas, (16)
Qm m

and the average solids concentration by volume ¢ in Q,, using a similar aver-
aging. Here, V, is the volume of Q. Note that the integration in Eq. (16) is
performed in the moving coordinate frame I", and that x| only describes the
position of the origin of I" with respect to I'”. Therefore, x{ can be treated as a
constant in the integration.

The development of Au,,, (z;) must be predicted by the large scale flow
model. Consider the velocity profile u, (x], z;) defined as the velocity average
taken over the z, coordinate in the I" coordinate frame. It is assumed that
the pressure gradient is zero outside the wires and dP,/dx] between them.
Then, Newton’s second law may be formulated for a thin slice at the pos-

ition z{:
P
- 0
Pl

where Ah = Ah () = h, (x7) — hy (x7), 5, is the apparent viscosity of the fibre
suspension, ¢ is the typical length scale of the velocity gradient at the mix-
wire interfaces, and #, is the average of u, between the wires. The last term
represents the momentum transfer from the two wires to the mix through
viscous drag. We assume that no momentum is transferred to the fluid out-
side the wires. That is, #, = u,, when x; < i, or x; > h,. This simplifies the left
hand side of Eq. (17) to

~h2(0) oP 2
/ wdes p = —Ah—0 r/’(u] — Uy ), 17
Jhi(0) ox 0
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o ~h2(0) 9 ~h2(0) ~h2(0)
5P / Uy dx 3 = Ply a7 / (51 dz 3 — / Uy dz 3
ot h1(0) o) hy(0) h1(0)

) h2(0)
= Py / (u; — uy)das (18)
Ty h1(0)

7]
= puw% {AW(T) — uy)} .
By inserting Eq. (18) into Eq. (17), we obtain

Ah

0 {Aumw} dAh Aty B Ah 0P, 215 Aty

= — , 19
ox} dz}  uy pu 0xy  puyd  uy (19)

Uy
where all terms are non-dimensional. The viscous term of the right-hand side
is notoriously difficult to estimate for pulp fibre suspensions. However, if we
examine the special case 0 < Ak, we find that the velocity profile is almost flat
in the bulk of the mix: u, = u,, + Au,,,. Therefore, the only force field acting
upon the bulk is that of the pressure gradient, thus ensuring that the Ber-
noulli equation is satisfied. Then, Eq. (19) gives

2ns  dAh
puyd dr

(20)

That is, the boundary layer thickness ¢ self-adjusts to exactly decelerate or
accelerate the fluid to u, before it passes through the wires. In the other
extreme, the flow is dominated by viscous effects and more similar to two-
dimensional channel flow. That is, the velocity profile is parabolic. Under

1
those conditions J = gAh. In the present simulations, the boundary layer
thickness ¢ is computed using Eq. (20), the Bernoulli boundary layer solu-
1
tion. If that solution exceeds gAh, the parabolic profile solution is employed

instead.

The apparent viscosity is assumed to be a function of the concentration c.
It is also assumed that /,(x]), hy(x7), c(x]), and P, (z]) are given. An example
of how these functions can be approximated is presented in Sec. 3 for the
former configuration considered in this work.
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3 SIMULATIONS

In this section, the unknowns of the forming model proposed in previous Sec.
2.2 are quantified for the forming configuration considered in this paper. This
includes the initial condition as well as the parameters of the large scale flow
model.

3.1 [Initial conditions

The initial condition, corresponding to the state of the suspension at the
headbox nozzle exit, consists of the initial fibre configuration and the initial
velocity field vy(x). These are difficult to determine experimentally. In this
work, we have chosen to combine measurements with models.

Each fibre is associated with n properties, such as length, diameter, wall
thickness, stiffness, curl index, and so on. To capture interdependence of all
these properties, the fibre furnish is represented by an n-dimensional prob-
ability distribution. It is too challenging, however, to experimentally measure
the full distribution. In this work, the PulpEye™ fibre analyser was used to
obtain the three-dimensional probability distribution of length, diameter,
and curl index. The other fibre properties were regarded as independent. For
each of these, a narrow distribution was chosen around a mean value
obtained from the literature. Descriptions of the sample furnishes used in this
work have been compiled in Appendix A. In order to reduce the computa-
tional demand, all particles smaller than 200 um were excluded from the
furnish description in most of the simulations.

To create the initial fibre configuration, fibres were drawn from the stat-
istical furnish description, and each fibre was assigned a position drawn from
a randomly uniform spatial distribution. The fibre orientation was drawn
from the distribution derived in the one-dimensional headbox model pro-
posed by Olson and co-workers [29, 30]. The input parameters of their model
are the jet speed, headbox contraction ratio, and length of the headbox noz-
zle. These parameters are generally available. To model the effects of turbu-
lence, Olson and co-workers also introduced a rotary diffusion of the fibres,
with the dispersion coefficient D, =2 s™. Its value was determined by fitting
the model to experiments conducted on an laboratory headbox without
vanes. The initial fibre configuration represents a well dispersed state with no
flocculation. Concentration variations spontaneously develop during the
simulation of the jet. In reality, of course, the mix is flocculated to some
degree at the slice lip. The effect of this initial flocculation is neglected in the
present simulations, but can be incorporated with ease given the spatial
correlations of the fibres. Emerging flocculation measurement techniques
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[31] may be able to provide such data at a sufficiently high resolution
(=<1 mm).

The velocity field v, at the nozzle tip is created by letting a given velocity
field v evolve into a state of fully developed turbulence, using the fluid model
described in Sec. 2.1.1. Here, we have chosen the field
vo(w) = v (sin® z) sin® 2y sin® 2 (cos xy — (A1 /A) coszh)é; +

sin® 2} sin® 2, sin® 2 (cos 2} — (A\a/A3) cos a)é, +

sin® 2} sin® a7 sin® 2 (cos 2, — (A3 /A1) cosz))é3)  (21a)

2 (x; — a;) by — a; .
= —— =, A= . i=1,2,3. (21b)
A [T+ (b — a)/ L]

This field satisfies the boundary conditions as well as the continuity condi-
tion. For a sufficiently large constant vj, a flow will develop following
Kolmogorov and Obukhov’s k~**-law in the inertial subrange. Other types of
flow agitation can be investigated by choosing different functions for v, but
that is outside the scope of the present investigation.

3.2 Large scale flow parameters

The input parameters of the large scale flow model are the functions /,(z7),
hy(x7), c(x7), and P, (x7). In this section, it is described how each one of these
functions can be approximated for the particular forming configuration con-
sidered in this work.

Ideally, /,(z7) and h,(x]) should be obtained by measuring the volumetric
fluxes of suspension through the wires in the machine. Such detailed data is
usually not available. It is, however, easy to measure and to some degree
control the total amount of fluid drained in different sections of the machine.
Measurements of the amount of drained fluid over each drainage element
have been compiled in Appendix B. Therefore, ,(x]) and hy(x]) are known
with good accuracy in the points A to I of Fig. 5. We proceed to consider the
variations of /,(x) and h,(x) between those points in more detail.

The variations of 4,(x]) and /,(x7) on the forming roll was approximated
using the following method: A pressure drop develops over the wires due to
their motion. This pressure drop is the sum of the structural pressure exerted
by the fibres on the wires and the hydrodynamic drag exerted by the fluid on
the wires. These components are readily available during simulations, and the
pressure drop can be computed. An iterative procedure was used to find the
functions /,(x7) and A,(x]) so that the typical shape of the dewatering pressure
P, was reproduced.
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The dewatering over the blades was assumed to be proportional to the
pressure drop over the wires. The shape of the pressure variations P,,(x]) over
each blade was set according to the predictions of Roshanzamir et al. [32].
The maximum pressure of each blade can be controlled or measured. In these
simulations, the blade pressure was set in accordance with the operating con-
ditions described in Appendix B.

A constant rate, one-sided drainage was assumed over the suction box, as
well as the couch roll. In the preliminary investigations, it was evident that the
mix-to-wire speed difference downstream of the blade section was very close
to zero, indicating that the network at that point is immobilised. Therefore,
the P,,(x7) does not affect lateral flow beyond th point E in Fig. 5.

To determine c(z7), it was assumed that the volume concentration ¢, of the
drained suspension was independent of z. We obtain

1)

) )

where ¢, is the initial volume concentration and A/, is the jet thickness at the
impingement point. The apparent viscosity is assumed to be a function of the
concentration ¢. An estimate of #7,(c) for wood fibres suspended in water was
obtained by fitting a second degree polynomial to the experimental data of
Silveira et al. [33] for pine fibre suspensions. Due to the history-dependence
of the rheological properties of fibre suspensions, the relation 7(c) should be
regarded as a very coarse estimate. Although these estimates of the global
parameters are approximate, the features of the forming mechanism are not
altered, as discussed later.

(OAhO - ((IA}I(
~ : (22)

clay) » Ahy — Ah(a

3.3 Sample simulation

For the sample simulation, which is also used for comparisons with real paper
in later Sec. 4.4, we use process parameters retrieved from a paper mill. The
machine speed was 1500 m/min, and the jet-to-wire speed ratio was 1.02. The
grammage of the paper produced in the mill was 86 g/m? but since fillers
(15% by mass) were excluded from the furnish description of the simulations,
the target basis weight of the simulated sheet was set to 77 g/m”. Details of
the operating conditions are compiled in Appendix B. The fibre furnish was
composed from 60% pine kraft pulp, and 40% birch kraft pulp (see Appendix
A). It was diluted to 0.7% consistency.

Since fines and fillers were excluded, the retention will be very high. In
order to determine the retention, and thus c¢;, a simulation was first per-
formed with ¢y =0, that is 100% presumed retention. The simulated total
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Figure 7. Sample control parameters of the large scale flow model. The positions of

the wires /,(z7) and /,(x7), and the pressure in the mix P, (z7) have been plotted against

the position z{ in the former. The estimated mix-to-wire speed difference Au,,(z7)

based on the viscosity—consistency relation measured by Silveira et al. (see Ref. [33])

has been plotted as a solid line. The same computations but with half (dashed line)

and double (dotted line) the viscosity were included for comparison. The letters at the
top indicated the corresponding position in Fig. 5.

fibre retention (92%) was used to compute the real value of ¢y, which was
used in all further simulations.

The functions A,(x)), hy(x]), P,(x]), and Au,,(x]) were obtained from
measurements and models, as plotted in Fig. 7. The mix-to-wire speed differ-
ence was plotted for three different choices of the viscosity—consistency rela-
tion: the one measured by Silveira et al. [33], and half and double that value
for comparison. Changing this viscosity relation did not create any funda-
mental change in the mix-to-wire speed difference on the forming roll or the
blades.
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4 RESULTS AND DISCUSSION

The results presented in this section were obtained from simulations per-
formed according to the description in previous Sec. 3. One parameter at a
time was changed in the parametric studies below.

4.1 Simulated dewatering

We begin by examining the development of the sheet structure by the eye. A
simulation was conducted to create a 10 X 11 mm size paper using the process
parameters described in Sec. 3.3. Figure 8 shows a series of snapshots of the
mix at the points A—E and I of Fig. 5. The line of view is in the cross
direction. A randomly uniform suspension, the initial state, is seen at point A.
As previously mentioned, the effects of the initial flocculation was neglected.
Instead, the interactions between fibres and fluid in the jet cause flocculation,
leading to concentration variations at point B. After drainage on the roll,
near point C just before the drop to atmospheric pressure, the flocculated
state of the suspension persists. The solids concentration has increased
through the thickness of the mix. There is only a very weak indication of an

(D) (E) U]

Figure 8. The simulated fibre configuration development along the length of the

forming section. Images A to I correspond to positions A to I in Fig. 5. Each image is

a projection of a 1.5 mm thick slice of suspension. The machine direction is to the
right. The image height, and thus the jet thickness, is 12 mm.
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elevated concentration near the wires. At point D, after the drop to atmos-
pheric pressure, it is not possible to see any significant change in the structure
by the naked eye. At points E and I we see only the obvious consolidation of
the network.

Two different processes for formation of the fibre network were proposed
by Parker [34]: Filtration, in which filter cakes form on the wires while the
solids concentration in the bulk of the suspension remain constant, and
thickening, in which the concentration of the mix is uniform through the
thickness of the sheet during dewatering. In reality, dewatering is a com-
bination of those two processes. One striking feature of the simulation of
drainage is that no clear concentration gradient can be seen in the thickness
direction (see Fig. 8). In this sample simulation, the concentration increased
almost uniformly through the thickness of the mix during drainage. This is
in contradiction to the conventional view that filtration is the dominant
dewatering mechanism. Instead, thickening appears to dominate the dewater-
ing process. In later Sec. 4.3, however, we shall see that filtration dewatering
sometimes appears at lower headbox consistencies.

We may also examine the in-plane concentration variations by the eye.
Figure 9 shows a series of snapshots of the mix with the machine direction to
the right and the cross direction upward. As noted before, the structure of the
initial state is randomly uniform (point A). The fibre—fluid interactions of the
flow induce some small scale concentration variations (point B). Larger scale

(D) (B) 0

Figure 9. The simulated development of the area density variations. Images A to I
correspond to positions A to I in Fig. 5. The machine direction is to the right. The
image height, and thus the cross directional width, is 10 mm.
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concentration variations, in the order of several millimetres, are created on
the forming roll (point C). These concentration variations persist during the
drop to atmospheric pressure after the forming roll (point D). Subsequent
drainage over the blades, suction box and couch roll does not appear to
improve formation.

It has been shown experimentally, that the large-scale formation (wave-
length interval 3 mm to 30 mm) is usually improved by the blades [35]. This
effect was not seen in the simulations. All flow structures in the order of the
simulation box size (~10 mm) and above are attenuated. Therefore, the flow
structures that may have the potential to improve large scale formation are
not accounted for with the present system size. As for small-scale formation
(wavelength interval 0.3 mm to 3 mm), experiments show that it is either
unaffected or impaired by blade dewatering [35, 36]. This finding is in agree-
ment with the simulation results.

4.2 Development of the fibre orientation anisotropy

A polar plot of the average fibre orientation distribution for the sample simu-
lation is given in Fig. 10. We choose to quantify the fibre orientation
anisotropy ¢ with one of the more widely used measures [37]. A general
ellipse is fitted to the data points of the polar plot, and the anisotropy is taken
as ¢ = 1 — fla, where a and f are the major and minor half-axes, respectively.
With this definition ¢ € [0,1). The simulated fibre orientation anisotropy
shown in Fig. 10 does not exhibit the contraction at the ellipse minor (the

02 F.
0.0 |

02 b

0.4 0.2 0.0 0.2 0.4

Figure 10. A polar plot of the fibre orientation distribution (dotted line). A general
ellipse has been least-square fitted to the polar plot. Its half-axes a and f are used for
the definition of the fibre orientation anisotropy ¢ = 1 — fi/a.
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Figure 11. Simulated fibre orientation anisotropy as a function of the jet-to-wire
speed ratio.

peanut shape), which is usually found in experiments. However, simulations
under different conditions—Ilower/higher jet-to-wire speed ratio or greater
consistency—did reproduce the peanut shape.

Simulations were performed in accordance with the sample simulation
described in Sec. 3.3, but with a varying jet-to-wire speed ratio in the range
0.99 to 1.04. The different amounts of shear introduced in the mix is reflected
in the fibre orientation anisotropy. Figure 11 shows the predicted variation of
fibre orientation with the jet-to-wire speed ratio. We see that the typical
behaviour, with an anisotropy minimum slightly above the ratio 1.00, is
reproduced by the simulation. More insights in this variation of the
anisotropy can be gained by considering its development along the length of
the former.

The mix was numerically split into three layers of equal total solids con-
tents: the top, middle and bottom layer. The development of the fibre orienta-
tion anisotropy along the length of the former was computed for each layer.
The data is presented in Fig. 12. The sudden drop of the fibre orientation
anisotropy at the very beginning of the free jet simulation is an artifact of the
initial conditions. The headbox model we use [30] produces a highly aligned
suspension, because the model has not been calibrated to include the effect of
fluid agitation by the vanes of the headbox. The anisotropy reduction in the
jet is due to the interaction of the aligned fibres with the initial fluid flow field
described in Sec. 3.1. We note that, at this particular consistency and basis
weight, the fibre orientation anisotropy develops mainly on the forming roll,
while subsequent drainage elements have little effect.
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Figure 12. The mix was numerically split into three layers, top, middle and bottom,

with equal basis weight. The dashed, solid, and dotted lines represent the fibre

orientation anisotropy in the top, middle, and bottom layer, respectively. The

development of the anisotropy was obtained for different values of the jet-to-wire
speed ratio. The letters A to I refer to positions in the former (see Fig. 5).

Further examination of Fig. 12 reveals that the anisotropy of the outer
layers is fairly constant during the whole forming process in the range 1.00—
1.02 of the jet-to-wire speed ratio. Outside this range, the outer layers tend to
become more aligned due to the increased amount of shear introduced into
the mix. The middle layer shows a different behaviour. When the paper
machine is run in drag, there is a rather strong alignment of the middle layer
fibres on the forming roll. Conversely, in rush conditions, the forming roll acts
to reduce the alignment of middle layer fibres. However, just after the forming
roll, after the drop to atmospheric pressure, the middle layer fibres become
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slightly more aligned in the machine direction again, because of the shear
associated with the mix-to-wire speed difference caused by the sudden
acceleration of the mix.

The features of the fibre orientation anisotropy profiles are in agreement
with the experimental findings of Erkkild et al. [37], that under drag condi-
tions the centre of the sheet has the maximum anisotropy, while in rush there
is a local minimum in the centre. Erkkild et al. relate the anisotropy profile to
the flow conditions during dewatering using the theory of inclined filtration
[34], in which layers of fibres are immobilised as filter cakes form on the wires.
According to the simulations, immobilisation of the fibre network takes place
rather late in the dewatering process. In some instances the structure of the
outer layers change over the entire length of the forming roll, which repre-
sents 75 % of the drainage. It may be possible to further develop the approach
of Erkkild et al by taking this more detailed knowledge of the structure
development into account.

4.3 Effects of basic forming parameters

Parametric studies were performed for the consistency and basis weight. In
order to understand, in depth, the effects of these basic forming parameters,
the analysis was focused on their impact on the process itself, and the devel-
opment of the paper structure, rather than only the final sheet structure.

4.3.1 Consistency

Since the rheological properties of fibre suspensions vary greatly with con-
centration, it is reasonable to suspect that the very mechanisms of paper
structure development, and the effect of different drainage elements could
vary as well. In this section, we investigate the effects of consistency on the
development of the through-thickness concentration gradient and fibre
orientation anisotropy along the length of the former.

In Fig. 13, the development of the through-thickness concentration gradi-
ent on the forming roll and the blade section has been plotted for different
mass consistencies ¢,, € {0.3%, 0.5%, 0.7%, 1.2%} at the same target basis
weight (50 g/m?). The corresponding crowding factors [38], as computed from
the mass-weighted average fibre length and coarseness, were N, € {23, 38, 53,
91}, while typical headbox consistencies are usually in the range 20 < N, < 60
[39]. A clear concentration gradient is seen on the forming roll (mid BC) for
the lowest consistency, and greatest jet thickness. The density of the network
formed by the fibres near the wires is three times that of the bulk. However,
at the end of the forming roll (point C), material is pushed into the bulk
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Figure 13. The development of the through-thickness concentration gradient on the

forming roll and the blades for different values of the crowding factor and a constant

target basis weight (50 g/m?*). The concentration has been normalised so that the

integral under each curve is 1. The letters B, C, D and E refer to positions in the
former (see Fig. 5).

producing a more uniform density. After the drop to atmospheric pressure
(point D), the solids concentration is essentially uniform. The disruption of
the network is due to the large shear introduced into the mixture by its
acceleration relative to the wires. Figure 13 shows that the thickening mech-
anism operates in most of the dewatering process, except at the very lowest
consistencies used in industrial papermaking.

Presently, the solids concentration gradient in the gap between the wires is
not accessible experimentally. In a laboratory environment, an experimental
technique is under development which enables the observation of the pulp
suspension geometry and flow during dewatering with a pressure pulse. The
fibres are labelled with Lithium atoms and monitored using Nuclear Mag-
netic Resonance (see Tanaka ef al. [40]). Dewatering measurements with suf-
ficient resolution to resolve the concentration gradient are within reach.

The through-thickness fibre orientation anisotropy was computed along
the length of the forming section at different headbox consistencies. In Fig.
14, the anisotropy of the top, middle and bottom layer of the sheet has been
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Figure 14. The sheet was numerically delaminated into three layers, top, middle and

bottom, with equal basis weight. The dashed, solid, and dotted lines represent the

fibre orientation anisotropy in the top, middle, and bottom layer, respectively. The

development of the anisotropy was obtained for different values of the crowding

factor and a constant target basis weight (50 g/m?). The letters A to I refer to positions
in the former (see Fig. 5).

plotted as functions of the position z] along the length of the former. Indeed,
it is seen that the anisotropy development is different at different consisten-
cies. The data was obtained at ¢,, € {0.4%, 0.8%, 1.2%}, which correspond to
N, e {30, 61,91}. These are referred to as low, medium, and high consistency,
respectively. The target basis weight was 50 g/m? in all three cases, kept con-
stant by varying the jet thickness.

At a low consistency (the top sub-plot), the anisotropy of all three layers is
reduced in the jet and on the forming roll. After the peak pressure on the
forming roll, there is a drop to atmospheric pressure. At this take-off point,
the mix is accelerated leading to large shear rates near the wires. This induces
alignment of the fibres in the top and bottom layers, while the middle layer is
unaffected. Subsequent drainage elements have a minor effect on the
anisotropy. The final paper structure shows great through-thickness
anisotropy variations, with a high anisotropy in the top and bottom layers.

At a medium consistency (the middle sub-plot), the anisotropy of the
middle layer is reduced in the jet and on the forming roll, while the drop to
atmospheric pressure induces some alignment of the fibres. This behaviour is
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similar to that of low consistency. The outer layers, however, behave differ-
ently: The forming roll slightly increases the anisotropy of those layers. It is
also seen that the final phase of consolidation over the suction box and the
couch roll slightly reduces the fibre orientation anisotropy. The final structure
is quite uniform with respect to anisotropy. This level of consistency is also
closest to the preferred operating window at the mill.

At a high headbox consistency (the bottom sub-plot), the anisotropy of the
middle layer of the suspension is only slightly reduced in the jet and on the
forming roll. The anisotropy of the outer layers, however, is much reduced in
the jet. The core of the suspension forms a plug, forcing the agitation of the
fluid to the surfaces of the jet. During the very initial phase of drainage on
the roll, the shear induces anisotropy in the outer layers. Then, the mobility
of the fibres is reduced, so that no further anisotropy increment is seen on the
roll or the blades. The suction box tends to decrease the anisotropy of the
outer layers at high headbox consistencies. This should not be interpreted as a
possibility to modify the anisotropy of the sheet using the suction box. The
effect is more likely associated with the microscale rearrangement of fibres
during the transition from a three-dimensional to a two-dimensional network
structure.

From Fig. 14, it is seen that consistency has a dramatic effect on the paper
structure development. At a low consistency, the network formed on the
forming roll is too weak to withstand the forces of the fluid as it is accelerated
by the drop to atmospheric pressure, resulting in strong alignment of the
surface layers. At higher consistencies, the drop to atmospheric pressure
hardly affects the structure at all. It is sometimes suggested that, during
filtration dewatering, fibres are deposited onto the wires to form fibre mats
which are immobilised. That is, the structure of the filter cakes is preserved
during subsequent drainage. In these simulations we see the opposite: When
the consistency is low enough for filter cakes to develop on the forming roll,
the structure is especially susceptible to shear induced by drainage elements at
later stages of forming. Particularly, there is no evidence of the presence of an
immobilised layer of fibres near the wires on the forming roll.

There are some observations in the literature regarding the effects of the
pressure gradient where the wires leave the forming roll. It has been previ-
ously hypothesised that the shear induced by the blades may rupture the fibre
network, possibly creating an adverse effect on paper strength [41, 36]. A
suction pulse has also been experimentally verified at the wire take-off, which
generates formation defects [42]. This observation that severe formation prob-
lems arise after the roll, even though most drainage occur on the roll, also
indicates that the the partly formed fibre network is, at least sometimes, not
immobilised.
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4.3.2  Basis weight

In this investigation, the target basis weight was varied by adjusting the jet
thickness, while the headbox consistency was maintained at a constant level
of 0.7%, and the jet-to-wire speed ratio was kept at 1.02. All other process
data was taken from the operating conditions of the sample simulation (see
Sec. 3.3 and Appendix B).

The development of the fibre orientation anisotropy has been plotted in
Fig. 15 for different target basis weights. The fibre orientation anisotropy was
investigated separately for the top, middle and bottom layer of the mix.

First, consider the three papers with basis weight in the range 35-70 g/m’.
The anisotropy of the middle layer is reduced on the forming roll and
unaffected of subsequent drainage elements. Its development is essentially
the same irrespective of the target basis weight. The fibres of the outer layers
become more aligned with the machine direction on the forming roll, and

25 g/m?

35 g/m?

50 g/m?

70 g/m?

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Figure 15. The mix was numerically delaminated into three layers, top, middle and
bottom, with equal basis weight. The dashed, solid, and dotted lines represent the
fibre orientation anisotropy in the top, middle, and bottom layer, respectively. The
development of the fibre orientation anisotropy was obtained for different values of
the basis weight while maintaining a constant consistency of 0.7%, and a jet-to-wire
speed ratio of 1.02. The letters A to I refer to positions in the former (see Fig. 5).
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also at the drop to atmospheric pressure. The anisotropy of the outer layers
may increase a little with target basis weight. The basis weight has far less
impact on the fibre orientation than had the consistency.

For the most light weight paper grade (25 g/m?), the reduction of the fibre
orientation anisotropy is very efficient in the turbulent jet, particularly in the
outer layers. Then, the anisotropy of the outer layers increases slightly during
drainage on the forming roll. The final light weight paper is more isotropic in
the outer layers than in the middle layer. The over-all anisotropy is relatively
low as compared to heavier grades.

4.4 Comparison of final paper structures with paper mill data

Currently, no experimental technique is available for measuring the fibre-level
details of the paper structure inside the narrow gap between the wires in the
former; the resolution is just below 1 mm [31]. Therefore, only the final struc-
ture predicted by the simulations was compared with real papers. Before this
comparison is undertaken, it is appropriate to point out some differences
between simulations and actual machine operation. The fibre furnish used in
the simulations is composed from a mixture of hardwood and softwood
fibres, but they were not sampled from the mill. Furthermore, we had no
access to the fibre length distribution in the headbox or whitewater, and thus
could not estimate the enrichment of fines in the headbox furnish. During
normal operation at the paper mill, the furnish properties varies considerably
over time, depending on the variations of raw materials, broke content, and
variations in the white water circulation. There is thus a great variation in the
furnish composition under normal operation. Consequently, it may be dif-
ficult to make a direct quantitative comparison between simulated sheets and
sheets from the paper mill. Nevertheless, a preliminary comparison is still of
interest to give an idea of the differences of simulated and real paper sheets.

The sample sheets were manufactured with the former configuration simi-
lar to what was used in the simulations (see Fig. 1). In the validation case, the
machine produced an 86 g/m’ fine paper at 1500 m/min, from a mixture of
60% softwood and 40% hardwood pulp. Further details of the operating
conditions are presented in Appendix B.

Analyses were carried out for the through-thickness fibre length distribu-
tion and the through-thickness fibre orientation anisotropy. Both measure-
ments are based on sheet splitting. The measurement for z-directional fibre
orientation has been described elsewhere [43]. For z-directional fibre length
distribution, the paper was laminated in a commercial hot laminator and
subsequently split by hand. The laminate foils of each layer were put in
deionised water for 24 hours. Then, the fibres were gently pealed off the
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Figure 16. The simulated retention as a function of fibre length, for particles larger
than 50 gm.

plastic foils. This whole procedure is known to produce a certain amount of
additional debris. The suspension was disintegrated and the fibre length dis-
tribution was measured using the Kajaani FS-200 system [44]. Only particles
larger than 50 um are considered in our analysis due to the limited optical
resolution of the FS-200.

Three 4 x 5 mm? sheets were simulated, with a particle length cutoff at
50 pum, to be used for comparisons with the sample sheets from the paper mill.
The simulated retention of different length fractions (see Fig. 16) is useful for
later discussion of the fibre length distribution. Almost all fibres greater than
0.5 mm are retained. The normalised initial and final fibre length distribution
of the simulations and the fibre length distribution of the sample sheets are
plotted in Fig. 17. When comparing the initial and final length distribution of
the simulation, it is seen that the share of the smallest particles (L < 200 um)
have been reduced, thus increasing the share of larger particles. The discrep-
ancies between the length distribution of the simulated sheets and the sample
sheets arose partly because the fibre furnishes were different, as described
above. However, they may also reflect differences in the the retention of small
particles.

The through-thickness distributions of small particles in the simulated
sheets were computed between the wire surfaces. That is, it was assumed that
the small particles trapped inside the voids of the wires will not be included in
the web as it leaves the forming section. Figure 18 shows that particles in the
length range 200-400 um give a uniform distribution through the thickness in
the simulated sheets, as well as the sample sheets. The frequency differs,
because the pulps did not have an identical length distribution. The frequency
of particles in the range 50-200 xm show a local minimum in the centre of the

238 Session 2: Fibre Suspensions and Forming



Evolution of the Paper Structure Along the Length of a Twin- Wire Former

Number frequecy [%]

L [mm]
Figure 17. The initial fibre length distribution (dashed line) of the simulation, the
fibre length distribution of the simulated sheet (dotted line), and the fibre length

distribution of the reslushed, non-delaminated sample sheets (solid line).
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Figure 18. The through-thickness frequency of fines in the delaminated sample

sheets (squares) and the simulated sheets (circles). The ZD position is given as a

fraction of the basis weight. The open symbols represent particles in the length range
50-200 pm, while the filled symbols represent particles in the range 200-400 gm.

sample sheets. This is not visible in the simulated sheets. The reason for this
discrepancy is not known at this moment.

The total anisotropy of the three simulated sheets was ¢ = 0.50 + 0.03,
with a sample size of 0.22 cm”. The sample sheets were 25 cm? and obtained
far from the machine edges. The anisotropy of the sample sheets were 0.45.
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Figure 19. The through-thickness fibre orientation anisotropy of real paper sheets

(bars), with error bars representing the standard error based on six different samples.

These are compared with the simulated fibre orientation anisotropy (solid line), which

is an average taken over three simulations. The dotted lines indicate the maximum and

minimum values. The ZD position is given as a fraction of the basis weight in the case
of simulated sheets, and as the layer number for real sheets.

Considering the mix-to-wire speed variations over the width of the web and
other naturally occurring process variations, a 0.05 difference in fibre orienta-
tion anisotropy units is not unexpected.

The through-thickness fibre orientation anisotropy of the simulated sheets
and the sample papers are compared in Fig. 19. The simulations agree with
the real sheets that the outer layers are more anisotropic than the inner layers.
Considering the small sample size of the simulated sheets, the agreement is
fair except at the very bottom layer of the sheet, where simulations overpre-
dict the fibre orientation anisotropy. The origin of this discrepancy is
unknown.

5 CONCLUSIONS

A theoretical framework for particle-level simulation of forming was given.
Fibres are modelled as flexible discrete objects interacting with each other, as
well as the suspending fluid. Newton’s second law was used for integrating the
fibre motion, while the Navier—Stokes equations was used for the fluid
motion. Drainage is simulated by introducing two model forming fabrics
moving toward each other through the mix.

The model was used to simulate forming in a former configuration similar
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to the Voith DuoFormer™ TQv [2]. The development of the through-
thickness fibre length distribution and fibre orientation distribution along the
length of the former was observed. Parametric studies of the jet-to-wire
speed ratio, consistency, and target basis weight were performed.

Under the forming conditions examined in this work, the through-
thickness concentration gradient was almost uniform throughout the
forming process. The dewatering mechanism could thus be characterised
as thickening rather than filtration. Filtration dewatering was also observed,
but only in the lower range of papermaking consistencies.

It was found that the single most important drainage element, in terms of
impact on the paper structure, is the forming roll. It was observed that drain-
age on the forming roll introduced in-plane basis weight variations in the
sheet. It was also shown that the fibre orientation anisotropy of both the
inner layers and surface layers develops mainly on the forming roll. In some
instances, at small consistencies and a large jet thickness, the drop to atmos-
pheric pressure immediately after the forming roll has a dramatic effect on
the paper structure. The fibre network near the wires yields and is subjected
to shear, with an increased alignment of fibres in the surface layers as a
result.

The effects of varying the consistency and the basis weight were investi-
gated separately. It was shown that changes in the consistency can have strong
effects on the through-thickness fibre orientation anisotropy. The paper
structure development is less sensitive to the basis weight, except for the most
light-weight grades, which are sensitive to the flow conditions in the jet.

There is a large set of potentially important process parameters, whose
variation may affect the paper structure in different ways depending on the
current operating window. The proposed forming model can be used to sys-
tematically investigate which parameters are important, and how the param-
eters inter-relate to produce the final paper structure.

A  STOCK PROPERTIES

The mass-weighted mean values of some properties of pulps A (pine kraft
pulp) and B (birch kraft pulp), excluding all particles whose length falls below
the limit 200 #m. Fibre length, diameter and curl index were measured by the
PulpEye™ fibre analyser, the coarseness was estimated from the data pre-
sented by Retulainen et al [45], the wall thickness was calculated from the
mean diameter, mean coarseness and the assumption that the density of
solids were, 1500 kg/m®, and the wet stiffness values are magnitude estimates
based on the data provided by Kerekes and Tam Doo [46].
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Property Pine kraft pulp Birch kraft pulp
Length 1.87 mm 0.97 mm
Diameter 28.9 um 25.4 um
Curl index 0.087 0.050
Coarseness 0.26 mg/m 0.14 mg/m
Wall thickness 1.8 um 1.1 yum
Wet stiffness 3x10”N-m? 2x 10" N - m?

B OPERATING CONDITIONS

This section contains a lists of the relevant operating conditions used in the
simulations of this work. All process parameters and data were obtained
from a paper mill producing a fine paper.

Machine data

Grammage (15% fillers) 86 g/m?
Machine speed 1500 m/min
Jet/wire ratio 1.02

Furnish data

Hardwood 40%
Softwood 60%
Filler in headbox 5 g/l
Headbox data

Slice opening 12 mm
Channel height after tube bank 140 mm
Length of nozzle 720 mm
Distance to impingement point 350 mm
Consistency 1.0%
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Drainage element data

Forming roll radius 700 mm
Wire tension 4.8kN/m
Forming roll wrapping angle 35°
Number of blades 4

Blade pressure 120-200 mbar
Conc. after couch roll 20%

Volume fraction drained

Forming roll top side 35%
Forming roll bottom side 40%
Blade section 13%
Suction box 9%
Couch roll 3%
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Background

The presented paper has very ambitious goals with a focus of understanding
the effects of basic process parameters such as grammage and concentration
as well as the effect of drainage elements on paper microstructure. In order to
achieve the goal, a modelling approach is made where a multiple-scale model
is implemented. The model contains two parts, one part that models the
large-scale machine direction (MD) variation and one that models the
behaviour on the small-scale between the forming fabrics. In order to perform
the simulation, the MD pressure variation, distance between the forming
fabrics and thus concentration is given based on experimental data and
ad-hoc assumptions. The potential and use of the small-scale model has
been published previously and also employed in simulation of twin-wire
forming [1].

As a starting point it is stated that “With the particle-level model for
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forming simulation, every detail of the evolving paper structure is available
for analysis along the length of the forming section. This opens up the
possibility to investigate a variety of questions critical to papermakers.”
Specifically, the paper is concerned with:

* What are the effects of individual drainage elements on the paper
microstructures?

* How do changes in the basic parameters, grammage and consistency,
modify the paper microstructures?

Response

Overall the paper represents an impressive effort to develop a tool that tries to
model the influence of forming parameters on paper structure. However, the
starting point for this response is the conclusions of the paper that state the
following:

* Newton’s second law was used for integrating the fibre motion, while the
Navier—Stokes equations were used for the fluid motion

» It was found that the single most important drainage element, in terms of
impact on the paper structure, is the forming roll:
o introduces in-plane basis weight variations in the sheet
o fibre orientation anisotropy of both the inner layers and surface layers

develops mainly on the forming roll

* The proposed forming model can be used to systematically investigate
which parameters are important, and how the parameters inter-relate to
produce the final paper structure

In my opinion these conclusion are maybe not fully supported neither by
the methodology and results of the paper nor previously published work.
Therefore comments on each of these conclusions follow.

Conclusion: Newton’s second law was used for integrating the fibre motion,
while the Navier—Stokes equations were used for the fluid motion

This statement seems to indicate that the full set of governing equations was
used in the simulations and that no further assumptions have been made. This
is not supported by the description of the simulation methodology used as
stated in the paper. In order to allow large Reynolds numbers, a sub-grid
turbulence model was used. The behaviour of the turbulent flow on the sub-
grid scale is thus prescribed by a simple model. As indicated in the paper, the
presence of fibres will have an effect on the flow behaviour on this scale. It is
also noted that this effect is outside the scope of the paper. However, in order
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to estimate the effect, there is actually good available data showing the impact
of fibres on the turbulent dissipation.

Bennington and Mmbaga [2] showed that fibres change the nature of dissi-
pation of the turbulent energy. In a turbulent fibre suspension, the turbulent
energy is not dissipated to heat at small scales, as it is in pure water. Instead,
the dissipation occurs due to fibre-fibre interaction. The experiments were
performed in a high-intensity mixer and the viscous dissipation ¢ was meas-
ured by analyzing the end product of a reaction between two chemicals. A
model of chemical reactivity was applied, which coupled the result of the
analysis to the viscous dissipation.

Results from this study are shown in Figure 1. In Figure 1 the relative
liquid-phase dissipation, &/, is plotted as a function of concentration. The
viscous dissipation, ¢, is given by the experiment, i.e. the chemical reaction,
and g, is given by the input power to the mixer.

In the graph it is obvious that viscous dissipation is strongly influenced by
the presence of fibres. For a fibre volume concentration of 0.01, the viscous
dissipation accounts for about 50 % of the total but, in contrast, for the
polyethylene beads, attenuation is only 10 % at the same volume concentra-

1,2
+ A =84 polyethylene fibre
1 m A =162 polyethylene fibre
polyethylene bead (dp =2.7 mm)
® A =105 FBK fibre
0,8
efe, 06
0,4
0,2
0
0 0,01 0,02 0,03 0,04 0,05

C,

Figure 1. Relative liquid-phase energy dissipation versus volumetric concentration
for fibres of different aspect ratios and for a suspension of polyethylene beads.
Data taken from [2]. (FBK=Fully Bleached Kraft pulp).
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tion. For the low aspect-ratio polyethylene fibres and the FBK pulp the
attenuation is similar. For the high aspect-ratio polyethylene fibres
attenuation is even stronger.

The experiments, which were performed at given impeller speeds, showed a
variation in power input depending on fibres and concentration. This could
be argued to be a source for the differences between the suspensions. How-
ever, results were also presented regarding the effect of rotational speed for an
FBK pulp, which showed that, although there is an effect of rotational speed,
it is weak compared to the effect of concentration.

This result clearly shows that assumption of the suspension behaving as
water on the small-scale (Kolmogorov scale) is far from correct. Instead
energy is consumed by a constant break-up of the flocs followed by re-
flocculation. The conclusion is therefore that flocculation and turbulent
decay will be significantly different from what is predicted by the presented
model. It is also suggested that these experimental data could be used to tune
the model allowing more accurate predictions.

Conclusion: It was found that the single most important drainage element, in
terms of impact on the paper structure, is the forming roll

From the results of the simulations it is argued that formation degradation,
i.e. in-plane basis weight variation, is introduced by the forming roll.
However, this conclusion is most probably a result of poor initial conditions.

It was clearly shown by Kerekes et al. [3], that turbulence both disrupts and
creates fibre flocs. Although shear forces in a turbulent flow-field have the
capability to disrupt fibre flocs, turbulence also creates flocs. In a continuous
turbulent flow, fibre flocs will continuously be disrupted followed by re-
flocculation. This is supported by several studies; see, for example, [2] and [3].
The presented simulation results are only a result of the initial conditions, i.e.
the upstream boundary conditions. At the headbox slice, which forms the
upstream boundary, fibre flocculation is not present in the simulations and
turbulence level is defined by simulating a pure water flow at the given vel-
ocity, i.e. Reynolds number. The result of this is a very high level of turbulent
fluctuations.

Based on results presented by Parsheh and Dahlkild [4], turbulence is
clearly damped by the headbox contraction. Their results, which are based on
measurements in a flow without fibres, clearly show that the absolute level of
the turbulent fluctuations never exceeds the level going into the headbox
contraction. Assuming that the contraction ratio of the headbox is 10 and
that the turbulent fluctuations are 10% of the mean flow velocity at the
beginning of the contraction they are reduced to <1% at the slice.
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As seen by, for example, Lundell and Séderberg [6], fibres will also have a
significant turbulence dampening effect. Since neither the effect of headbox
contraction nor fibres are taken into account, the initial condition for the
turbulent state at the slice is most likely at least an order of magnitude too
high.

In Figure 2 a visualisation of the flocculation state in a headbox jet is
shown taken from [7]. This is a figure representing a time-sequence captured
at high speed. If the images in the series are analysed, there seems to be no
visible re-distribution of fibres, which indicates a very low turbulence level. In
addition, the images also show clearly that the suspension is flocculated.

Based on these results, it is suggested that the conclusion that in-plane
basis-weight variation is introduced on the forming roll is only a result of
poorly chosen boundary (initial) conditions. The assumption of a non-
flocculated state at the slice is incorrect and if the flocculation state and the

t=0ms

20 40 60 80 100 120 140
t=4ms

MD distance from nozzle (mm)

20 40 60 80 100 120 140
= 06ms

70

20 40 60 80 100 120 140

CD scale (mm)

Figure 2. Time sequence of the headbox jet at 7.5 m s™' with a fibre suspension. The
images follow the flow, which can be seen on the vertical axes [7].
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level of turbulent fluctuations were adequately chosen this effect would not
be seen. It is therefore suggested that the forming roll will have little or no
impact on formation. This is under the assumption that the pressure profile is
“well-behaved”, without significant pressure pulses.

Conclusion: The proposed forming model can be used to systematically investi-
gate which parameters are important, and how the parameters inter-relate to
produce the final paper structure

This is of course the goal for the development of the presented model. How-
ever, based on the discussion above, it is suggested that more work needs to be
done in order to be able to draw conclusions based on the simulations. Specif-
ically, more experimental verifications have to be made and the large-scale
model has to be further developed to accurately predict pressure variation in
the MD.
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GENERAL DISCUSSION

Steve Keller Miami University

Daniel, could you go back a couple of slides there to your image of forma-
tion? Can you give me an indication of the scale differences between the
image you are showing here and what Stefan was showing for formation in his
study?

Daniel Soderberg

In this case, this is 1 cm and Stefan simulates 1 cm. These are very long fibres
in the visualisation.

Steve Keller

Do you think that the scale differences between the flocs that you are looking
at, and the changes that Stefan might be seeing at his scale, could account for
the differences in conclusions?

Daniel Soderberg

I do not believe that, since I would expect that the crowding number was
about the same for this as for Stefan’s results, which would be governing the
mobility of fibres.

Steve Keller

I guess what I am looking for is that if you have the capability of focusing in
on individual fibres, would you see them move? What you are looking at are
coarse flocs which one would expect not to have that type of mobility.

Daniel Soderberg

I took it away, you see the red square? There is actually a follow-up on this
slide where this box is imaged at higher resolution and you still do not see any
motion. Actually, you do not see any motion in this first part of the jet, then
suddenly, at a distance from the slice, you get a lot of motion because the jet
become unstable and creates turbulence by itself.
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Discussion

Steve Keller

Does that account for what Stefan was seeing, as you move that box?

Daniel Soderberg
That is not part of the model, the instability of the jet.

Stefan Lindstrom

No, the simulation box only spans the size of one such floc. In order to
investigate how the forming section affects these flocs, it would be necessary
to include at least 2 floc sizes inside the simulation box — one dense part and
one less dense. Probably, an even greater size of the simulation box is
required.

Kit Dodson University of Manchester

Would it be fair to say, if we could see the movie here, that we would see a
variation in that red box that is roughly like the variation we see along the top
of your image?

Daniel Soderberg

You mean that the time variation would be the same order as the spatial
variation. Yes, I guess so.

Kit Dodson

Thank you. The other query is that Stefan said that he was working with fine
paper. It is difficult to believe that this head box is going to deliver fine paper.
So it may be you discuss different things in this context.

Daniel Soderberg

Yes, but it is amazing! I would say that you would get very nice paper! We
have done a lot of jet imaging both at the pilot scale and at mills, and it looks
much worse in the head box and better than you could ever imagine when you
look at the final paper.
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Ari Kiviranta M-real (from the chair)

Yes. I'll just make a comment about what Daniel is saying. [ completely agree
with him, it is unbelievable how bad the jet can look and yet still you can
produce good paper.

Kit Dodson

I think that is very interesting. Thank you very much.

Mark Martinez University of British Columbia

Before I ask my question, you need to clarify something first. In your simula-
tions, it is a fluid structure interaction problem, but you used as an input the
gap size as a function of position, is that correct?

Stefan Lindstrom
Yes.

Mark Martinez

So here’s the question — I do not understand this. The big picture is that you
have a gap size which is symmetric: it is an axisymmetric problem you are
looking at. Your inlet condition is a uniform concentration and your outlet
condition is a uniform concentration, but right in the middle, you have a
region of a very complex concentration profile and symmetry is broken in
that region. So the question I have is: what is causing the symmetry to be
broken in the middle of the forming zone?

Stefan Lindstrom

The speed of the two wires in the thickness direction is not the same. So you
drain asymmetrically, so the simulation is not symmetric.

Lars Wagberg KTH

Thank you, first of all, both of you for a great discussion. However, I want to
bring a bit more chemistry into this discussion and I would like to ask how
you are modelling the fibre interactions in your model?
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Discussion

Stefan Lindstrom

In this case, they are purely mechanical, so there is a frictional force with an
effective coefficient of friction, which I took from one of Dick Kerekes’
review papers and, of course, there is the possibility of having any type of
potential force between these fibers, which I have not included yet. So the
model is presenting only friction and hydrodynamic interactions.

Lars Wagberg

I was thinking about what Agne Swerin showed us in his PhD Thesis. He
showed that the critical number fibre—fibre contacts for creating a fibre
network went down from 3 to 1.2, when you added chemicals. Maybe that
kind of approach could be used in your model.

Stefan Lindstrom

It will be interesting to try it and see what happens.

Jean-Claude Roux University of Grenoble

In your simulation, did you change the location of the counter blades and, if
you did that, did you obtain any interesting information?

Stefan Lindstrom

I did not attempt that. I obtained the blade interspacing from the data sheet
of the Voith DuoFormer. But I think that we would get interesting results
only if we increased the size of the simulation box because the interesting
thing about the blades is that they affect flocculation, and they affect the
formation of the final paper, particularly the large scale formation.

Jean-Claude Roux

But they may also affect fibre orientation. I do not totally agree with you
when you say that filtration mechanism cannot be obtained. It depends on the
location of the “wet line”. We have also an equivalent wet line on a twin wire
machine as your machine — it depends on the processing parameters. You
may have some filtration mechanism which is followed by thickening or by
pressing because it is effectively wet pressing between two wires.
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Stefan Lindstrom

Yes, of course, there is a certain range only within which I have varied the
process parameters; but the properties of the pulp can change a lot and so on
and I have to investigate each individual case. The system is so complex that it
is very difficult to draw general conclusions, and we really have to try different
drainage strategies and process parameters, so that is a good comment.

Ilya Vadeiko FPInnovations

I have a question concerning fines distribution. You show that there is a
discrepancy between the experiment and the model. I was wondering if the
fine particles are allowed to escape from you systems with the draining water
or not?

Stefan Lindstrom
Yes.
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