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3D SIMULATION OF LAYER MIXING
IN A THREE-LAYER STRATIFIED HEADBOX

Jatetana Kunsriluksakul, M.S.

Western Michigan University, 2005

In this research, the commercially available software called FLUENT is used
to simulate and visualize behaviors of flow in a three-layer stratified headbox of a
paper machine. A two-phase model, “volume of fluid”, is employed to simulate
turbulences in a free jet. The information obtained from the simulations, in terms of
velocity profiles, Reynolds stress, turbulent kinetic energy, and macro scale of
turbulence, are used to assess and characterize the effect of free jet length, vane
length, vane thickness, nozzle angle, and slice opening on fiber layer mixing.
Importantly, the simulation results demonstrated that the macro scale of turbulence in
the free jet is a critical parameter to evaluate and optimize the degree of fiber layer
mixing and forming. In addition, air entrainment was observed in the three
dimensional simulations. It is expected that the vane and free jet lengths are the keys
of layer mixing in stratified headbox. In addition, it is better for both vane and free jet

lengths to be adjustable during operation.
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CHAPTER I

INTRODUCTION

Manufacturers of printing/writing paper and linerboard have long been
interested in placing fibers in different layers to form multi-layered sheets [1-6]. This
multi-layered technique takes an advantage of different fiber properties to produce a
higher quality sheet [7]. With this technique, it is possible to place a lower grade of
fibers at the middle layer and use printing surface quality fibers for the printing
surface. This technique is not only successful in the low basis weight tissue grades,
but also in the high basis weight packaging grades [3-4,8].

Historically, multi-layer board originated from cylinder formers and multi-
fourdrinier formers in 1960. There are two objectives of multi-layer web forming:
quality improvement and fiber economy. For layered tissue grades, the objective of
multi-layer forming is to improve quality by using the high-grade fibers on surface
layers to achieve a bright, soft and smooth outer surface. In the case of linerboard, the
objective is to reduce cost by placing lower grade fibers in the center and the virgin
fiber on the outside layers to maintain better surface appearance and mechanical
properties. For printing and writing grades, multi-layer forming is used to place the
shorter fibers and fillers on the surface for smoothness, bulk and printability, while
the stronger fibers in the center of the sheet for good mechanical properties. [3,7]

The multi-layered or multi-ply sheet has been a success in both the board and
tissue industries by using a separate headbox and forming wire for each layer on a
Fourdrinier machine. ﬁowever, this method may result in a high investment cost on

mechanical and controlling equipment and increases the maintenance cost, such as
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spare parts, rolls and wires, and the high production time loss when it is shutdown for
maintenance. Therefore, a stratified forming headbox has been developed in order to
duplicate the effectiveness of separate headboxes. The most important aspect in the
development of stratified forming is capable of combining multiple stock flows into
one jet or simultaneously forming the multi-layer sheet with a single headbox. By
using separate vanes, each layer is separated inside the headbox, and each layer is
mixed with other layers at the outlet. Because of the simultaneous forming, the
stratified headbox with less equipment is believed to be more economic with a less
investment cost and a lower energy consumption [2,7-9].

Currently, this technology has been used in the tissue industry. It is
particularly applicable with twin-wire/gap former, because the forming is going to set
the sheet quickly [8]. However, only a very small number of printing/writing paper
and paperboard mills have even tried this technology. The sheet quality is not easy to
control in this type of headbox. Fiber migration between layers causes the
heterogeneous surface with an uneven formation, which worsens the printability.
Nevertheless, stratified forming technology may play an increased role in the future of
papermaking if the key operating problems have been resolved [8].

Nowadays, computer simulation methods have become an efficient tool,
simulating the interactions of fluids. High accuracy and low cost makes this
simulation technique very attractive. As there are many factors affecting layer mixing
in a stratified headbox, it is very expensive to study all of them by experiment.
Thérefore, the simulation technique is employed to investigate the layer mixing
phenomena in a stratified headbox. These simulation results would be used as

guidelines for further designing a pilot stratified headbox.



CHAPTER 11

LITERATURE REVIEW

The disadvantage of a Stratified Forming Headbox (SFH) is that the lower
grade fibers at the center (inner) layer migrate to the paper surface, resulting in
heterogeneous surface, poor paper formation and inferior printability.

Typically, a SFH is a converging channel in which elastic vanes are pinned at
one end and are free to move at the other end. The position of vanes inside a headbox
depends on their bending stiffness and the forces generated by fluid flow. Fibers from
different layers are separated by vanes and then mixed together after the vanes end.
There are many factors affected layer mixing, such as vane length, vane thickness,
slice opening and headbox angle. Following is a review of previous studies on each
factor.

Lloyd and Norman [10] and Li, Neill and Rogers [11-12] studied the role of
vane length on a three-layer stratified forming headbox. They found that vanes shorter
than the length of the headbox nozzle led to low turbulence intensity, while longer
vanes led to more intense turbulence from a narrower channel. The turbulence scale
of shorter vanes was too large and their intensity is too small to break down the fiber
flocs; instead, this low intensity turbulence only mixed all fibers together causing a
heterogeneous surface, which worsens the printability. Higher flow rate in a narrower
channel with the longer vanes produces more intense turbulence and a smaller scale of
turbulence, which can break down the flocs and make the surface more homogenous
and uniform. Nevertheless, very long vanes caused complete turbulent mixing of the

different layers that result in very poor sheet formation and printability.
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The effect of slice lip was also studied by Lloyd and Norman [13]. The shape
of slice lips was evaluated by comparing a parrot’s beak slice lip with converging and
parallel slice lips. They found that the type of slice lip did not affect the layer mixing
when the vane length is longer than the nozzle. The Parrot’s beak slice lip increased
the scale of turbulence and led to increase in the layer mixing, because it gave a wider
channel at the vane tips, allowing the turbulence to grow to a larger scale.

The effect of slice opening and different jet speeds were also studied by Llyod
and Norman [13] and Li, Neill and Rogers [11-12]. Lloyd and Norman [13] found
that the narrower slice opening led to lower layer mixing. This result was completely
different from that by Li, Neill and Rogers [11-12]. However, their similar result is
that the different jet speeds have no significant influence on the layer mixing of SFH.

A Stepped vane is typically used in a headbox to increase floc-breaking
turbulence. The effect of the step extension in SFH was studied by Lloyd and Norman
[14]. They concluded that stepped vanes are not the answer to reduce the layer mixing
in SFH.

The layer mixing mainly occurs at the free jet area between the headbox
outlet and wire former. The mixing characteristics of three-layer SFH on this free jet
was studied by Li, Neill and Rogers [11-12]. They studied by using fresh water in the
top and bottom layers, while using the salt water in the center layer to create a marked
difference in the conductivity level. The conductivity data at difference locations on
the free jet (the distance between headbox jet outlet and wire forming), were used to
determine the layer mixing in terms of the relative changes in the conductivity profile.
They found that the free jet tends to promote the transport of the salt solution from the
center layer to the top and bottom layers. As the free jet length increases, the

conductivity of the jet surface continually increases. They also found that the jet



speed difference has no significant influence on the layer mixing intensity, that is the
same as the experiment by Lloyd and Norman [13]. Importantly, Li, Neill and Rogers
[11,12] found that the variation of free jet length causes different degrees of layer
mixing. For the long free jet length, the shortest vane gives the lowest layer mixing.
On the other hand, the longest vane produces the least layer mixing for the short free
jet length. They suggested that the free jet length has a strong influence on the
optimum choice of the length of the vane. [11-12]

Numerical simulation of a SFH was carried out by Parsheh and Dahlkild [4].
The effect of vane length, vane shape and slice opening was similar to the experiment
by Lloyd and Norman [10,13-14]. In addition, they studied the effect of vane
thickness and headbox angle on layer mixing. They concluded that the layer mixing is
mostly affected by the turbulence between adjacent layers when they exit the
headbox, by the boundary layer thickness at the headbox outlet and by the wake area
behind the vane. Importantly, they suggested that the optimum headbox angle should
be around 8 to 11 degrees in order to give the lowest layer mixing. [4]

Another computational fluid simulation on SFH was done by Farrington [15].
His simulation was done on three types of Tissue machine headboxes. He
theoretically explained that formation and disruption of fiber flocs are dynamic
processes, which depend on the level of turbulent stresses, time of exposure to these
stresses, fiber characteristics and concentration. Many literature data suggested that
Reynolds stresses in the 10-100 Pa range are required depending on fiber species and
concentration to disrupt the fiber flocculation. Farrington also determined the size of
fiber flocs by estimating from the scale of turbulence and turbulent kinetic energy.
Since large flocs must be avoided, a headbox must generate high turbulent kinetic

energy and fine scale turbulence to prevent fiber flocculation. The uniformity of flow



velocity at the headbox exit is required to make better sheet formation. The velocity
profile should be uniform across the nozzle exit and free from any wake effects. He
found that the parallel channel produce a more fully developed turbulent flow than the
converging channel. Wakes decay most rapidly in the parallel channel, giving a more
uniform exit velocity profile. The increasing slice opening at constant jet exit velocity
increases the turbulent in the larger region as the result in the increasing macro scale
of turbulence. This result is similar to the experiment by Lloyd and Norman [13]. He
concluded that the converging channel headbox produces the finest scale of
turbulence and the lowest fiber flocculation. [15]

The free jet has never been studied and optimized by fluid dynamic simulation
techniques. The turbulence in terms of scale and intensity has never been properly
used to explain the layer mixing in SFH. In this research, a two-phase model, called
volume of fluid, is employed in the simulations of free jet. The simulation results, in
terms of velocity profiles, turbulent kinetic energy, and macro scale of turbulence, are
used to assess and characterize the effect of free jet length, vane length, vane

thickness, jet speed different, nozzle angle, and slice opening on fiber layer mixing.



CHAPTER III

STATEMENT OF THE PROBLEMS AND OBJECTIVE

The major problem of a stratified headbox is that the lower grade fibers at the
center (inner) layer migrate to the paper surface causing poor formation and inferior
printability. At the present, many factors such as vane length, vane shape, vane
thickness, free jet area and slice opening, will affect the layer mixing. Due to the high
cost of pilot machines, the low cost of simulation techniques is applied to study all
factors affected the layer mixing of SFH.

The aim of this research is to characterize and visualize the effect of free jet
length, vane length, vane thickness, nozzle angle, and slice opening on fiber layer
mixing in SFH. This simulation results will be discussed and compared with the
previous experiments in order to find the way to reduce the layer mixing. It is
expected that the result will facilitate the design of a SFH that has the optimum
turbulent level to break up fiber flocculation and the small scale of turbulence to

prevent fibers from the inner layer migrating to the paper surface.



CHAPTER IV

EXPERIMENTAL SETUP AND METHODOLOGY

Simulation Methodology

The commercial computational fluid simulation program used in this research
is FLUENT version 5.5. The models of stratified headbox are created by using
GAMBIT program version 2.0. The computational details used in this research are

shown as follow:

Turbulence Model

Generally, the fibers inside the headbox are in a very low consistency of 0.5 —
1.0% slurry. Only water will be used in this simulation and the results would not be
significantly different from those that include fibers [15-16].

As the fluid in a headbox is incompressible, FLUENT solves conservation
equations given by equations, (1) and (2), for mass and momentum, respectively.
[15,17-18]

a—?; (pu;)=0 (D

4

d 0, |Ouw Ou| op 0 —r
P 1.} =— st (SRR .S A S '. ' ) 2
ox, a2 ox, (l{axj ! ox, }) ox o Py 2

;O
where o is the density of fluid (kg/m3)
u; is velocity components (m/s)
u', is fluctuating velocities components (Pascal)

M is dynamic viscosity (Pa-s)



x, 1s Cartesian coordinate (m)

The standard k-& model is employed to calculate the turbulence. The

equations and the standard parameters are given by equation (3) to (8) [15, 17].

S— du, , Ju,
o' u'| = p(213)kS, + (- + —L) 3)
ox; ox
where k is turbulent kinetic energy (m?/s?)
M, 1s turbulent viscosity (Pa-s)
0, is equal tolif i= j
—( k)—— ——)+G, — p€ 4
o o ( pgre ,) —p (4)
where ¢ is turbulent energy dissipation (m?/s%).
d  u o€ £’
—(ou,€) = +C, G -C,p— 5
(/Jl)axiag ) - zpk )
Ou, Ou; ou,
G, = ’ 6
¢ ﬂ’(axj ox, )ax =
- pc, 7)
£
C, =144,C, =192,C, =0.09,0, =1.0,0, =1.3 (8)

The model constants on equation (8) have been determined from experiments
with air and water for fundamental turbulent shear flows by FLUENT. It has been
found that the model constants work very well for a wide range of wall-bounded and

free shear flows. [17]

Two-phase fluid model

The Volume of Fluid (VOF) model is the most suitable computation model to
include the interface between air and water. The VOF model is a fixed grid technique
designed for two or more immiscible fluids where the position of the interface

between the fluids is of interest. In the VOF model, a single set of momentum



equations is shared by the fluids, and the volume fraction of each of the fluids in each
computational cell is tracked throughout the domain. [19-21]

The VOF model relies on the fact that two or more fluids are not
interpenetrating. For each additional phase, a variable, its volume fraction, is
introduced in the computational cell. In each control volume, the volume fractions of
all phases are summed to unity. The fields and propefties are shared by the phases.
Thus the variables and properties are either purely representative for one of the
phases, or for a mixture of the phases, depending upon the volume fraction values. In

other words, if the q"’ fluid’s volume fraction i1s denoted as a,, then the following

three conditions are possible: [19]

= 3 th 3

a,=0 the cell is empty of the ¢” fluid.

a,=1 the cell is full of the ¢g" fluid.

O<a,<1 the cell contains the interface between the fluids.

The tracking of the interfaces between the phases is accomplished by the

solution of a continuity equation for the volume fraction of one or more of the phases.

For the 4 phase, the volume fraction equation has the following form: [19]
dJa, i da,
ot " ox,

1

-0 9)

The properties appearing in the transport equations are determined by the

presence of the component phases in each control volume. For the ¢” phase, the
volume-fraction-averaged density takes on the following form: [19]

p=Za,p, (10)

In addition, other properties, such as viscosity, are computed in this manner.

Therefore, the momentum equation, in equation (2), is dependent on the volume

fractions of all phases through o and ¢ properties. [19]
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Surface Tension

The effect of the surface tension is included in this simulation. In FLUENT,
the addition of surface tension to VOF calculation results in a source term in the
momentum equation. A formulation of the surface tension force is computed from the

gradients in the surface normal at the interface. The surface normal (n), defined as

the gradient of ¢, is calculated by equation (11).
n=Va, (11)
where n is the surface normal at the interface
The curvature (k) is defined in terms of the divergence of the unit normal (7)

as calculated by equation (12). The unit normal (7 ) is calculated by equation (13).

K=V (12)
ﬁ:ﬁ (13)

The surface tension can be written in terms of the pressure jump across the
surface. The force at the surface can be expressed as a volume force using the

divergence theorem as shown in equation (14).
apkNVa, +a.p,xVa,
H. = > i i i~ i

Oy 1
pairsij i< j 7(10: + pj)

(14)

This volume force from the surface tension effect ( F, ) is added to the

vol

momentum equation as in the equation (2).

Initial and Boundary Conditions

In this simulation, the target of the jet velocity outlet is around 15 — 20 m/s,
which is approximated to 900 — 1,200 m/min. Therefore, the velocity inlet of each
layer is set and adjusted until the jet velocity outlet is in the target range.

It is suggested by FLUENT [17,22] that 5 ~ 10 % of the inlet turbulent

11



intensities (/) is enough to represent the fully-developed turbulence. Since the
turbulent eddies cannot be larger than the duct, turbulent length scale (1) is
approximate from the physical size of channel by [ =0.07 * L, where L is the size of

channel and the factor of 0.07 is based on the maximum value of the mixing length in

fully-developed turbulent pipe flows [22]. Therefore, the turbulent kinetic energy (k)

and the energy dissipation (£, ) are then calculated from the turbulent intensity (/)

and turbulent length scale (/) by equation (11) and (12) [15,17,22].

ke =%(V.-n 1)’ (11)
3 k 372
gy =C,4( 01 ) (12)

where V. is the velocity inlet of fluid (m/s)

C, is the constant of turbulent model as shown in equation (8)

Performance Criteria

In general, the turbulence inside the headbox is required to break up the flocs
in each layer. Farrington Jr. [15] used the magnitude of total Reynolds stresses (R ) to
investigate the flocs disruption inside the headbox channel, which is estimated from
equation (13) and (14). Therefore, Reynolds stresses (R) and turbulent kinetic
energy (k) could be used to evaluate the turbulent level or shear stress broken up

flocs in each layers. [15]

M, Ou, Ou; 2
R, =(FY(—+=D) - (2)5,k 13
. (p)(axj + ax,.) ()05 (13)
IR|=Z[R,|:i2 ) (14)

g:k% (15)

Importantly, the macro scale of turbulence (A ) in equation (15) is defined as

the integral length scale. The macro scale may represent the scale at which turbulent

12



13

quantities remain self-correlated or the scale of energy-containing eddies [20]. In the
other word, it refers to the size of the large eddies that contain the energy in turbulent
flows [21] or the range of scales for fluctuating velocities [22]. Therefore, this
macroscopic scale of turbulence (A) at the interface area between the top (or bottom)
surface layer and the center (inner) layer will be used to characterize the floc size [15]
and the layer mixing level.

In addition, the flow uniformity is desirable for jet-wire forming. Therefore,
four performance parameters, magnitude of total Reynolds stress, macro scale of
turbulence (A), turbulent kinetic energy (k ), and jet outlet velocity profile, are used
to asses the levels of layer mixing in SFH. The results will be compared with the

previous experiments.

Experimental Setup

The Basic Shape of SFH Model

In order to make the simulation results more reliable and comparable to the
previous studies, the design of three-layer stratified headbox in this study is based on

the pilot stratified headbox used by Lloyd and Norman [10,13-14]. The basic

geometrical dimension of headbox used in this research is shown in Figure 1.
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Figure 1. The Basic Geometrical Dimensions of SFH Models.

Studied Factors Affect Layer Mixing

The seven factors studied in this research are free jet length, vane length, jet
speed difference, vane thickness, headbox angle, slice opening and the effect on

Cross-machine Direction (CD). The experiment setup for each factor is showed as

follow:

Free Jet Length

The free jet length is the distance from the headbox outlet to the forming wire.
The free jet in this work is the interface area between air and water. A two-phase
model, called Volume of Fluid (VOF), is employed to simulate the turbulence in this
area. In order to prove that this two-phase model is working properly, the two

different free jet lengths, 300 mm and 500 mm, are simulated in this case. The

summation of headbox models is shown in Table 1.
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Table 1

The Summation of SFH Models in Free Jet Length Case

Relative | Inlet | Headbox [ Vane Total Free Jet | Total | Inlet
Vane Size Angle | Thick- [ Slice Length | Model | Vel
Length | (mm) | (degree) | ness [ Opening | (mm) | Length | (m/s)

(mm) (mm) (mm) (mm)
+0 20 4.7 2 19 300 550 5
+0 20 4.7 2 19 500 750 5

Vane Length

The relative vane length (RVL) is defined as a subtraction of the vane length
from the headbox length (250mm). For example, the case with RVL +0 mm is that the
vane length is equal to the headbox length as shown in Figure 1. At the present, it was
found that the vane length played a significant role on the layer mixing. Therefore,
three cases with RVL=-50, 0, +50 mm are simulated to investigate the layer mixing
on the free jet in this case. The summation of SFH models with three different RVL is

shown in Table 2.

Table 2

The Summation of SFH Models in Vane Length Case

Relative | Inlet | Headbox | Vane Total Free | Inlet
Vane Size Angle | Thick- | Slice Jet Vel
Length (degree) | ness | Opening | Length | (m/s)

(mm) | (mm) (mm) | (mm) | (mm)
-50 20 4.7 2 19 500 d
+0 20 4.7 2 19 500 5
+50 20 4.7 2 19 500 5




Jet Speed Difference

Generally, the turbulence intensity inside the headbox is proportional to the jet
speed or fluid velocity. For that reason, the different jet speeds are expected to affect
the layer mixing. As the jet speed is adjusted by the inlet velocity of each layer, three
different jet speeds simulated are 5, 10 and 15 m/s of the inlet velocity of each layer.

The summation of SFH models in this case is shown in Table 3.

Table 3

The Summation of SFH Models in Jet Speed Difference Case

Relative | Inlet | Headbox | Vane Total Free | Inlet
Vane Size Angle [ Thick-| Slice Jet Vel
Length (degree) | ness | Opening | Length | (m/s)

(mm) | (mm) (mm) (mm) (mm)
+0 20 4.7 2 19 500 S
+0 20 4.7 2 19 500 10
+0 20 4.7 2 19 500 15

Vane Thickness

The vane thickness varies while keeping slice opening constant at 5 mm/layer.
Additional three simulations are conducted for optimization of the vane thickness.
The dimensions of the headbox models with the vane thickness variation are shown in

Table 4.
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Table 4

The Summation of SFH Models in Vane Thickness Case

Relative | Inlet | Headbox | Vane Total Free | Inlet
Vane Size Angle | Thick- Slice Jet Vel
Length (degree) | ness | Opening | Length | (m/s)

(mm) [ (mm) (mm) (mm) (mm)
+0 20 49 | 1 17 500 S
+0 20 4.7 2 19 500 5
+0 20 4.5 3 21 500 5

Headbox Angle

The inlet width of each layer in this case varies to obtain different headbox
angles, while keeping the slice opening constant. The velocity in the inlet is adjusted
to have the same average jet velocity in the outlet as the inlet dimension changes. In
this case, five simulations of different headbox angles are conducted for optimization

of the headbox angle. The dimensions of headbox models with angle variation are

shown in Table 5.

Table 5

The Summation of SFH Models in Headbox Angle Case

Relative | Inlet | Headbox Vane Vane Total Free | Inlet
Vane Size Angle Angle | Thick- | Slice Jef Vel
Length (degree) | (degree) | ness | Opening | Length | (m/s)

(mm) | (mm) (mm) (mm) (mm)
+0 10 1.7 0.8 2 19 500 9.0
+0 13 2.8 0.9 2 19 500 7.5
+0 20 4.7 1.7 2 19 500 5.0
+0 35 10.2 3.4 2 19 500 2.7
+0 51 15.4 5.2 2 19 500 1.6
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Slice Opening

Typically, the vane and headbox angles change when the slice opening varies.
This effect is the normal operating condition of paper machine. Therefore, vane and
headbox angles are changed as the slice opening varies in this case. The velocity in
the inlet is adjusted to have the same average jet velocity in the outlet, as the channel
inside the headbox changes. The headbox dimensions with different slice openings

are collected in Table 6.

Table 6

The Summation of SFH Models in Slice Opening Case

Relative | Inlet | Headbox | Vane Vane Total Free | Inlet
Vane Size Angle Angle | Thick-| Slice Jet Vel
Length (degree) | (degree) | ness | Opening | Length | (m/s)

(mm) | (mm) (mm) | (mm) (mm)
+0 20 5.5 1.8 2 16 500 4
+0 20 4.7 1.7 2 19 500 )
+0 20 4.3 1.4 2 26.5 500 6.5
+0 20 3.4 1.2 2 34 500 7.5

Three-dimensional Simulation of Stratified Headbox

A three-dimensional simulation is carried out to investigate the effect of layer
mixing on Cross-machine Direction (CD) in the free jet. The optimized vane
thickness and headbox angle will be used in this case. The details of headbox
dimensions are shown in Table 7. The total width of headbox is 100 mm. Due to the
symmetry assumption, only a half of the headbox and free jet is simulated. The water

fluid in the free jet is surrounded by the air with 10 mm thickness.
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The Summation of SFH Models in Three-dimensional Simulation

Table 7

Relative | Inlet | Headbox | Vane Vane Total Free | Inlet
Vane Size Angle Angle | Thick- Slice Jet Vel
Length (degree) | (degree) | ness | Opening [ Length | (m/s)

(mm) | (mm) (mm) | (mm) | (mm)
+0 20 4.7 1.7 1 19 500 3




CHAPTER V

RESULT AND DISCUSSION

Free Jet Length Case

Two cases with different jet length (300 mm and 500 mm) are simulated as
shown in Figure 2. The results of the density distributions in water and air phases
show the free jet slightly curved around the slice opening area due to the surface

tension in figure 3.

250 mm Free Jet 300 mm

(a)

250 mm Free Jet 500 mm

Figure 2. Headbox Models of Free Jet Length Case.
(a) Free Jet Length 300 mm.
(b) Free Jet Length 500 mm.
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From Figure 3, the blue color is referred to the density of air, while the red
color is referred to the density of water. Only small area between blue and red colors
is where the air and water are mixed together. Figure 4 shows the velocity contour
(m/s) of the jet outlet on the free jet.

The average Reynolds stress as a function of horizontal down stream position
X are shown in Figure 5. The macro scale of turbulence (A) at the jet plane between
the top layer and center layer is plotted versus the horizontal down stream position X
for these two cases in Figure 6. These figures show that the results of the Reynolds
stress and macro scale of turbulence are the same over the range between X = 250
mm and X = 500 mm for both cases. Therefore, the variation of free jet length does

not affect the simulation results.
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Figure 3.

Density Contour (kg/m3) of Free Jet Length Case.
(a) Free Jet Length 300 mm.
(b) Free Jet Length 500 mm.
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Figure 4.

Velocity Contour (m/s) of Free Jet Length Case.
(a) Free Jet Length 300 mm.
(b) Free Jet Length 500 mm.
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Figure 5.  Reynolds Stress (Pascal) of Free Jet Length Case.
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Figure 6.  Macro Scale of Turbulence (m) of Free Jet Length Case.
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Vane Length Case

Three SFH models with RVL= -50, 0, +50 mm are simulated in this case.
These models are shown in Figure 7(a), 7(b) and 7(c), respectively.

The results of relative velocity profile for the three cases as mentioned above
are plotted in Figure 8. The horizontal axis in this figure is in the thickness direction
of the free jet, where zero is located at the thickness centerline of the free jet. Only
the upper half area above the centerline needs to be shown due to the assumption of
symmetry. In the figure, the vertical axis shows the jet velocity relative to the mean jet
velocity. The velocity distribution along the jet thickness direction at a given
horizontal down stream position X has the same symbol in the figure. It is clearly
shown that the length of vane affects the decay of wakes produced by the vane tip.
The wakes decay most rapidly in the shortest vane case (RVL= -50 mm) giving a
more uniform velocity profile than the longer vane.

The average Reynolds stress and turbulent kinetic energy (k) as a function of
horizontal down stream position X are shown in Figure 9 and 10, respectively. The
values of the Reynolds stress and turbulent kinetic energy are referred as the level of
turbulence.

The longer vane produces the higher Reynolds stress and turbulent kinetic
energy (k) due to relatively narrower channel. This high turbulent shear force tends to
break down the flocs in each fiber layer and gives better fiber dispersion. This
simulation results are consistent with the previous experimental result [10], that is, the

longest vane produces fewer flocs and the shortest vane generate the largest flocs.

25



250 mm 500 mm

F Y
A
A
Y

250 mm 500 mm

(b) I-—» X

250 mm 500 mm

A 4

©) Lpf

Figure 7. Headbox Models of Vane Length Case.
(a) RVL=-50 mm.
(b) RVL= +0 mm.
(¢) RVL= +50 mm.
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Figure 8.  Relative Velocity Profile of Vane Length Case.

(a) RVL = -50 mm.
(b) RVL = +0 mm.
(c) RVL = +50 mm.
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Figure 9.  Reynold Stress (Pascal) of Vane Length Case.
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Figure 10. Turbulent Kinetic Energy (m?/s®) of Vane Length Case.

The macro scale of turbulence (A) at the jet plane between the top layer and
center layer is plotted versus the horizontal down stream position X for the three cases
in Figure 11. Since the horizontal down stream position can be converted to the free

jet length, essentially, the figure exhibits that the macro scale of turbulence increases



as the free jet length increases for every case. Smaller scale turbulence generates
smaller flocs and less fiber layer mixing around the mixing area between the top and

center layers after the vane tip.

0.010
0.009 -FEEEEE.
0.008
0.007 +—

0.006
0.005
0.004 4
0.003
0.002 1
0.001
0.000

Macro Scale of Turbulence (m)

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
X Distance (mm)

——RVL -50mm ——RVL +0mm RVL +50mm

Figure 11. Macro Scale of Turbulence (m) of Vane Length Case.

Physically, the longer free jet could have a longer time for fibers to be mixed
and have a higher fiber layer mixing around the mixing area between the top and the
center layers in the free jet.

More importantly, when examining the spectrum of macro scale of
turbulences for all the three cases with different vane length simultaneously; it
appears that the curves in Figure 11 can be roughly divided into two regions along the
free jet length. The first region is below X = 500 mm. In this region, the case of
RVL= +50 mm has the lowest the macro scale while the case of RVL= -50 mm has
the highest macro scale. That is, the case with the longest vane of RVL= +50 mm
produces small scale turbulences which lead to less layer mixings. The fibers from the

center (inner) layer in this case have a lower possibility to migrate to the top layer of
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the sheet. It is surprising that this situation is changed when the free jet length enters
the second region that is located above X = 500 mm. The macro scale for the case
with RVL= +50 mm continuously grows and becomes the largest one as compared
with other two cases. The largest macro scale of turbulence could lead to a strong
layer mixing. After systematically examining the results of macro scale of turbulence,
Reynolds stress, turbulent kinetic energy, and velocity profi]e, it is concluded that the
case of RVL = +50 mm is the best choice and its free jet length should be less than
250 mm (X < 500 mm). In other words, the jet free length should be controlled within
the first region. This results for optimization of vane length are consistent with
previous experiments and simulation results [4,10-12]. It appears that the macro scale

of turbulence is a very important criterion for optimization of free jet length.
Jet Speed Difference Case

Typically, the turbulent intensity in a headbox is directly proportional to the
jet speed. A change in turbulent intensity is assumed to affect the layer mixing. Three
cases with different jet speed at 5, 10 and 15 m/s are simulated by using the similar
SFH model with RVL=+0 mm as shown in Figure 7(a).

Figure 12, 13 and 14 shows the graphical contour of velocity, turbulent
intensity and energy dissipation ( £), respectively, for three cases as mentioned above.
They show that the jet velocity, turbulent intensity and energy dissipation increase
proportionally with the jet inlet speed.

The results of relative velocity profile along the free jet are plotted in Figure
15. It is clearly shown that the different jet speeds do not affect the decay of wakes.

Therefore, the change in jet speed has no effect on the jet outlet profile.
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Figure 12.

Velocity Contour (m/s) of Different Jet Speed Case.
(a) Jet Inlet Speed 5 m/s.
(b) Jet Inlet Speed 10 m/s.
(c) Jet Inlet Speed 15 m/s.
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Figure 13.

Turbulent Intensity Contour (%) of Different Jet Speed Case.
(a) Jet Inlet Speed 5 m/s.
(b) Jet Inlet Speed 10 m/s.
(c) Jet Inlet Speed 15 m/s.
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Figure 14. Energy Dissipation (m%s®) Contour of Different Jet Speed Case in
Logarithmic Scale.
(a) Jet Inlet Speed 5 m/s.
(b) Jet Inlet Speed 10 m/s.
(c) Jet Inlet Speed 15 m/s.
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Relative Velocity Profile of Different Jet Speed Case.

(a) Jet Speed Inlet 5 m/s.
(b) Jet Speed Inlet 10 m/s.
(c) Jet Speed Inlet 15 m/s.
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35
The average Reynolds stress and turbulent kinetic energy as a function of

horizontal down stream position X are shown in Figure 16 and 17, respectively. The
higher jet speed inlet produces the higher Reynolds stress and turbulent kinetic energy
inside the headbox and in the free jet. These different levels of turbulence are
expected to give different levels of layer mixing.

However, the different jet inlet speeds give abproximately the similar macro
scale of turbulence as shown in Figure 18. That means the change in turbulent level
from different jet speed has no any effect on the macro scale of turbulence or the layer
mixing. This simulation outcome is consistent with the previous experiments [10-
11,13]. Therefore, the variation of jet speed during operation does not affect the layer

mixing of SFH.
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Figure 16. Reynolds Stress (Pascal) of Different Jet Speed Case.
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Figure 17. Turbulent Kinetic Energy (m%s?) of Different Jet Speed Case.
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Figure 18.  Macro Scale of Turbulence (m) of Different Jet Speed Case.

Vane Thickness Case

The three SFH models with vane thickness 1, 2 and 3 mm are simulated for

optimization in this case. The slice opening of these three models is fixed at 5



mm/layer to eliminate the effect of the slice opening. The headbox models of vane
thickness 1 and 3 mm are shown in Figure 19(a) and 19(b), respectively.

The graphical contours of turbulent intensity and energy dissipation are shown
in Figure 20 and 21. These figures show that the magnitude of turbulent intensity and
energy dissipation are approximately equal in all three models. However, the
turbulence produced by the thicker vane has larger scale than the thinner vane as it
covers a larger area of the layer mixing after the vane tip. Therefore, it can be
concluded that the magnitude of turbulence intensity depends on the jet speed, while

the size of turbulence depends on the wake area or the thickness of the vane.

(a)

(b)

Figure 19. Headbox Models of Vane Thickness Case.
(a) Vane Thickness 1 mm.
(b) Vane Thickness 3 mm.
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Figure 20.  Contour of Turbulent Intensity (%) of Vane Thickness Case.
(a) Vane Thickness 1 mm.
(b) Vane Thickness 3 mm.
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Figure 21. Energy Dissipation (m?/s’) Contour of Different Jet Speed Case in
Logarithmic Scale.
(a) Vane Thickness 1 mm.
(b) Vane Thickness 3 mm.

According to the relative velocity profile plot in Figure 22, the thinner vane
produces the most uniform velocity profile in this case. From Figure 23 and 24,
Reynolds stress and turbulent kinetic energy of different vane thicknesses are equal
inside the headbox. Due to the larger wake area, the thicker vane produces more
intense turbulence after the vane tip. This more intense turbulence gives the non-

uniform velocity profile and tends to increase the layer mixing in the free jet.
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Figure 22. Relative Velocity Profile of Vane Thickness Case.

(a) Vane Thickness 1 mm.
(b) Vane Thickness 2 mm.
(c) Vane Thickness 3 mm.
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Figure 23. Reynolds Stress (Pascal) of Vane Thickness Case.
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Figure 24. Turbulent Kinetic Energy (m%s®) of Vane Thickness Case.

The macro scale of turbulence at the jet plane between the top and center layer
is plotted for three cases in Figure 25. It is clearly shown that the thicker the vane is,
the larger the macro scale of turbulence is, due to the layer mixing in the wake area

behind the vane. Not only does the thicker vane produce the more intense turbulence

41



42
and non-uniform velocity profile in the free jet, but it also generates the large scale of

turbulence that results in more layers mixing.
From this result, the case with the thin vane (1 mm) gives the lowest layer
mixing and more uniform jet velocity profile. Therefore, the thin vane is preferred in

stratified headbox to produce the fine scale of turbulence giving a better surface

property.
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Figure 25. Macro Scale of Turbulence (m) of Vane Thickness Case.

Headbox Angle Case

In this case, the inlet width of each layer in this case is varied to obtain
different headbox angles. While keeping the slice opening constant, the effect of slice
opening is excluded from this simulation. The velocity in the inlet is adjusted to have
the same average jet velocity in the outlet. The headbox models with angle variation

are shown in Figure 26.
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(c) Headbox Angle 4.7 Deg ’ X

Figure 26. Headbox Models of Headbox Angle Case.
(a) Headbox Angle 1.7 Deg.
(b) Headbox Angle 2.8 Deg.
(c) Headbox Angle 10.2 Deg.
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Headbox Models of Headbox Angle Case. (Continued)

Figure 26.

(d) Headbox Angle 10.2 Deg.

(e) Headbox Angle 15.4 Deg.

From the plots of relative velocity profile in Figure 27, it is found that the

increase in headbox angle gives the better uniform of velocity profile. The lower

velocity in the inlet with the higher headbox angle reduces the effect of the wake area

behind the vane, as the result of the more uniform velocity profile.
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Figure 27.

Relative Velocity Profile of Headbox Angle Case.
(a) Headbox Angle 1.7 Deg.
(b) Headbox Angle 2.8 Deg.
(c) Headbox Angle 4.7 Deg.
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Figure 27. Relative Velocity Profile of Headbox Angle Case. (Continued)
(d) Headbox Angle 10.2 Deg.
(e) Headbox Angle 15.4 Deg.

Reynolds stress and turbulent kinetic energy inside the headbox (X < 250 mm)
increase as the headbox angle decreases, while the Reynolds stress and turbulent
kinetic energy in the free jet (X > 250mm) are not significantly affected by the
variation of angles as shown in Figure 28 and 29, respectively. The lower headbox
angle produces the higher turbulent shear force inside the headbox (X < 250 mm) to

break down the flocs in each fiber layer.
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Figure 28. Reynolds Stress (Pascal) of Headbox Angle Case.
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Figure 29.  Turbulent Kinetic Energy (m?s%) of Headbox Angle Case.

In contrary, Figure 30 shows that the headbox with angle 4.7 degrees has the
lowest macro scale of turbulence, i.e. the lowest layer mixing. In case of the
headboxes with angles 1.7 and 2.8 degrees, the higher turbulence level inside the

headbox may possibly cause higher layer mixing. Therefore, it can be concluded that
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the angle of headbox should be optimized in order to produce the lowest layer mixing
level. From this simulation, the optimum headbox angle is 4.7 degrees. However, this
simulation result for headbox angle is different from that by Parsheh and Dahlkild [4].
Their optimum headbox angle is 8 through 12 degrees. This difference may come

from the different design of stratified headbox used in simulation.
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Headbox Angle 10.2 Deg —— Headbox Angle 15.4 Deg

Figure 30. Macro Scale of Turbulence (m) of Headbox Angle Case.

Slice Opening Case

Typically, when the slice opening varies, the angle of the vane and headbox is
changed. This effect is a normal operating condition of paper machine operation;
therefore, the vane and headbox angles are changed as the slice opening varies. The
velocity in the inlet is adjusted to have the same average jet velocity in the outlet. In
this case, four headboxes with 4, 5, 7.5 and 10 mm opening per layer are simulated to
investigate the effect of slice opening on layer mixing. The graphics of headbox

models are shown in Figure 31.
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(c) Slice Opening 7.5 mm per Layer

(d) Slice Opening 10 mm per Layer

Figure 31. Headbox Models of Slice Opening Case.

(a) Total Slice Opening 16.0 mm. (4 mm per layer).
(b) Total Slice Opening 19.0 mm. (5 mm per layer).
(c) Total Slice Opening 26.5 mm. (7.5 mm per layer).
(d) Total Slice Opening 34.0 mm. (10 mm per layer).
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The contours of turbulent intensity and energy dissipation are shown in Figure
32 and 33, respectively. Average Reynolds stress and turbulent kinetic energy are
shown in Figure 35 and 36, respectively. They show that the wider slice opening has
the higher turbulent level inside the headbox (X < 250 mm). This effect is caused by
the higher velocity in the inlet of the wider slice opening. However, the low intense
turbulence in narrower slice opening gives more uniform velocity profile as shown in

Figure 34.
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Figure 32.  Contour of Turbulent Intensity (%) of Slice Opening Case.
(a) Total Slice Opening 16.0 mm. (4 mm per layer).
(b) Total Slice Opening 19.0 mm. (5 mm per layer).
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(d) Slice Opening 10.0 mm per Layer

Figure 32.

Contour of Turbulent Intensity (%) of Slice Opening Case. (Continued)
(c) Total Slice Opening 26.5 mm. (7.5 mm per layer).
(d) Total Slice Opening 34.0 mm. (10 mm per layer).
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Figure 33.

Energy Dissipation (m*/s®) Contour of Slice Opening Case in
Logarithmic Scale.

(a) Total Slice Opening 16.0 mm. (4 mm per layer).

(b) Total Slice Opening 19.0 mm. (5 mm per layer).

(c) Total Slice Opening 26.5 mm. (7.5 mm per layer).

52



1.38¢+01
1.29¢+01
1@0e01
1.10¢+01
1.01¢401
9.19¢+00
8.27¢+00
7.35¢+00
6.44¢+00
5.52¢+00
4.60¢+00
36800
2.76¢+00
1.84¢+00
9.19¢-01
0.00¢+00

(d) Slice Opening 10.0 mm per Layer

Figure 33.

Energy Dissipation (m%/s*) Contour of Slice Opening
Logarithmic Scale. (Continued)

Case in

(d) Total Slice Opening 34.0 mm. (10 mm per layer).
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Figure 34.

Relative Velocity Profile of Slice Opening Case.
(a) Total Slice Opening 16.0 mm. (4 mm per layer).
(b) Total Slice Opening 19.0 mm. (5 mm per layer).
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Figure 34. Relative Velocity Profile of Slice Opening Case. (Continued)

(c) Total Slice Opening 26.5 mm. (7.5 mm per layer).
(d) Total Slice Opening 34.0 mm. (10 mm per layer).
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Figure 35. Reynolds Stress (Pascal) of Slice Opening Case.
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Figure 36. Turbulent Kinetic Energy (m?s?%) of Slice Opening Case.

It is clearly shown in Figure 37 that the wider slice opening produces larger
macro scale of turbulence as the result in more layer mixing than narrower slice
opening. However, the simulation result shows that the layer mixing is not much

different if the free jet is less than 100 mm. Therefore, the narrow slice opening is
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preferred to reduce the layer mixing and produce more uniform jet velocity profile.

This conclusion is similar to the experiment by Lloyd and Norman [13].
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Figure 37. Macro Scale of Turbulence (m) of Slice Opening Case.

Three-dimensional Simulation of Stratified Headbox

A three-dimensional simulation is carried out to investigate the layer mixing
in the free jet on the Cross-machine Direction (CD). The 3-D geometry of the head
box and free jet is shown in Figure 38. Due to the symmetry assumption, only a half
of the headbox and free jet is shown in Figure 38. The water fluid in the free jet is

surrounded by the air with 10 mm thickness as shown in Figure 39.
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Figure 38. 3D Geometry of Headbox and Free Jet in 3D Case.
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Jet is surrounded by Air
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Stratified Headbox

Figure 39. Headbox Model of 3D Case.
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Importantly, the air entrainment is found in the free jet of the headbox. Figure
40 shows the results of volume fraction of water along the cross machine direction at
the wake area just behind the vane. In this figure, the X-axis is in the cross-machine
direction. The center in the cross-machine direction is located at 0.0 m and the
sidewall is located at 0.05 m. The figure shows that the water fraction was decreased
from | (water) at the center of the cross-machine direction to O (air) at the edge of
headbox. A better visualization of air entrainment in terms of the fluid density contour

(kg/m3) in the plane between the top layer and center layer is shown in figure 41.
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Figure 40. Plot of Volume Fraction of Water at The Wake Area Behind The Vane.
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Figure 41. Density Contour (kg/m>) on CD direction at the Plane between the Top
Layer and Center Layer.

It is obvious that the air enters the free jet from the free surface area behind the
vane around the edge of the headbox (see figure 41). The air enters 40 mm away from
the jet edge. Air mixing with water may cause poor formation at the edge of the
paper. Therefore, special attention should be paid on prevention of air entrainment

around wake area behind the vane.
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CHAPTER VI

CONCLUSION

A two-phase model, volume of fluid, is used to simulate the velocity profile,
Reynolds stress, turbulent kinetic energy, macro scale of turbulences in the headbox
and free jet. Surface tension is included in this model. The results show that it is
possible to use the macro scale of turbulence, as the indicator of the layer mixing in
the simulations of the free jet of stratified headbox, to optimize the vane length, free
jet length, headbox angle, etc. It is found that the length of vane and free jet plays an
important role on the layer mixing. The longer vane and the short free jet should be
used to produce the fine scale of turbulence that leads to less layer mixing. In
addition, to reduce the effect of the wake behind the vane on layer mixing, the angle
of headbox has to be optimized and the thin vane should be used. In conclusion, it is
expected that the vane and free jet lengths are the keys of layer mixing in a stratified
headbox. It is better for both vane and free jet lengths to be adjustable during

operation.
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