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Abstract

In blade gap forming in papermaking, a headbox discharges a pulp suspension into a
gap between two moving permeable fabrics under tension. As these fabrics wrap around
fixed blades, sizeable pressure pulses are induced in the gap between the fabrics. These
pressure pulses cause drainage through the fabrics during which pulp fibres are deposited

by a filtration process to form a mat.

The objective of this study was to improve our understanding of this process. To
achieve this, three aspects of the problem were addressed: fluid flow, fabric deflection,
and mat resistance. Simplified one-dimensional and numerical viscous two-dimensional
models were developed. The effects of key variables on pressure pulses generated by a
single blade were first considered, then the effect of applied suction between two adjacent
blades was added. In the final step, the effect of pressure in the stagnation zone at the

contact point between a moving fabric and stationary blade was included.

It was confirmed that a wide flat blade (> 2 cm) generates two distinguishable pulses,
one at the leading edge of the blade and the other at the trailing edge. As blade width
decreases to approximately 1 ¢m, the two pulses converge in a single pressure pulse. The
magnitude of the pulses depends on a number of variables, such as fabric tension, fabric

velocity, and fibre mat resistance.

It was further confirmed that blade curvature exerts a strong effect on the pulses. As
a flat surface assumes a curved shape, the pressure pulses at each edge merge into a single
pressure pulse over the blade surface. This convergence occurs at rather small curvatures

that are within the range of wear of plastic blades found in commercial paper machines.

This study also examined the effect of suction in one side of fabric between blades. It
was found that such suction induced a negative pressure in the gap between fabrics just
downstream of the first (upstream) blade. This negative pressure increased to a positive
value at the second (downstream) blade. The net increase in pressure from the negative

value corresponded to a pressure pulse that was larger in amplitude than one created in
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the absence of suction. This was attributed to the larger wrap angle at the leading edge of

the second blade induced by the downward deflection of the fabric resulting from suction.

Other aspects of blade forming examined in this study were the effect of inertial force
on drainage and viscosity on the flow betweep fabrics. Inertial effects were found to be
small, even for modest levels of mat build-up (10 g/m?). Inclusion of viscosity in the
analysis gave a boundary layer in the flow parallel of the fabric, but this was very thin

owing to the drainage perpendicular to the fabric which drew off the boundary layer.

Lastly, the effect of the stagnation zone pressure at the leading edge of a blade in
contact with a moving fabric was examined. The size of this zone was found to depend on
the radius of curvature of the edge of the blade. Under typical papermachine conditions,
the pressure acting on the fabric from the stagnation zone was found to be about 50%
of the stagnation point pressure. The size of the zone over which the pressure extended
was a few millimeters. This pressure increased the pressure between the fabrics by 30%
to 100%, depending on the radius of curvature of the blade edge. The stagnation zone
pressure also forced some water back into the gap between the fabrics, but the amount

was small only about 10% of the drained water.
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Chapter 1

Introduction

1.1 Background

Papermaking is an ancient art that originated in China two thousand years ago. Around
the year 1000 the art of papermaking reached Europe and become well established by the
beginning of the 15" century. More than two centuries ago, the ancient art of papermaking
was adapted for continuous operation by introduction of the Fourdrinier paper machine
in 1800. These machines use a continuous porous fabric or wire, Figure 1.1, on which
a pulp suspension at approximately 0.5% weight concentration (consistency) is allowed
to impinge more or less horizontally [1]. Drainage on the Fourdrinier paper machine is
accomplished by hydraulic pressure gradients. The gradients other than those caused by
the weight of stock on the fabric and the inertial impingement of stock from the slice, are
induced by the drainage elements (table rolls, foils, suction boxes, etc.) along the fabric.
Research work aimed at explaining the drainage process on paper machines started around
1950. The function of table rolls was the main subject of these studies. These rolls cause
large-scale motion of the fibres in the pulp suspension. The studies showed that the
action of a table while, improving paper formation ! at low machine speed, could disrupt
formation at higher machine speed. Paper manufactured on a Fourdrinier has a relatively
coarse structure on the fabric side of the sheet, and is more closed or finer textured on the
top side. This two-sidedness is caused by a difference in fibre composition on the two sides.
The slow speed of production and the high degree of two-sidedness of Fourdrinier papers
were the main reasons for developing a completely new alternative for the manufacturing

of paper, called gap forming or twin-wire forming.

Gap formers have become a standard of the industry for tissue and newsprint forming

section, and the number of installations is rapidly increasing [2]. Not only are twin-wires

1Formation is a measure of the mass uniformity of fibres in the paper.
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Figure 1.1: Diagram of Fourdrinier wet-end [1].

favored over Fourdrinier forming sections for new paper machines, but there were also an
increasing number of top wire rebuilds of existing Fourdrinier machines [3-6]. The initial
advantages of gap formers were increased speed and reduction of two-sidedness. In general
these promises have been amply fulfilled. In additions, other benefits which are commonly
observed include improved formation, improved sheet surface characteristics, more com-
pact installation, improved fabric life, and reduced drive and vacuum requirements. On

the negative side, however, there have been frequent complaints of poor retention?.

The development of modern gap former started in the late forties to meet the demand
for ever increasing productivity. David Webster, then superintendent at Consolidated
Paper Corp. Ltd., Canada, conducted private experiments in which pulp suspension was
introduced between a rotating roll and a wire wrapping this roll, Figure 1.2. His original
patent application is the first to describe a roll former in which the wrapping wire is free
to move in a direction transverse to the roll periphery and in which two-sided dewatering
could be achieved. It was also in the early fifties that Brian Atwood and co-workers at
St Anne’s Board Mill, England, developed the Inverform, a twin-wire process for making
multi-ply product. The development work was carried out by several people, but the
early patents were assigned to R. J. Thomas, mill manager at St Anne’s Board Mill at
the time [7]. In 1958 the Inverform went into industrial production as the first commercial

twin-wire machine.

The first gap former to achieve wide acceptance for newsprint manufacturing was the

2The fraction of solids from a headbox retained on the forming fabrics is called the first pass retention.
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Figure 1.2: Roll former according to Webster’s patent [7].

Vertiforma. This former started commercial operation in the late sixties [7]. A review of

commercial twin-wire applications is given in [8].

1.2 Gap Formers

Forming a web at higher speeds is more readily controlled with a gap former.

There are two basic types of pure gap formers for paper grades: roll formers and
blade formers. These two types of formers produce differing paper properties [9]). In
modern papermaking, rolls and blades are used in various combinations to optimize these

properties [10-15].

1.2.1 Roll Former

In a roll former, Figure 1.3, the headbox jet is directed between two fabrics wrapping
a solid or open forming roll. The roll former has been studied by a number of authors
[16-23]. Two-sided dewatering may be obtained if the forming roll is porous. To obtain an
even dewatering pressure requires a constant, or slowly changing, fabric curvature. The

curvature of the inner fabric is that of the forming roll, and that of the outer fabric is

approximately equal to that of the forming roll. The dewatering pressure is:
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p= % (1.1)

where T is the tension per unit width on the fabric and R is the local fabric radius of
curvature. This pressure can be measured by a pressure sensor mounted in the surface of

a solid forming roll. An example of a dewatering pressure curve is shown in Figure 1.4.

Figure 1.3: The dewatering principle in the roll former [16].

Jet
1 (mpact on Roll
10 —~—Forming Lenglh
forming ] paa
Pressure, 0 T i
kPa  cafibration Box/ r—*-“«——l
No. 1 Wire )
107 get {mpact Leaving S heet to. 2 Wire
on Wire ’ Leaving Rolt
— 1 —~
0 120 240 360
Posilion on Forming Roll, Degrees

Figure 1.4: Typical roll former pressure profile [17].
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1.2.2 Blade Formers

A blade gap former is one in which the headbox jet is injected between two converging
fabrics, and the sandwich moves over fixed blades. Pressure pulses are created between
the fabrics where passing over blades, causing shear in the forming zone. Compared to
roll formers, blade formers tend to have superior formation but lower first pass retention.

Figure 1.5 shows a typical blade gap former.

Experimental Studies

There are relatively few experimental studies of the pressure pulses in blade gap formers.
Measurements of pressurevpulses have been reported by [6], [8], and [24-26]. In those
studies, the pressure pulses were measured at accessible blades in the forming zone of
paper machine by inserting a thin probe from the headbox slice into the fibre suspension

between the two fabrics. Figure 1.6 shows typical measured pressure profiles.

Garner and Pye [27] conducted a photographic analysis of the operation of a single
blade, having a 73 mm face. They showed that changing the angle of attack had a
significant effect on the drainage. At large angles of attack a considerable amount of
water was doctoLred by the leading edge and generally followed the surface of the blade. A
small amount of water was also pushed through the fabric above the tip of the blade, only

to be reabsorbed over the blade within about one centimeter. At the heel of the blade,

\O FabricziA A A @
e =

Headbox Suspension ¥
i\&\\& Q\
Blades

Figure 1.5: Typical blade gap former.
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Figure 1.6: Pressure pulses measured on a pilot paper machine [6].

water was pushed through the fabric starting about one centimeter before the leading
edge.

Zhao and Kerekes [28] carried out a number of tests on a pilot paper machine at
Paprican in which the pressure over the surface of the blade was measured at 10 pressure
taps, as shown in Figure 1.7. They simulated an infinitely thin blade by taking all of the
fabric wrap over the heel (downstream tip) of a 35 mm wide blade. The face of the blade

was parallel to the fabric upstream, giving zero fabric incident angle.

Pitot-static
Pressure
Taps

D Y L L LT T LT T T

W, =014

[ ]

[

1]
R
3 [E-LL}

:

a,=0

Figure 1.7: Schematic diagram of the blade and location of pressure taps [28].
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Figure 1.8: Pressure profile along a 50 mm blade [29].

The studies of pressure pulses along a flat 50 mm long deflection blade with a 2, 3
degrees angle at the centre has been performed on the FEX machine 3 [29]. Figure 1.8

shows a typical result obtained in that study.

Theoretical Studies

The basic concepts of gap formers were explained by Norman [7] and [29]. He characterized
gap forming and pointed out the pulsating dewatering pressure that occurs in biade gap
formers. Since the early study of blade gap formers, several attempts were made [6],
[24], and [25] to analyze the pressure pulses. However, the first successful mathematical
model to predict the pressure distribution between forming fabrics was made by Zhao and
Kerekes [28]. Explicit equations for pressure distributions were obtained for the case of
an infinitely thin blade and zero fabric stiffness. In their work, the pulp suspension was
modelled as an incompressible inviscid fluid and the variation of flow quantities in the
direction normal to the fabric was neglected. The most important result of their study
was that a thin blade produces a single pressure pulse, located immediately upstream of
the blade. As discussed earlier, they carried out a number of tests on a paper machine
~ at Paprican for comparison with this theory. Figure 1.9 shows good agreement between

experiment and theory, which implies that the theory captures most of the relevant physics

3FEX is an experimental paper machine at the Swedish Pulp and Paper Research Institute (STFI).
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of blade forming.

Zhao and Kerekes [30] employed their newly-developed model to estimate the effect of
consistency on pressure pulses in blade gap formers. They showed that an approximate
correlation exists between formation improvement and a displacement distance related to

stock flow relative to the fabrics caused by the pressure pulses.

50 — . e e
T,. N/m Calculated Measured
40 F 5000 - a 3
3000 --- A
. (Vo=15 m/s, a,=4°)
& 30F 3
]
g
5 20 F E
wn E
w
@ E
& 10F 3
OF E
E Blade
10 b SALLLLLLLL LA
-40 -30 '-20 -10 0 10
Distance x, mm

Figure 1.9: Surface pressure measurements [28].

Zahrai and Bark [31] developed a two-dimensional potential flow model for blade
forming in which the variation of pressure in the direction normal to the fabrics was
considered. Figure 1.10 shows a typical pressure pulse obtained by their model: the
pressure varies in the direction normal to the fabrics, and close to the location of the

blade the lower fabric experiences a negative pressure peak.

Green [32] has carried out a control volume analysis of blade forming. His key results
were: the integrated pressure between forming fabrics developed as the fabric wraps a
blade is Ti,pSinayoetar, where Ty, is the tension on the top fabric and ayua is the total
fabric wrap angle around the blade; the displacement of pulp relative to the fabric is the
integrated pressure pulse divided by the dynamic pressure of the pulp suspension; and
the change in gap size is given by the product of the average permeability and integrated

pressure pulse, divided by the fabric velocity.

Green, Zhao, and Kerekes [33] and Green and Kerekes [34] followed up that research

by developing a one-dimensional computer simulation that computes the behavior of flat,
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Figure 1.10: Pressure distribution as a function of z at different locations between fabrics,
.... ZK model [31].

finite width blades. They showed that wide flat blades generate two pressure pulses, one
associated with fabric wrap at the blade heel and one with fabric wrap at the toe of the
blade. Those pulses merge into a single pulse as the blade width narrows. Increasing the
tension of the top fabric can increase the magnitude of pressure pulses, consistent with
the analysis of Green [32]. They also found that variations in mat resistance and the
pressure induced by a blade as a result of deflecting water adhering to the lower forming

fabric can increase the magnitude of pressure pulses.

Concurrent with some of the above work, Zahrai, Bark, and Norman [35] extended
their model to predict the pressure pulses generated by finite width blades. They validated
the results of the in model by comparing the numerical results with experiment conducted

on the FEX paper machine.

A study of two blades with applied suction between them was done by Green [36)
and [37]. He developed a one-dimensional numerical model to study the effect of applied

suction, mat resistance, and blade separation on the pressure pulses.

Shands [38] also developed a one-dimensional model for the forming section of a pilot
paper machine. He studied the effects of the number and position of blades. The ability to
apply vacuum outside of the fabric was included, but the influence of pressure generated

as a results of water deflection in the stagnation zone by blades were not simulated.
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. In addition to the above fundamental studies of pressure pulses in the blade gap, a
number of studies have been done on characteristics of forming fabrics and fibre mats
[39-48]. The results of these studies can be used to evaluate the influence of fabrics and

fibre mat resistance on the drainage behavior of gap formers.

1.3 Overall Objective

Initially, it was planned to build a small test pilot paper machine and perform an extensive
experimental study of pressure pulses. A careful consideration of the design of such a
machine revealed its substantial complexity and cost. In view of these factors, it was
decided to perform extensive numerical modelling to identify the important variables
involved in the problem. The findings of the modelling would help future researchers to
simplify any new experimental procedure and focus on keys parameters. Experimental
validation of the model is indirect; the numerical model described below was compared
with a one-dimensional analytical model of blade forming, which itself has been found to

agree well with experiments.

The overall objective of this thesis is to develop a comprehensive two-dimensional

model of blade formers by including the effects of:

1. Blade surface shape

[\

. Applied suction between two adjacent blades
3. Size of blade separation
4. Stagnation zone created by doctored water close to the blade leading edge

5. Inertia effect in flow in fabrics
The main body of the thesis consists of three parts:

1. Analysis of a single blade

2. Study of two adjacent blades with applied suction between them
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3. Study of the stagnation zone close to the leading edge of a blade

Part I consists of three chapters, 2, 3, and 4. In Chapter 2 a one-dimensional analytical
solution of a single blade is presented by modelling first a thin blade, then finite flat blades,
and then curved shaped blades. For this solution, it is assumed that the pulp suspension
is an inviscid fluid. The results obtained in Chapter 2 will be used as initial guesses for a
two-dimensional viscous model presented in the following chapter where the full Navier-
Stokes equations are solved for the flow in the gap. Chapter 4 is devoted to study the

fluid inertial effect on drainage resistance.

Part II, in almost parallel structure, includes two chapters. In Chapter 5 the one-
dimensional analytical model developed in Chapter 2 is extended to include two adjacent
" thin blades with suction applied between them. In the following chapter the viscous two-
dimensional model is extended to include the effect of the applied suction on pressure
pulses. In many respects, Part II is simply an extension of the Part I study of a single
blade. However, two new terms are introduced, namely, the applied suction and the blade

separation.

Part III presents a new topic, the stagnation pressure zone in the region close to the
leading edge of the blade. The flow both inside and outside of the gap must be modelled.
This part also includes two chapters. In chapter 7, an analytical one-dimensional model
to estimate the effect of the stagnation pressure on pressure pulses is developed. In the
following chapter é two-dimensional free surface model is developed and added to the

two-dimensional model of flow in the gap of Chapter 3.

Chapter 9 summarizes all the findings of these studies and Chapter 10 presents rec-
ommendations for future work. These studies significantly improve our understanding of

the hydrodynamics of papermachine gap formers. This in turn gives us a potential tool

for estimating how blades affect sheet formation and other paper properties.
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Figure 1.11: The main body of the thesis.
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Modelling of a Single Blade
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Chapter 2

Analytical Solution of Single Blades

As mentioned in the previous chapter, Zhao and Kerekes [28] used a linearization method
to develop an analytical one-dimensional model for predicting the pressure pulse gener-
ated by a single thin blade (ZK model). In this chapter, the same method with some
modifications, is employed to extend the model to determine the pressure pulses gener-
ated by first infinitely thin, then flat, then curved blades. The first part of this chapter
(infinitely thin blade) can be considered as a confirmation of previously developed model

using a modified approach.

2.1 Modified Approach

This modified approach gives a general second order differential equation directly for the
pressure rather than the shapes of fabrics (ZK model). The new model can be used to
calculate the pressure pulse upstream of the blade and between two adjacent blades with
less effort. We consider two forming fabrics passing over a blade, as shown in Figure 2.1.
This geometry is a simplified representation of a single blade former. We assume that the
machine direction is horizontal, although the analysis that follows is in no way so limited.

Some of the important variables shown are:
e y;: The vertical position of the top fabric.
e 1,: The vertical position of the bottom fabric.
e h,: The gap size between two fabric far upstream of the blade.

e V,: The velocity of the fabrics.

e «;: The wrap angle far upstream of the blade.

14
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o ay: The wrap angle far downstream of the blade.

As shown in Figure 2.1, the bottom fabric is in contact with the blade and both fabrics
wrap the blade at given angles. These angles are assumed to be sufficiently small for z to
represent the distance along the fabric from the origin. The pressure induced between the
fabrics is created by fabric tension and fluid flow. We model the pulp suspension between

the fabrics as a fluid bounded by moving, ﬂexiblé, and permeable walls.

y
A
Top fabnc Y\
%
T o e x_ a7
t )7 »>
h c b
I ] pottom {207 T
2 b
7[') -« . Blad
a,

Figure 2.1: Schematic of a single blade with important physical parameters involved in
the blade forming problem.

In order to obtain a closed-form expression for the pressure, we make the following

assumptions:

1. The flow is steady and one-dimensional.

2. All effects of fibres, in the suspension, are neglected.

3. The pulp suspension is an inviscid fluid.

4. Darcy’s Law describes the flow through the fabrics and fibre mat.

5. The permeability of the fabric and fibre mat is constant.

6. There is no centrifugal force, and thus p = p; = ps.
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7. The bending stiffness of the fabric is negligible.
8. The momentum of the fabric is negligible.
9. The fabric is considered to be a thin membrane.
10. The blade and the bottom fabric surfaces are smooth.

11. Two fabrics are parallel downstream of the blade.

The flow rate per unit area from the top and bottom fabrics can be written as:

Wy = Eb(P - pea:t) (22)
where:

e w;: The flow rate per unit area (in the positive y direction) though the top fabric.

e wy: The flow rate per unit area (in the negative y direction) through the bottom

fabric.

p: The pressure in the fluid between the fabrics.

Dezt: The pressure underneath the fabric passing over the blade.

k.: The average permeability of the top fabric and fibre mat deposited on it.

ky: The average permeability of the bottom fabric and fibre mat deposited on it.

If the gap between the fabrics, h(z) is defined as y; — y , the equation of continuity

for an element dz can be written as,

d - - _
o (Vh) = (ke + ko)p + koPect (2.3)

where V is the local average fluid velocity in the z direction.
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For pulp suspension, the z-momentum equation is:

av
b A

StV =0 (2.4)

where p is the density of the fibre suspension.

The relationship between fabric tension and the pressure between the fabrics is deter-
mined by a force balance in the y-direction. Neglecting the stiffness and the momentum

of the fabrics, we have the following set of fabric tension equations [28]:

dzyt D
__P 2.
12 T, (2.5)
Yy P Pext
Yo _ P _ DPext 2.6
dzz T, T, (2.6)

where:

e Ti: The tension per unit width in the top fabric.

o T,: The tension per unit width in the bottom fabric.

The continuity equation 2.3 can be linearized by writing, V =V, + AV, h = h, + Ah,

and neglecting the second order terms as:

d d - - -
hOEAV + ‘/oa;Ah = —(kt + kb)p -+ kbpwt (27)

We can combine 2.3 and 2.4 as:

ho dp dy,  dys

_hedp e Wy Bt Fepes 2.8

Taking the derivative of the above equation and substituting the fabric tension equa-

tions 2.5 and 2.6, we obtain a general second order equation for the pressure using the
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Table 2.1: Typical operating conditions.

Fabric Velocity V, | 14 m/s
Initial Gap Size h, | 4 mm
Tension on top Fabric T; | 7000 N/m
Tension on bottom Fabric Ty | 7000 N/m

Wrap Angle oy | 0.0124 rad.
Wrap Angle az | -0.0124  rad.
Average permeability ki | 5x10™° m3/N/s
Average permeability ky | 5x10=° m3/N/s
Density p |1000 . kg/m?

modified approach:

d’p _ Vop(kt + k) dp + VT, + Ty A% PVoks APest

a’p _ . _ 5.
dz? h de h oL P RLP T Th dw O (2.9)

We may now calculate values of p(z) for some typical cases under the typical operating

conditions, shown in Table 2.1.

2.2 Infinitely Thin blade (w = 0)

First, we consider the simplified case where the blade is thin. We assume that the average
permeability of the top and the bottom fabrics are the same, k; = k; = k, and the pressure
underneath the bottom fabric is zero, pe,s = 0, as assumed by Zhao and Kerekes [28].

The general Equation 2.9 can be written as:

d*’p 2Vppkdp pVEIT,+ T,
_ Lyl et T 2.10
@ h, do | R, Ty F (2.10)

or in the simpler form:

-— —ad—-l—bp:O ' (2.11)
T T _ '
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where:
2V, pk pVET + T,
- d =0 2.12
Th, ™ he T, (212)
The solution of the above equation yields the explicit solution for pressure:
p = c1e™® + cpe™® z<0 (2.13)
where:
va?—4b
ks g ) (2.14)
_JaZ _14
np = 2 ; b) (2.15)

We know that the integrated pressure is the product of the top fabric tension and the
total wrap angles around the blade [32]. We also force both fabrics to make a prescribed
angle to the horizontal far downstream of the blade. Then, the constants ¢; and ¢y can

be determined from the following conditions:
0
p(0)=0 and / pdr = Ty(a; — ap)

Thus:

_ Ta —
1= —cy = mﬁf22”) (2.16)

The location of maximum pressure can be determined by solving dp/dz = 0 for z:

Tmaz = In(—=)(ng —ny) ™" : (2.17)
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The shape of the bottom fabric can be found from equation 2.6:

1 c
Clgme | —%e"”) + c37 + ¢4 (2.18)

= ﬁ(n% ny

The constants c3 and ¢4 can be determined from the following boundary conditions:

d
»w(0)=0 and % —0) =
dz

The shape of the top fabric can be found from equation 2.5:

: 1 ¢ Co
Y = —ﬁ(ﬁ?e"lz + n—%e"”) + c3z + ¢4 (2.19)

The constants c3 and ¢4 can be determined from the following boundary conditions:

dy.

dz (0) = as

yi(—00) = yp(—00) + h, and

8000
B
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Figure 2.2: Pressure distribution in the gap for a thin blade, V, = 14 m/s (— modified
model, o ZK model), V, = 10 m/s (—— modified model, + ZK model), V, =18 m/s (—.—
modified model, * ZK model), other variables from Table 2.1.

Infinity was taken to be far enough from the blade that the pressure in the gap

approaches to zero; typically about 120 mm upstream for the operating conditions given
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in Table 2.1. Figure 2.2 shows that the pressure distributions predicted by this modified
approach agree well with the ZK model. Both models predict that the pressure in the
gap increases in the machine direction as the blade approached, reaches its maximum at
Zmaz, and drops to zero at the blade location. Increasing the fabric velocity increases the

peak pressure, but the integrated pressure remains unchanged, as expected.

2.3 Finite Width Blade

In order to determine the pressure distribution over the blade, we make the reasonable
assumption that the bottom fabric makes physical contact with the blade. In consequence,
in this region it is not possible for there to be flow out through the bottom fabric. We
apply the same linearziation approach to obtain an explicit expression for pressure pulses
over and upstream of finite flat and curved blades. In the following subsection we assume

that k; = kp, = k.

2.3.1 Flat Blade

Since we assumed that the dewatering takes'place from the top fabric over the blade, we

can combine equations 2.5 and 2.8 and write:

Py kpV, Py, N PV} dy:

— = 2.20
dz3 ho, dz? h,T;dz ( )
or in simpler form:
By, Ay | dys
OYr LY p9Y 2.21
dz3 dz? dz ( )
where:
% 2
o=V g p= Ve (2.22)
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The second and first derivatives of y, are:

dzyt D myc maezx

Py cimie™? + cymie™ 0<z<w (2.23)
d
d—it = cymi€™F + comae™*® 0<z<w (2.24)

where:

_ (@+ye - 4h) (2.25)

2

my

’ . 12 _ 46
ma = & ; ) (2.26)

If the blade width is w, the constant ¢; and ¢; can be determined from boundary conditions

at r = w, where:

@ =P _ 0 and g-yl =«
dz? T, dz ~ °
Thus,
QoMo
ci= 2.27
! my exp(maw)(ma — my) ( )
Cp = il (2.28)

B mg exp(maw)(my — my)

The pressure upstream of the blade can be determined from following equation:

p = c €M% + cpe™” z<0 (2.29)
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The constants ¢; and ¢, are:

1 (Pm — NoeTi(01 — )
(n1 — na)

C =

(2.30)

c; = _N2(Pm —(:117_1(710121) — m)) (2.31)

where p,, and a,, are the pressure and the slope of the top fabric at the leading edge of
the blade determined from Equations 2.23, 2.24, respectively. Figure 2.3 illustrates the
effect of blade width on the pressure pulse development. Wide blades, as predicted by the
numerical model of Green et al. [33], generate two distinguishable pulses, one associated
with deflection of the fabric at the leading edge of the blade, and one corresponding with
the fabric deflection at the trailing edge of the blade.

Figures 2.4 and 2.5 show the effect of the top fabric tension on pressure distributions.
As with the thin blade, increasing the tension in the top fabric increases the peaks over

the blade and upstream of the blade.
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Figure 2.3: Effect of blade width on pressure distribution in the gap for the flat blades
—w=0.04m, ——w=0.03m, —. —w =0.02m, ... w = 0.0l m, ew = 0, variables from
Table 2.1.
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Figure 2.4: The effect of tension in the top fabric on pressure distribution in the gap, w
= 0.02 m, —Ty;= 7000 N/m, — — T;= 5000 N/m, —. — T;= 9000 N/m, other variables

from Table 2.1.

2.3.2 Curved Blade

In the following sections two analytical models are developed for two typical curved blades.
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Figure 2.5: The effect of tension in the top fabric on pressure distribution in the gap, w
= 0.04 m, —T,= 7000 N/m, — — T;= 5000 N/m, —. — Ty= 9000 N/m , other variables

from Table 2.1.
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Second Order Approximation of Blade Surface

Here we assume that the surface of the curved blade can be approximated by:
y = fiz + for’ (2.32)

If ; and w are the nose angle (angle relative to the blade land at the blade leading edge),
and blade width, respectively, f; and f, are (Figure 2.6):

6
fi=0y, fo=——
w

Figure 2.6: Second order approximation of blade surface shapes.

For the top fabric over the blade we can write:

dz3 h, dz? h,T,dz hTidr '

or:

d*y, Py, | cdye g dy
G2t p 2t pE — 2.34
dz3 R + dz dz 0 ( )

The solution yields the following equations for the second and first derivatives of y;:

d2yt . D - 2 miz 2 _maz
—— = —— =2f, + cymje™® + camze 0<z<w (2.35)
dz? T
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d 24
d_Z:t = % + f1 + 2foz + e;mye™F + comae™F 0<z<w (2.36)

As for the flat blade, the constants ¢; and ¢, can be determined from boundary conditions

at z = w,

dy,  p

= ——— = %_
dz? T:

0 d =
’ an dz

(64}

The constant ¢; and c; are:

_ maby(w) + (mad — )y (w) — mybey

(2.37)

mll;exp(mlw)(mz —m)

o = mll’)y’(w)’-f- (m1d — b)y" (w) — mybasy (2.38)
mab exp(maow)(my — my)

The pressure upstream of the blade can be determined from equation 2.29. Figure
2.7 shows three curved blade shapes. Corresponding pressure distributions are shown in
Figure 2.8. Blades for which all or most of the wrap is taken at the blade nose and heel
(e.g. 8; < 0.005 rad.) develop two distinct pressure pulses on the blade, one associated
with fabric wrap at the blade nose, and one with fabric wrap at the blade heel. As the
blade nose and heel angles increase, the pressure pulse over the blade becomes more flat

and two pressure pulses merge together. Finally, when the leading and trailing blade

angles match the far field fabric angle, the central pressure pulse is dominant; the leading

and tailing edge pulses are subsumed within the central pulse.
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Figure 2.7: Blade surface shapes, corresponding pressure distributions are shown in the

next figure, w = 0.04 m, —6; = 0.02 rad., — — 6, = 0.01 rad., —. — 6; = 0.005 rad.,
a; = —ag = 0.02 rad., other variables from Table 2.1.
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Figure 2.8: Pressure distributions for curved blades, w = 0.04 m, —6;= 0.02 rad., — — 6,
= 0.01 rad., —. — 6;= 0.005 rad., oy = —as = 0.02 rad., .... flat blade, other variables

from Table 2.1.
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Fourth Order Approximation of Blade Surface

It is also possible to quantify the curved blade by measuring the blade crown, ¢ (height
above the line joining the blade leading and trailing edges), even if the blade nose and

tail angles are fixed. For this case, the surface of the blade can be described by:
y = fiz + for’ + fsz’ + faz' (2.39)

where the coeflicients can be determined by fixing the blade width w, the nose angle 6y,

and the crown c:

16¢ — 56,w 0w — 4c 4c — Oyw
fi =064, f2=‘—‘w2—1, fo=8"——, fi=4——

w3 wi

For this case the solution of 2.33 yields the following equations for the first and the

second derivatives of y;:

d? 20t 52— bY@
d_jzf =y" + GZ:; + (d 7 )y + cym2e™® 4 cymie™® 0 <z < w (2.40)
d éu" 42 — 6 1 43 — 26’1,6 (4)
TNV A it A Gl i
dz b b2 b3
c1mi1e€™® 4+ comee™® 0 <z <w (2.41)

The constants ¢; and c, are:

m253y’(w) + (mzdl;z — 53)y”(w) + (mzdzl; — mgb? — dl;z)y”’(w)
c; =

+(msd® — 2mydb + B — a28)y ) (w) — myasb? (2.42)

m b3 exp(myw)(my — my)
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. mi b3y (w) + (1662 — B3y (w) + (m162b — my b% — ab?)y" (w)
2 = —

+(m1d3 — 2mq6b + B2 — 626)y @ (w) — myayb®

’ 2.43
mabd exp(maw)(my — my) ( )
where:
32¢ — 106w
y'(w) = —61, y'(w) = ——5——
: w
4c—bw 4 4c — Ow
y///(w) _ 48T’ y( )(w) = QGT

The influence of the blade crown variations is illustrated in Figure 2.9. Figure 2.10
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Figure 2.9: Blade surface shapes, corresponding pressure distributions are shown in the
next figure, w = 0.04 m, —¢c = 0.2 mm, — —c = 0.15 mm, —. —c = 0.1 mm, ..... c =
0.05 mm, 8; = —0, = 0.01 rad., a; = —az = 0.02 rad., other variables from Table 2.1

shows the corresponding pressure distributions. With small blade crown e.g. ¢ = 0.05
mm, the blade shape has two regions of small radius of curvature near the leading and
trailing edges. Consequently, one pressure pulse is generated in each of these locations.

By increasing the crown the central pulse forms. Finally, for large blade crown , e.g. ¢ =
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Figure 2.10: Pressure distributions for curved shaped blades, w = 0.04 m, —c = 0.2 mm,
——c=0.15mm, —. —c = 0.1 mm, ..... ¢ = 0.05 mm, 6, = —0,= 0.01 rad., a; = —as
= 0.02 rad, other variables from Table 2.1.

0.2 mm, the central pulse dominates pulses at the leading and trailing edges.

2.4 Summary

The discussion and analysis of this chapter have shown how pressure pulses can be calcu-
lated for several cases of practical interest. The modified approach which gives directly
a second order differential equation for the pressure provides the same results for single
thin blades as the original and experimentally verified model of Zhao and Kerekes [28]
does. Upon confirming the modified approach with their model, the finite width blades
were considered and it was shown that the thin blade model was a special case of the

more general model of finite width blades.

The results from these models will serve as initial guesses for a two-dimensional viscous

model of single blade that will be presented in the next chapter.



Chapter 3

Two Dimensional Viscous Model of Single Blades

In Chapter 2 the analytical one-dimensional model of Zhao and Kerekes [28] for a thin
blade was extended to study a single curved blade. It was assumed that the pulp sus-
pension to be an inviscid fluid. Based on the same assumption, Zahari and Bark [31]
developed a two-dimensional potential model of a single blade. The objective of this
chapter is to develop a two-dimensional viscous model and study the hydrodynamics of
blade gap formers in more detail. Thus this chapter presents the analysis, method of
solution, and the results of such a model. The numerical method developed in this chap-
ter involves an iterative process. The analytical one-dimensional models developed in

Chapter 2 always provide very good initial guesses to start this process.

3.1 Analysis

Figure 2.1 shows a schematic of a single blade with the important physical parameters
involved in the blade forming problem. As mentioned, the objective of this chapter is to
develop a two-dimensional model of blade gap forming that solves the full Navier-Stokes
equations for the fluid flow and force balance equations for the location of fabrics. The

following assumptions are made to simplify the governing equations:

1. The flow is steady and two dimensional.

2. All effects of fibres are neglected.

3. The pulp is considered to be an incompressible Newtonian fluid (pure water).
4. Darcy’s Law can be used to model the flow through the fabrics.

5. Far upstream and far downstream of the blade the fabrics are straight and parallel

with angles o (far upstream) and «, (far downstream) relative to the horizontal.

31
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i 6. The permeability and the thickness of the fabric and fibre mat to it is constant.
7. There is no external under-fabric pressure or doctoring pressure.

8. The edge of the blade is sharp and the bottom fabric follows the shape of the blade

surface.
9. Fabrics have no mass and stiffness.

10. The blade and bottom fabric surfaces are smooth.

In view of the above assumptions, the governing equations can be considered. To model
the blade gap former, five equations must be used. Three of the equations model the
behavior of the fluid. Continuity and two momentum equations (Navier-Stokes for flow in
the gap and Dar:c;r’s Law for flow through the fabrics). Two force balance equations can
be used to calculate the shape of the fabrics. In order to simplify the problem these five
equations can be de-coupled. Thus the effects of the flow and fabrics can be considered

separately.

3.1.1 Fluid Flow Equations

The continuity equation is:

ou -Ov
8_33-*—@“0 (3.1)

The steady two-dimensional Navier-Stockes (fluid momentum) equations are:

Ou  Bu dp 0u . 0%

g T8y = oo THGa T o) (32)
Ov dv,  Op v

e Ty = "oy THGa t o) (33)

Equations 3.2 and 3.3 are replaced by Darcy’s Law in the porous media part of the
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domain, where fibre mat and fabrics are present:

o _ R
Oz F,

o _ _B (3.5)

dy F,

where F; is thickness of the fibre mat and fabric, and R, and R, are the resistances
of the porous media (fibre mat and fabric) in the z, and y directions, respectively. The

above equations determine the following three unknowns:

e The fluid velocity u(z,y),
e The fluid velocity v(z,y),

e The pressure in the fluid p(z, y).

- 3.1.2 Force Balance Equations

The relation between fabric tension and pressure between the fabrics was obtained in [28].

The force balance equations for the top and bottom fabrics are:

det y 2
— +—==0 3.6
dzyb Ds

S 3.7
dz? Tb 0 ( )

where p; and p, are the pressure distributions on the top and the bottom fabrics, re-
spectively. Given the acting fluid pressure on the top and bottom fabrics, the above two

equations determine the following two unknowns:

e The shape of the top fabric y;(z),

e The shape of the bottom fabric y,(z).
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3.2 Method of Solution

The method of solution of the governing equations is as follows. First, the location of the
fabrics is calculated using the analytical one-dimensional model (Chapter 2). Then, the
governing equations for the fluid are solved using FLUENT CFD code [49]. FLUENT uses
a control volume based technique [50] to convert the differential conservation equations
3.1-3.5 to algebraic equations that can be solved numerically. In the porous media part
of the domain, the permeability of the porous media in the z- direction k, = 1/R, is
set to a large value. Also, the u-component of velocity is fixed to the fabric velocity.
These conditions guarantee that the fabrics have no effect on the fluid velocity through
the porous media in the z direction. The second order upwind interpolation scheme
was employed. The solution was considered to converge when normalized residuals fell
below 5 x 107%. The pressure calculated by FLUENT on the top and bottom fabrics
were then applied to the force balance equations to find the new shapes of the fabrics.
The force balance equations were solved by using a standard finite difference method. A
three-point approximation on a uniform grid size (Az = 0.5 mm) was used for interior
nodes. For boundary conditions a three-point approximation was applied to the slope.
The whole process was repeated by supplying the new fabric locations to FLUENT and
solving the new fluid field in the new fixed geometry. These iterations were repeated until
the pressure satisfies both the fluid flow and force balance equations, as indicated by an
Ly (1 x 107*) global norm of difference convergence criterion on the fabric displacement.
Because the fabric shapes obtained from the one-dimensional model provide a good initial

guess, usually only few iterations were necessary to converge on a correct solution.

3.3 Boundary Conditions

The above equations can be solved subject to the following boundary conditions.

3.3.1 Fluid Flow Boundary Conditions

The following fluid flow boundary conditions were used. We know that the velocity of

fluid far upstream of a blade is equal to the fabric velocity. Also, the fluid gauge pressure
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downstream of the blade approaches zero, which is consequence of the parallelism of the
two fabrics. The gauge pressure on the outer surface of the fabrics is zero as well. In
the case of a finite width blade, it was assumed that the bottom fabric follows the blade
surface. Thus, the blade surface acts as a frictionless wall. In solving for the fluid flow,
the curved physical space was mapped onto a rectangular computational domain. In view

of the above discussion, the boundary conditions on this domain are:

e Inflow normal velocity upstream equal to the fabric velocity.
e Zero static pressure at downstream boundary.

Zero static pressure at top boundary.

e Zero static pressure at bottom of domain.

Slip wall where there is contact between the bottom fabric and the blade surface.

3.3.2 Fabric Boundary Conditions

The Equation 3.7 applies over the regions upstream and downstream of the blade, where
the bottom fabric is not in contact with the blade. To solve each force balance equation,
two boundary conditions are needed. The first boundary condition is the location of the
bottom fabric right at the leading and trailing edges of the blade. The second boundary
condition is the slope of the fabric far upstream and downstream of the blade (wrap
angle). Over the blade, the surface of the blade represents the shape of the bottom fabric.

These boundary conditions can be written as follows:

dys

Upstream y(0) = 0, %—(—oo) = (3.8)
_ dys

Downstream  yy(w) = 0, d—(oo) =y (3.9)
T

where the blade runs between z = 0 and = = w.
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Table 3.1: Typical operating conditions

Velocity of fabric V, | 16 m/s
Upstream gap size h, | 3 mm
Top fabric tension T, | 7000 N/m
Bottom fabric tension T, | 7000 N/m
Upstream wrap angle a; | 0.71  degree
Downstream wrap angle az | -0.71  degree

Resistance of fibre mat + fabric R, | 20000 Pa — s/m
Resistance of fibre mat + fabric R; | 20000 Pa — s/m

Blade width w {30 mm
Density of suspension p | 1000 kg/m3
Viscosity of suspension p 0001 Pa-s

For the top fabric, the location of the fabric far upstream of the blade and its slope
far downstream of the blade are applied. These boundary conditions can be written as

follows:

yi(—00) = yp(—00) + ko (3.10)
dy; _
pmCORL (3.11)

where h, is the far upstream gap size. In the simulations, infinity was taken to be far
enough from the blade that the pressure in the gap approaches to zero; typically about

120 mm upstream and 30 mm downstream of the blade, respectively.

3.4 Results

In this section, first the results of thin blade and then the results of finite width blade

simulations are presented. The typical operating conditions of a gap former, shown in

Table were considered as primarily fixed variables in all subsequent simulations.
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3.4.1 Infinitely Thin Blade (w = 0) Results

Comparison of Analytical One-Dimensional and Two-Dimensional Viscous Re-

sults

In order to compare the new viscous model with the analytical one-dimensional model,
three cases are considered with different fabric tensions. Comparisons between pressure
pulses obtained from the analytical one-dimensional and two-dimensional viscous models
are shown in Figures 3.1, 3.2, and 3.3. In these figures the generated pressures between
the two fabrics are plotted as a function of distance upstream and downstream of the thin
blade. The point z = 0 corresponds with the location of the thin blade. The pressures p,,,
p:, and pg represent the pressure distributions along the gap centre line, on the top fabric,
and on the bottom fabric. The pressure p;p is the pressure distribution obtained from
the one-dimensional model. Both models predict that the pressure pulse forms primarily
in front of the blade location. The two—dirhensional model predicts pressure pulses with
a somewhat lower amplitude than the one-dimensional model, but with a broader pulse
peak. Both this two-dimensional viscous model and the two-dimensional potential flow
model of Zahrai and Bark [31] predict a negative pressure on the bottom fabric just
downstream of the blade. The rapid turning of the fluid at the sharp blade edge accounts

for this negative pressure on the bottom fabric.

The Influence of Grid Size

In order to examine the effect of grid size on pressure pulses, different grid sizes were
used. The number of cells, originally 45000, was increased in both directions to 180000.
The computed pressure pulses were found to be almost identical and independent of the
grid size. Figure 3.4 and 3.5 show the effect of grid size on pressure pulses generated by

a thin blade. Note that almost the dashed curves lie atop the solid curves, and thus are

not visible.
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Figure 3.1: Comparison of analytical one-dimensional and two-dimensional viscous pres-

sure pulses, —p,,, — — pt, —. — D», -..- P1D, variables from Table 3.1.
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Figure 3.2: Comparison of analytical one-dimensional and two-dimensional viscous pres-

sure pulses T' = 5000 N/m, —pm, — — pt, — — Db, -...P1D, other variables from Table
3.1.

The Effect of Viscosity

To determine the effect of fluid viscosity on pressure pulse, two different cases were run.

The viscosity was set first to 10™3 Pa — s (viscosity of water) and then to 5 x 1073 Pa —s.
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In both cases the permeability of the fabric and fibre mat were adjusted in order to
simulate water flow through them. The pressure pulses along the centre line of the gap,
Pm, are shown in Figure 3.6. It is apparent that the effect of viscosity on the pressure

pulses is negligible.

Effect of Fabric Tension

Figure 3.7 shows the effect of fabric tension on the centre line pressure pulses, p,, induced
by the blade. The solid-curve represents the pressure distribution obtained from a simu-
lation using the variables in Table 3.1. Fixing all other variables and increasing the fabric
tension from 7000 N/m to 9000 N/m increases the peak pressure by 8.4% and the size
of the pressure zone upstream of the blade by about 20%. As a result, the integrated
pressure in the fluid in contact with the top fabric increases by almost 26%, from 173.6
Pa — m to 219.9 Pa — m. On other hand, reducing the fabric tension to 5000 N/m,
decreases the peak pressure and the size of the pressure pulse zone by 10.8%, and about
20%, respectively. For this case the integrated pressure drops by almost 30% to 122.1

Pa —m.
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Figure 3.3: Comparison of analytical one-dimensional and two-dimensional viscous pres-
sure pulses T = 9000 N/m, —pm, — — Ps, —. — Db, --..P1D, Other variables from Table
3.1
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Figure 3.4: The influence of grid size on the pressure pulse, variables from Table 3.1. The
pressure at the top, middle, and bottom of the gap are shown, —45000 cells, — — 180000
cells. Note that the dashed curves lies almost atop the solid curves.

Effect of Fabric Wrap Angles

The integrated pressure in the fluid at the top fabric is directly proportional to the total

wrap angles. Therefore one might anticipate that both the integrated pressure and the
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Figure 3.5: The influence of grid size on the pressure pulse, —45000 cells, —— 180000 cells,
T = 9000N/m, other variables from Table 3.1.Note that the dashed curves lies almost
atop the solid curves.
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Figure 3.6: The influence of viscosity on the pressure pulse, —107® (Pa — s), ¢ 5 x 1073
(Pa — s) other variables from Table 3.1.

pressure distribution are affected by the wrap angles. The influence of three different wrap
angles on the pressure distributions are illustrated in Figure 3.8. As expected, increasing
the wrap angles both upstream and downstream of the blade from 0.71 degree to 1.4
degree, increases the integrated pressure on the top fabric by a factor of almost 2, from
173.6 Pa — m to 342.2 Pa — m. The peak pressure also increases about 110% to 12600
Pa. The region of elevated pressure is extended about 10% upstream of the blade relative
to the low angle case. On the other hand, reducing the fabric wrap angles upstream and
downstream of the blade from 0.71 degree to 0.35 degree has the opposite effects. The
integrated pressure at the top fabric reduces by a factor of almost 2 to 85.1 Pa —m. Peak

pressure and pressure distribution range decrease by 51.4%, and about 8%, respectively.

Effect of Average Resistance of Fibre Mat and Fabric

The resistance of fibre mat increases in the downstream of direction as a result of fibre
buildup on the fabric. In this section we do not attempt to model the variation of the fibre
mat and its resistance in the machine direction. Rather, we assume that the resistance is

constant and equal to the average of the resistance over the range of the pressure pulse.

Figure 3.9 shows the effect of the average resistance of the fibre mat and fabric on pressure
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Figure 3.7: Effect of tension on pressure pulse, —T' = 7000 (N/m), — — T = 9000 (N/m),
—. — T = 5000 (N/m), other variables from Table 3.1.

distributions. For the low resistance case, it was necessary to extend the computational
domain farther upstream to ensure that the pressure in the gap approaches the gauge
pressure. In general, higher resistance is associated with higher peak pressure. Increasing
the average resistance to 30000 Pa — s/m yields a peak pressure of 7990 Pa; about
34% higher compared to the peak pressure obtained with an average resistance of 20000
Pa—s/m. The other effect of the higher average resistance is the narrowing of the pressure
distribution. Reducing the average resistance from a typical value of 20000 Pa — s/m
to 10000 Pa — s/m extends the pressure distribution range about 200% upstream of the

blade and reduces the peak pressure by about 40%.

Effect of Fabric Velocity

The effect of fabric velocity on the pressure pulse is shown in Figure 3.10. If the fabric
velocity increases from 16 m/s to 24 m/s, the peak pressure increases by 38%. Higher
fabric velocity narrows the pressure distribution. Reducing the fabric velocity from 16

m/s to 10 m/s extends the pressure distribution range by about 200% and reduces the

peak pressure by about 32% to 4080 Pa.
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Figure 3.8: Effect of wrap angles on pressure pulse, —a; = —ay = 0.71 degree, — — a; =
—op = l.4degree, —. — a; = —ay = 0.35 degree, other variables from Table 3.1.

Velocity Profile

Figure 3.11 shows the velocity profiles in different cross section in the gap. As shown, the

difference between the fluid and fabric velocities causes thin boundary layers to be formed
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Figure 3.9: Effect of average fibre mat and fabric on pressure pulse, —R = 20(kPa—s/m),
— — R =30(kPa—s/m), —.— R =10 (kPa — s/m), other variables from Table 3.1.
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Figure 3.10: Effect of fabric velocity on pressure pulse, —V, = 16(m/s), ——V, = 24(m/s),
—. —V, =10 (m/s), other variables from Table 3.1.

on the fabrics. The variation of fluid velocity outside the boundary layer is small. The
velocity gradient in the vertical direction produces a shearing stress in the fluid, which is

believed to result in improved paper formation. The fluid velocity inside of the fabrics
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Figure 3.11: u component of the fluid velocity, — 10 mm upstream of the blade, —— 20
mm upstream of the blade, —.— 30 mm upstream of the blade, .... 40 mm upstream of

the blade, variables from Table 3.1.
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(of 1 mm thickness) is equal to the fabric velocity.

Figures 3.12 and 3.13 show the fluid velocity variations in the vertical direction 1.5 mm
upstream and downstream of the thin blade for different fabric tensions. The variation of
fluid velocity outside the boundary layer upstream of the blade is still small. Downstream
of the blade the fluid moves faster than the fabric in the region close to the bottom fabric,
which is consistent with the low pressure near the bottom fabric. For a short distance
downstream of the blade, pulp suspension outside of the boundary layer experiences shear

stress as well.
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Figure 3.12: u component of the fluid velocity 1.5 mm upstream of the thin blade for
different fabric tensions, —T;= 7000 N/m, — —T;= 9000 N/m, —. — T;= 5000 N/m, other
variables from Table 3.1.

3.4.2 Finite Width Blade Results

For the case of a blade of finite width, it was assumed that over the blade the bottom
fabric makes physical contact with the blade. In consequence, in this region it is not
possible for there to be flow out through the bottom fabric. Equation 3.7 applies 6ver the
two regions upstream and downstream of the finite blade, where the bottom fabric is not

in contact with it. Figure 3.14 shows a comparison between pressure pulses obtained from

the analytical one-dimensional model developed in Chapter 2 and two-dimensional viscous
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model for a 30 mm wide flat blade. Both models predict two pressure pulses, associated
with fabric bending around the leading and trailing edges. The peak pressures upstream
of the blade and over the blade are about 11% and 15% lower than those predicted by
the one-dimensional model. The two-dimensional model predicts two negative pressures
on the bottom fabric, one just upstream of the blade leading edge, and the second just
downstream of the blade trailing edge. The first sudden pressure drop is a result of the
no-stiffness assumption made earlier. In reality the fabric stiffness causes the bottom
fabric to have a finite radius of curvature around the bladé leading edge. Therefore the
fluid can turn smoothly in that region and consequently this rapid change in pressure on
the bottom fabric would be partially suppressed. In order to examine the effect of grid
size on pressure pulses, the number of cells, originally 33000, was increased to 131000.
The computed pressure pulses were found to be almost identical and independent of the
grid size. Figure 3.15 shows the effect of grid size on pressure pulses generated by a flat

blade.

Figure 3.16 illustrates the effect of blade width on pressure pulses. Three different rela-

. tively wide flat blades were considered. The magnitude of the pressures over the blade

" remains relatively unchanged. However, upstream of the blade, the 20 mm wide blade

15.9 15.95 16 16.05 16.1
u (m/s)

Figure 3.13: u component of the fluid velocity 1.5 mm downstream of the thin blade for
different fabric tensions, —Ty= 7000 N/m, — —Ty= 9000 N/m, —. —Ty= 5000 N/m, other
variables from Table 3.1.
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Figure 3.14: Comparison between one-dimensional analytical and two-dimensional viscous
models of pressure generated by a 30 mm wide flat blade, —p,,,, — — pt, — — Db, ----D1D;
other variables from Table 3.1. ,

produces about a 30% higher peak pressure than does the 40 mm blade.

5000

4000

3000

2000+

p (Pa)

1000

0

-1000 : ' :
-0.1 -0.05 0 0.05

Figure 3.15: The influence of grid size on pressure pulses. Pressure at the top and bottom
fabrics are shown,—33000 cells, — — 131000 cells.
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Figure 3.16: Effect of flat blade width on pressure pulses, —w = 0.02m, —. —w = 0.03m,
— —w = 0.04m.

3.5 Summary

In this chapter, a viscous model was developed to predict pressure pulses created between
fabrics in blade gap formers. The continuity and full two-dimensional Navier-Stokes
equations and Darcy’s Law were solved to model the fluid flow. The results show the
effect of viscosity on pressure pulses in the former is negligible. The pressure pulses were
compared with the previously developed analytical one-dimensional model. As expected,
the integrated pressure pulses in the fluid in contact with the top fabric are in good

agreement with the simple analytical expression.

/oo pdz = Typp(a1 — @) (3.12)

-0

It was also found that the pressure pulse over a thin blade obtained from the two-
dimensional viscous model was in good agreement with the pressure pulse obtained from
analytical one-dimensional analytical model [28]. Table 3.2 summarizes the integrated
pressure for all cases presented in previous sections. All primary variables were obtained

from Table 3.1. Some of the results have been published in [51].

In the following part, the single blade models will be extended to include the effect of
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Table 3.2: Integrated pressure pulse(s) in the fluid in contact with the top fabric

case | secondary variable [ pdzPa — m | Error (%)
1 Tension 5000 N/m 122.1 1.5
2 Tension 9000 N/m 219.9 1.5
3 Viscosity 0.006 Pa-—s 171.8 1.0
6 Wrap angles 0.35  degree 85.1 0.5
7 Wrap angles 1.4 degree 342.2 0.0
8 Average resistance 10000 Pa — s/m 170.2 2.0
9 Average resistance 30000 Pa — s/m 182.8 5.3
10 | Fabric velocity 10 m/s 173.2 0.2
11 | Fabric velocity 24 m/s 184.2 6.1
12 | Flat blade width 20 mm 173.9 0.2
13 | Flat blade width 30 mm 173.3 0.2
14 Flat blade width 40 mm 173.8 0.1
15 Curved blade crown 0.05 mm 167.3 3.6
16 | Curved blade crown 0.10 mm 167.3 3.6
17 | Curved blade crown 0.15 mm 166.9 3.9

suction boxes on pressure pulse development.




Chapter 4

Fluid Inertial Effect on Drainage Resistance

In our consideration of pressure pulses, first a one-dimensional analytical model was de-
veloped in Chapter 2. Then, the model was extended to the two-dimensional viscous
model in Chapter 3. In both models, a number of assumptions were made to simplify the
analysis. One of the them was that Darcy’s Law can be used to model the flow through
the fabrics. We now address the question what would be the internal effect on pressure

pulses and the predicted results? The purpose of this chapter is to answer to this question.

4.1 Inertial Effect

A more general flow equation may describe the flow correctly. Forcheimer [52] suggested
that Darcy’s Law be modified at high velocities to account for inertia by a second order

velocity term, in keeping with experimental data. Forcheimers equation is:
Ap = av + bv? (4.1)

where Ap is the pressure drop through a porous medium, v is the flow velocity through
the media, a and b are the viscous resistance and the inertial resistance coefficients,
respectively. In this study the total pressure drop through a fabric and fibre mat is

considered to be the superposition of pressure through the fabric and mat:

Ap - Apfab'ric + Apmat (42)

The pressure loss across the fabric can be described by the following equation:

Apjabric = fabricV + Dfabrict’ (4.3)

50
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Table 4.1: Characteristics of three types of forming fabrics.

Constants Fabric A [41] | Fabric B [41] | Fabric C [40]
a Pa — s/m 3.4 x103 1.8 x10° 4.8 x10°
b Pa —s*/m* | 24.5x103 10.3 x10° 16.1x10°

where afopric and byqpric are the respective viscous and inertial drainage resistance co-
efficients of the fabric. In order to determine the viscous and inertial coeflicients of a
particular fabric, the pressure drop across the fabric can be measured at several flow
rates. The pressure drop-velocity curve from the experiments is non linear, and is well

represented by equation 4.3.
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Figure 4.1: Pressure drop across a fabric as a function of the approach flow velocity, o
experimental results [40], + numerical results.

The fibre mat resistance is a function of its basis weight and the compressibility
characteristics of the fibres. The pressure loss across the mat can also be described by an

equation that includes both viscous and inertial terms:

Apmat = QmatV + bmatv2 (44)

where a.qt and bpa are functions of the fibre furnish. Jong et al. [41] conducted
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an experiment to determine the variation of pressure drop with velocity. They created
mats of different basis weight in their facility. They showed that the net pressure drop
across the mat behaves distinctively as the basis weight was varied. For basis weights less
than 18 g/m? the pressure drops increases almost linearly with basis weight. Herzing and
Johnson [40] also showed that the relation between pressure drop across mat and velocity
is linear over the basis weight range investigated of up to ~ 17 g/m? for Groundwood
(Newsprint and Directory Grade). It is import to note that when a sheet is formed on
a gap former, two sheets are really made, one on each fabric. The two sheets merge
into one when all the free water is drained out of one side or the other. For example, a
newsprint sheet (~ 49 g/m?) is really comprised of two (=~ 24.5 g/m?) sheets assuming
symmetrical drainage occurring. Based on the above experimental results for low basis
weight, the mat resistance over the blades tends to increase linearly as the basis weight
increases. In equation 4.4 , b4 is normally small and can be neglected. In view of the
linear dependence of Ap on basis weight, equation 4.4 can be written to include the basis

weight (BW) and Specific Filtration Resistance (SFR):

Appmat = 4 X BW x SFR x v (4.5)

4.2 Method of Solution

The fluid flow equations were similar to those of the single blade model of Chapter 3,

except in the porous media part of the domain Darcy’s Law was replaced by the following

equations:
dp 7 1
T _r —¢, 4.6
B = T gterluly (4.6)
dp p 1
iy Ey—v + écyp|v|v (4.7)

where a and C are permeability and inertial resistance factors, corresponding to each of

the component directions. The boundary conditions are the same as those of the thin

blade model where:
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Table 4.2: Fixed variables in simulations

Velocity of fabrics Vs 16 m/s
Tension on fabrics T 5000 N/m
Wrap angle ap=—ag |1 degree
Specific filtration resistance SFR 2 x10° m/kg
Fabric thickness F; 1 mm

Inflow normal velocity upstream equal to the fabric velocity.

Zero static pressure at downstream boundary.

Zero static pressure at top boundary.

Zero static pressure at bottom of boundary.

The pressure calculated by the code at the top and bottom fabrics must satisfy the fab-
ric force balance. The fabric shapes thus deduced were used in a second two-dimensional
viscous model that solved Darcy’s Law and a converged flow field was achieved. The
average resistance obtained from this two-dimensional model then was compared with

the resistance calculated from a simple theoretical equation [32]:

_ 2Top(c1 — 02)

k= Vo(hin — Pout) (48)

4.2.1 Results

The parameters shown in Table 4.2 were fixed in the simulations. The viscous resistance
of the fibre mat was calculated based on the Specific Filtration Resistance (SFR) of
Groundwood pulp [40] with water flow at 0.22 m/s approaching velocity. Two cases were
considered. Case I represents what occurs when pulp suspension passes over a blade right
after the jet impingement region. The average basis weight for this case was assumed to
be 7 g/m? as might be the case in a pure blade former. Case II simulates the case where
the basis weight is 10 g/m? over the blade, after partial dewatering of suspension over a

roll former. The upstream gap size were considered 5 mm and 3 mm for the case I and

case II, respectively. Generally this model, as the thin blade model, predicts that the
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pressure increases in the machine direction, reaches its maximum close to the thin blade
and immediately after the blade drops to zero. Figure 4.2 shows pressure distributions at
the top fabric and at the bottom fabric for Fabric A. The solid curves represent the case
for which the effect of both viscous and inertial resistances of the fabric were included
(Forcheimers model). The dash-dot curves show the results obtained, using a Darcy’s
Law model, based on the average viscous resistance for the same dewatering. Note that
some parts of the dash-dot curve lie atop the solid curves, and thus are not visible. The
integrated pressures at the top fabric for both cases are within 2% of the theoretical value

given by:

L Propdt = Tiop(1 — 2) (4.9)

The new two-dimensional model (Forcheimers) yields a slightly higher peak pressure.
There is a difference 9.5% between the two-dimensional average viscous resistance and

the average resistance obtained from Equation 4.8.
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Figure 4.2: Pressure distribution at top and at bottom fabric A case I (— Forcheimers
model, —— Darcy’s Law model).

Figures 4.3 and 4.4 show the pressure distributions at the top and the bottom fabrics
for Fabric B and Fabric C (case I), respectively. In both cases, the Forcheimers model

predicts a slightly higher peak pressure than does the Darcy’s Law model. The differences
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between the average resistance in the two-dimensional models and the average obtained

from Equation are about 7.5% and 9.2%.
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Figure 4.3: Pressure distribution at top and at bottom fabric B case I (— Forcheimers
model, —— Darcy’s Law model).
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Figure 4.4: Pressure distribution at top and at bottom fabric C case I (— Forcheimers
model, —— Darcy’s Law model).

It is difficult to compare the different graphs because they represent fabrics with

different average resistances. In particular, Fabric A has the highest peak pressure and
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Table 4.3: One-dimensional and two-dimensional average viscous resistances, case L.

Fabric \ Ryip (Pa — s/m) Ryp(Pa — s/m) Difference

A 26300 23800 9.5%
B 20000 18500 7.5%
C 25000 22700 9.2%

Table 4.4: Integrated pressure at the top fabrics and the difference from Eq. 4.8, case L.

Fabric | Forcheimers Eq.(Pa — m) | Difference | Darcy’s Law (Pa — m) | Difference
175.7 0.7% 174.6 0.1%

A
B 177.0 1.4%
C 175.2 0.4%

Fabric B has the lowest, since they have respectively the highest and lowest resistances.

Some of the results are summarized in Tables 4.3 and 4.4.

Figures 4.5, 4.6, and 4.7 show the pressure distributions at the top and at the bottom

fabrics for case II. The integrated pressures at the top of all three fabrics are within 1% of

A |
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Figure 4.5: Pressure distribution at top and at bottom fabric A case 11 (— Forcheimers

model, —— Darcy’s Law model).

Forcheimers model predicts a slightly higher pressure

the expected value. As case I, the
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than does the Darcy’s Law model. The difference between the two-dimensional average

viscous resistance and the average resistance predicted by Equation 4.8 for this case is

less than 5%.
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Figure 4.6: Pressure distribution at top and at bottom fabric B case II (— Forcheimers
model, —— Darcy’s equation model).
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Figure 4.7: Pressure distribution at top and at bottom fabric C case II (— Forcheimers
model, —— Darcy’s Law model).

The results for case II are summarized in Tables 4.5 and 4.6.
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Table 4.5: One-dimensional and two-dimensional average viscous resistances, case II.

Fabric | Rip (Pa — s/m) | Rep(Pa — s/m) | Difference
A 31450 29900 4.9%
B 25600 24400 4.7%
C 30300 29000 4.3%

Table 4.6: Integrated pressure at the top fabrics and the difference from Eq. 4.8, case IL

Fabric | Forcheimers Eq.(Pa — m) | Difference | Darcy’s Law (Pa — m) | Difference
A 1734 0.6% 174.3 0.1%
B 174.6 0.1% 173.7 0.5%
C 175.1 0.3% 175.5 - 0.6%

4.3 Summary

Based on the results, it is apparent that even at the low mat basis weight of 7 g/ m?, the in-
fluence of Forcheimers drainage characteristics are modest. In particular, the Forcheimers
equation drainage model yields slightly higher peak pressures. Once a higher basis weight
accumulates on the fabrics and the fibre mat basis weight reaches 10 g/m? even this mod-
est Forcheimers equation behavior will cease to be evident and the differences between the
average viscous resistances for one-dimensional and two-dimensional Darcy’s Law models
fall below 5%. Therefore for industrially relevant fibre mats and forming fabrics, the

effect of Forcheimers equation drainage resistance on the integrated gap pressure and the

pressure distributions is small. Some of the results of this study have been published in

(53].




Part 11

Modelling of Two Blades With Applied Suction
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Chapter 5

Analytical Solution of Suction Boxes

In the previous part, a single blade was analyzed. In practice, in blade gap formers more
than one blade is used. Also, suction is applied between the blades on the side of the
moving fabric in contact with the blades by using elements called Suction Bozes. This
negative pressure increases dewatering through the fabric in contact with the blades. A
one-dimensional numerical model of suction shoes was developed by Green [36-37]. The
objective of this chapter is to develop an analytical one-dimensional model that provides
an explicit equation for pressure distribution over the suction box based on the same

linearization used in the Chapter 2.

5.1 Analysis

For simplification, we assume that the two adjacent bladés are thin. Figure 5.1 shows
a schematic of the two thin blades and some of the physical parameters involved in the
problem. Note that in order to obtain a closed form for the pressure distribution, the gap
~ size at blade 1, h,, is considered to be known. The following second order differential

equation for the pressure over the suction box can be obtained from Equation 2.9:

dp Vop(ke+k)dp  pVR(Li+Ty) PV

3.2 suct — 0 5.1
dz? h,  dr hoT,T, BT, Pouet (5-1)

where P,y is the applied suction on the fabric passing the blade. This yields the following

solution for the pressure distribution over the suction box:

p= p“;d + 1™ + coe™® 0<z<s (5.2)

60




Chapter 5 Analytical Solution of Suction Boxes 61

where s is the separation of the two blades. The constants ¢; and cs are determined from

following conditions:
p(s)=0, and f pdz = Ty(am — 2)
0

The constants ¢; and ¢, are:

N Pouct(1 + €"2°(ng5 — 1)) — 2n2e"* Ty (an — a2)
= — (5.3)
2 niem(exp(ngs) — 1) — ngem2*(exp(nqs) — 1)
suct(1 ma —1)) — 2ne™*Ty(am, —
oy = M2 Peuct(1 + € (n1s — 1)) — 2n1e™* Ti(am — ) (5.4)

2 njem(exp(ngs) — 1) — ngem2*(exp(ngs) — 1)

Ya

5= I SN
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s Blade # 2
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y

Suction box

Figure 5.1: Schematic of two thin blades and a suction box.

In the above two equations, a,, is the slope of the top fabric at the first blade which is

not known. An iterative process is applied to determine its value as follows:

First, the pressure in the gap at the first blade, p,,, is assumed to be known, e.g.

Dsuct/2. Applying the Bernoulli equation in the gap, from somewhere far upstream of the

first blade (about 120 mm for the typical operating conditions given in Table 2.1), where
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Table 5.1: Converged values of p,, Vi, and a,.

Case | Pouct (Pa) | s (m) | pm (Pa) | Ve (m/s) | am (rad.)
I -7000 0.06 -2648 14.1879 -0.0065
II -5000 0.06 -1857 14.1320 -0.0068
III -3000 0.06 -1066 14.0759 -0.0072
v | 0 - | 0.06 120 13.9914 -0.0076
\% -7000 0.10 -3315 14.2348 -0.0066
VI -5000 0.10 -2363 14.1678 -0.0063
VII -3000 0.10 -1411 14.1004 -0.0070

VIII 0 0.10 16 13.9989 -0.0076

p=~ 0 and V = V,, to the location of the first blade gives:

Vi = V2~ 2’-’;-"- (5.5)

Writing the continuity equation over the same interval yields:

hov; - hme

g el M 5.6
k)T (5.6)

Now, ¢1, ¢, and p over the suction box can be determined from Equations 5.3, 5.5, and
5.2. Now, if the pressure at the first blade, p(0), differs from the assumed p,,, then the
iteration continues using new p,, = p(0). Usually, a few iterations converge to the right
D, and @y, which are then used to determine the pressure upstream of the first blade

using equation 2.29. Table 5.1 shows some of the variables and converged values.

5.1.1 Effect of Applied Suction

Figure 5.2 shows the effect of applied suction on pressure distributions over suction box
and upstream of the first blade. Generally, this model predicts that the pressure between
two blades has its minimum downstream of the first blade, increases in the machine
direction as the second blade is approached, and drops to zero at the second blade. By

applying more suction, the pressure downstream of the first blade is decreased, while the

peak pressure close to the second blade is increased. The reason for this is the increased
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fabric deflection around the second blade with higher applied suction.
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Figure 5.2: Effect of applied suction on the pressure distributions, h, = 5 mm, hp,, = 4
mm, blade locations £ = 0 and z = 0.06 m, — Case I, —— Case II, —.— Case III, .... Case
IV, other variables from Table 2.1.
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Figure 5.3: Effect of the blade separation on pressure distributions h, = 5 mm, h, =4
mm, blade locations z = 0 and z = 0.1 m, — Case V, —— Case VI, —.— Case VII, ....
Case VIII, other variables from Table 2.1.
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5.1.2 Effect of Blade Separation

Figure 5.3 shows the effect of the blade separation. For this case, more of the pulp
suspension is exposed to negative pressure owing to the larger separation between blades.
The bottom fabric is drawn down more deeply between the blades, which causes it to wrap
the second blade to a greater extent, and increases the pressure pulse. With the large
separation the pressure approaches to half of the applied suction immediately downstream
the first blade. If we assume that the separation of blades is large enough to avoid
interaction between blades, and set the suction to zero, we obtain the same pressure
distribution to that of Zhao and Kerekes [28] for a single thin blade. This shows that
the analytical one-dimensional ZK model can be considered as a special case of this more

general model.

5.2 Summary

In this chapter, the one-dimensional analytical model of the suction boxes was developed.
It is found that for constant fabric and fibre mat permeability, applying more suction
decreases the suspension pressure close to the first blade, and increases the peak-to-peak
pressure. The fabric draw down enhances the positive pressure peak generated at the
second blade, compensating for the lower pressure between the blades. Increasing blade
separation likewise causes a greater draw down of the bottom fabric, which produces a
sharper pressure gradient close to the second blade. The results of this model will provide
the initial guess for the two-dimensional viscous model of suction boxes in the following

chapter.



Chapter 6

Two Dimensional Viscous Model of Suction Boxes

In the previous chapter the analytical one-dimensional model of the suction boxes was
developed. The objective of this chapter is to develop a two dimensional viscous model
of suction shoes. This model is based on solving the Navier-Stokes equations for the flow
between the fabrics and Darcy’s _LaW for the flow through the fabrics. One equation of
motion for each fabric and one equation for the fabric and fibre mat drainage resistance

of each fabric are solved as well.

6.1 Analysis

Figure 5.1 shows a schematic of the two thin blades and some physical parameters involved
in the problem. Suction is applied between the two blades, which causes the bottom fabric

to have an arced shape.

Compared to previous two-dimensional viscous model of a single blade presented in
this thesis, the effects of fabric mass and mat resistance variations in the machine direction
were added. Therefore, to develop a mathematical model for this process, three sets of
physical behaviors must be considered: the fluid flow, the fabric deflection, and the mat
resistance variation. The following assumptions were made to simplify the physical aspects

of the problem to obtain mathematical relations:

1. The flow is steady and two-dimensional.
2. The suspension is dilute and can be treated as a pure water.
3. Darcy’s Law describes the flow through the fabrics and fibre mat.

4. The drainage resistance of a fibre mat is proportional to the number of fibres accu-

mulated in the mat.
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5. The fabrics have zero stiffness.

Considering the above assumptions, seven coupled differential equations must be
solved in order to cover all three sets of physical behaviors. Three equations (continu-
ity and two momentum equations) describe the fluid flow field; two equations of motion
model the fabric shapes; and two fabric and fiber mat resistance equations relate the
permeability variation of the fibre mat to dewatering. These equations are discussed

below.

6.1.1 Fluid Flow Equations

In the suspension flow, the steady continuity and Navier-Stokes equations are:

ou Ov

oy 7 = N
9 + 3y 0 (6.1)
Ju Ou,  Op u  O%u
P(uéz+va—y) = —$+“(@+6—y2) : (6.2)
v  Ov Op v 0%
el ) = = _ 6.
p(u3x+vay) ay+u(3$2+3y2) (6.3)

In the porous media Darcy’s Law represents the last two of these equations:

Jp R

Jdp R,
xr_ 6.5
3y 7 (6.5)

In the above equations u(z,y) and v(z,y) are respectively the = and y velocities, p(z,y)

is the pressure, p is the pulp suspension density, x is the suspension viscosity, F; is the

fabric thickness, and R is the drainage resistance of the fabric and fibre mats.
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6.1.2 Equations of Motion for Fabric

The equations of motion can be obtained by writing a force balance on each fabric. For

the top and bottom fabrics we can write:

dz?/t Dt
Fr e e 0 (6.6)
d2 — Vsuc

Y  Pb — Psuct __ (6.7)

dz?  T,—mV2

The shapes of the top and bottom fabrics are given by y:(z) and y,(z), the fabric
tensions are T; and T3, the fabric mass per unit area is m, the fabric velocity is V,, and
the pressure in the pulp suspension at the top and bottom fabrics are respectively p, and

Db Psuct 1S the suction applied between the blades.

6.1.3 Fabric and Fibre Mat Resistance Equations

The drainage resistance of the fabric and fibre mat increases along the machine direction.
Because of uneven dewatering caused by the application of suction, the drainage resistance
of the top and bottom fibre mats differ. If one neglects the compressibility of the fibre
mats, assumes that the fibre concentration in the suspension is constant, and assumes
that the resistance of a fibre mat is proportional to the number of fibres deposited on the
fabrics, then, as shown by Green [36], the drainage resistance variation can be found from

equations 6.8 and 6.9.

th CrPt
i 6.8
dRy, ¢y
9 - RV, (6.9)

where ¢, is a constant. All equations have been presented in Cartesian co-ordinates (given

small fabric angles relative to the z axis). However, curvilinear co-ordinates can also be
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used to describe this physical problem.

6.2 Boundary Conditions

The above equations must be solved subject to certain boundary conditions. The bound-
ary conditions just upstream and downstream of the double-blade are not obvious. There-
fore, the fabrics are extended far upstream of the first blade and forced to be parallel
downstream of the second blade. This means that we isolate the double-blade from any
other elements in the gap former, which makes it easier to study the effect of applied
suction independent of upstream dewatering. Considering the above argument, we used

the following boundary conditions for the fluid flow equations:

e Constant applied suction p,, on the outer surface of the bottom fabric, between

the two blades.
e Uniform velocity V, far upstream of the first blade.

e The gauge pressure pgt,, at all other boundaries.

To solve each equation of motion we need two boundary conditions. For the bottom
fabric, the locations right at the blades are known. For the top fabric, the location at the
first blade and the slope at the second blade are known. These boundary conditions can

be written as follow:

yt(o) = hm
d
(o) = a

The first blade in this model is located at z = 0, and the second downstream blade

at * = s. Physically, infinity is defined to be 20 mm downstream of the second blade.
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Table 6.1: Fixed variables in simulations.

Fabric Velocity Vo, | 16 (m/s)
Tension on Fabric T | 7000 (N/m)
Initial Gap Size hm | 5 (mm)

Wrap Angle ay | —0.03 (radian)
Fabric Thickness F, |1 (mm)
Mass/Area of Fabric m | 1.6 (kg/m3)
Drainage Resistance Constant [36] ¢, |2 x 10" (Pa— s/m?)

Only one boundary condition is needed to solve each drainage equation, namely that the

drainage resistance at blade 1 is known for each fibre mat.

6.3 Method of Solution

The method of solution of the equations is the same as that used in Chapter 3, except
the permeability variation equations are added to the model. In this method, equations
describing the fluid flow are decoupled from the other equations, and solved by an iterative
method in the following manner.

First, the one-dimensional model is solved to obtain fabric locations, y; and y,, and the
drainage resistance of the fibre mats, R; and R,. Having defined the physical boundaries
of the flow, the governing equations for the fluid are solved using the FLUENT CFD
code. In the porous media parts of the domain, representing the fabrics, Darcy’s Law is
applied. The pressure calculated by the CFD code is then used to solve the fabric and
fiber mat resistance equations to find the new fabric locations and mat permeabilities.

These equations are solved using a finite difference method.

In the next iteration, the new fluid field is obtained by using the new fabric loca-
tions and mat permeabilities. These iterations are repeated until the pressure and fabric
locations satisfy all seven equations which describe the problem. The solution was con-

sidered converged when the residual of the fluid flow equations and L, global norm of the

equations of motion and fabric and fibre mat resistance fell below 5 x 1074.
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Table 6.2: Other variables used in simulations.

Case | p,(Pa) | R(Pa — s/m) | s(m) | No. of cells
I —7000 20000 0.05 23000
II | —10000 20000 0.05 23000
III —7000 20000 0.10 32000
v —7000 | Eq. (6.8,6.9) | 0.05 23000
A% —7000 20000 0.05 90000
VI —7000 20000 0.05 36000

6.4 Results

As in the single blade model, there are a number of variables to be considered in modelling
of the suction box, such as fabric tension, fabric velocity, upstream gap size, etc. In addi-
tion, the applied suction, separation distance between the blades, and starting drainage
resistances on the two fabrics are all variables. In order to study two blades with associ-
ated suction, a number of variables, shown in Table 6.1, are fixed in simulations. Table

6.2 shows the variable parameters and the number of cells used for four simulations.

The Influence of Applied Suction

Figure 6.1 shows the shapes of the fabrics for cases I and II. The bottom fabric is sucked
down between the two fixed blades located at z = 0 and = = 0.05 m. The top fabrics, in

contrast, have nearly linearly shapes.

Figures 6.2, 6.3 show pressure distributions along the centre line in the gap p., as
well as pressure at the top fabric p;, and bottom fabric p,. Generally, this model predicts,
as does the one dimensional model, that the pressure between two blades reaches its
minimum shortly downstream of the first blade, and increases in the machine direction as
the second blade is approached. The model also predicts that the fluid pressure in the gap
at the top fabric is less than the pressure at the bottom fabric, except in regions close to
the blades. This differential is caused by the curved streamlines of the flow that produce
a centrifugal pressure gradient. A comparison of Figures 6.2 and 6.3 shows the effect of

applied suction. By applying more suction the pressure downstream of the first blade
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Figure 6.1: The effect of applied suction on fabric shapes, — cases I, —— Case II.

is reduced, as expected. Also, as a result of the larger suction, the radius of curvature
of the bottom fabric decreases, resulting in a greater pressure differential in the gap. It
is also predicted that the maximum positive pressure close to the second blade for both
cases I and II is almost equal. The reason for this is that the increased fabric deflection
around Blade 2 with higher suction results in a higher local pressure pulse there, which

compensates for the higher applied suction.

The Influence of Blade Separation

For case III, the location of the second blade shifts from z = 0.05 m to £ = 0.1 m. Figure
6.4 shows the effect of the blade separation on the fabric shapes. For this case, more of the
pulp suspension is exposed to negative pressure owing to the larger separation between
blades. With the larger blade separation the bottom fabric is drawn down more deeply
between the blades, which causes it to wrap the downstream blade to a greater extent
and produce a sharper pressure gradient close to the second blade. The effect of larger
blade separation on pressure distributions is shown in Figure 6.5. This large blade wrap

increases the pressure pulse at the downstream blade from 4000 Pa to almost 8000 Pa.
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Figure 6.2: Pressure distributions in the gap for Case I (—pmn, — — pt, — — Dp)-
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Figure 6.3: Pressure distributions in the gap for Case II (—pm, — — Pt, — — D»)-
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Figure 6.4: Effect of blade separation on fabric shape, cases III.
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Figure 6.5: Pressure distributions in the gap for case Il (—ppy,, — — ps, — — D»)-

The Influence of Fibre Mat Resistance

Allowing the permeability to vary along the machine direction increases the amplitude of
both negative and positive pressure peaks. It most affects the pressure distribution, close
to the second blade, where the resistance to dewatering is high. The effect of permeability
variation is shown in Figure 6.6. The primary effect of fibre mat build up is observed close

to the second blade, where the peak positive pressure upstream is about 25% higher and
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peak negative pressure is about 120% lower compared with case I. Figure 6.7 shows the
increase in fabric and mat resistance in the machine direction. The resistance increases
more rapidly on the blade side fabric than the other fabric owing to the greater dewatering

on that side.

6000

4000

2000t

p (Pa)
o

-2000¢

-4000 |

-6000 : ; : :
-0.02 0 0.02 0.04 0.06

Figure 6.6: Pressure distributions in the gap for case IV (—=pm, —. — ps, — — D).

Velocity Profiles

Figures 6.8 and 6.9 show the profile of the u component of velocity in the gap for three
cases. As expected in view of Bernoulli eqﬁation effects, the fluid moves faster than the
fabrics dow}lstream of the first blade where the pressure is low, and slower than the fabrics
upstream of the second blade, where the pressure is high. In both regions the fluid close
to the top fabric moves faster than the fluid close to the bottom fabric, owing to the
higher pressure at the bottom fabric than at the top fabric. The fluid velocity inside of

the fabrics (of 1 mm thickness) is equal to the fabric velocity.

The Influence of Upstream Blade

In the above simulations, in order to simplify the forming geometry, the fabrics were

assumed to take no wrap around the upstream blade. To examine the implications of
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Figure 6.7: Fabric and mat resistance variation for Case IV (— bottom fabric, —— top

fabric.

this simplified geometry, one case was studied (Figure 6.10) with upstream wrap. For
this case the upstream wrap angle and the upstream gap size were 1 degree and 7.9 mm,
respectively. The gap size right at the first blade was thus 5 mm, to simulate the same
conditions as case I. As shown, the pressure distributions for cases I and VI over the

suction shoe are similar except in the region very close to the first blade. This shows that

. 0 L n "
15.8 16 . 16.2 16.4
u (m/s)

Figure 6.8: u Component of velocity 15 mm downstream of Blade 1 (—Case I,—— Case
I1, —.— Case IV). .
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Figure 6.9: © Component of velocity 15 mm upstream of Blade 2 (— Case I, —— Case II,

—.— Case IV).

the pressure in the gap over the suction box is mainly affected by the applied suction

rather than by far-upstream conditions.

The Influence of Grid Size

In order to examine the effect of grid size on pressure pulses, two different grid sizes
were used. The number of cells (originally 23000) was increased in both co-ordinate
directions to 90000. The computed pressure pulses were found to be almost identical and
independen;t of the grid size. Figure 6.11 show the effect of grid size on pressure pulses.
Note that most parts of the dashed curve lie atop the solid curves, and thus are not

visible.

6.5 Summary

In this chapter, the two-dimensional viscous model of the suction boxes was developed.
The model predicts pressure distributions as well as velocity profiles in the pulp suspen-
sion. The effect of applied suction, blade separation, and fabric and fiber mat permeability
variations were studied. It is found that for constant fabric and fibre mat permeability,

applying more suction decreases the suspension pressure close to the first blade, but it
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Figure 6.10: Pressure distribution along the centre line of the gap (—p,, Case I, —. — p,,

Case VI, — — p;p [36]). The upstream blade is at z = 0.05 m and the downstream blade
is at z=0.
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Figure 6.11: The influence of grid size on the pressure pulse for case I.

does not significantly change the positive peak pressure for a given fabric deflection at the
second blade. The fat;ric dfa;/ down enhances the positive pressure peak generated at the
second blade, compensating for the lower pressure between the blades. Increasing blade
separation likewise causes a greater draw down of the bottom fabric, which produces a

sharper pressure gradient close to the second blade. Variable permeability increases the

amplitude of both negative and positive pressure peaks. Some of the results have been
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published in [54].
Having considered the effect of applied suction between two adjacent blades, the effect
of external pressure generated as a result of deflecting of white water from the fabric close

to the blade, will be considered in the following part.




Part III

Modelling of the Stagnation Zone
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Chapter 7

One-Dimensional Analysis of Stagnation Zone

In previous parts of this thesis, one-dimensional analytical models were developed to
study first single blades and then two blades with applied suction between them. Those
models provide very useful tools to understand the dewatering process and serve as initial
guesses for two-dimensional viscous models. Following the same route in this part, first
a one-dimensional analytical model and then a two-dimensional viscous model of the
stagnation zone close to the blade will be developed. In all blade gap formers, dewatering
produces a thin water layer adhering to the outside of the moving fabrics. This water layer
approaches the stationary blade supporting the fabric with the same velocity as the fabric.
The water layer then impinges on the blade and is deflected by it. A pressure distribution
is generated in the stagnation zone very close (on the order of a few millimeters) to
the upstream of the leading edge of the blade. This pressure distribution is called the
Doctoring Pressure. It is the objective in this chapter to develop an analytical model

for estimating the effect of the doctoring pressure generated as a result of dewatering.

7.1 Analysis

Figure 7.1 shows the region close to the blade where water is doctored by the blade. Com-
plete one-dimensional and two-dimensional models of a single blade former that neglects
the doctoring pressure are given in Part I. In both models a constant pressure boundary
condition p,:,, was applied on“ the blade-side of the fabric where it is not in contact with
blade. This boundary condition must be modified as a result of the doctoring pressure
distribution close to the blade. As a first approximation, in the numerical one-dimensional
model, Green and Kerekes [34], represented the doctoring pressure by an exponential func-
tion. They assumed that the doctoring pressure reaches to its maximum, p, = pV;2/2, at

the tip of the leading edge of the blade. In the following section an analytical model is
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developed to estimate the doctoring effect on pressure pulse in the gap. We assume that

the doctoring pressure can be approximated by:

Pdoc = f1/7*/™ (7.1)

where f; and f, are two constants, and h,, is the thickness of the water layer adhering to
the outside of the fabric approaching the blade. The water layer approaches the blade with
the same speed as the bottom fabric. The thickness of the water layer can be calculated

as:

hy = 7.2
7 (7.2)

From the general differential equation 2.9, we can write:

d’p  dp afy b

E—aa—{-bp—k(m*i)l)@c—o (7.3)

The solution of the above equation yields the following:
p = nz(c1e™® + c2€™*) + N4Pdoc z<0 (7.4)

where:~
2 _ 2
ng = 4(bh;, — ahyfo + f3) (7.5)
s
2(bh2 — ah,, f)2

ng = ( w a f) (76)

Ny

ns = (hya + hy(a® — 45)%° — 2£,)(hya — hy,(a® — 4b)°° — 2£,) (7.7)
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The constants c3 and ¢4 can be determined from the following boundary conditions:

0
PO)=ps and [ pdo=T(es - ay)

_ _2f1(hlb — huafy)(nohy — fo) + fons(Pw — naTi(as — ay))ny

&1 = $fa(ns — ) (ahafs — b2 — 1)) (78)

o — 2f1(hlb — hwafs)(nihy — f2) + fans(pw — 1y Ty(ay — Ay)) 102
2 4f2(n1 — na)(ahy f» — b2 — f5)2)

(7.9)

Bottom fabric\A

Water layer
Blade

Figure 7.1: Region close to the sharp blade.

7.1.1 Estimated Effect of Doctoring Pressure for a Infinitely Thin Blade

Figure 7.2 shows the estimated effect of the doctoring on pressure pulse for a thin blade.
According to this model, the maximum possible peak pressure between the fabrics can be
obtained if the doctoring pressure reaches its maximum value, Po = pV2/2 at the tip of
the blade. For this case the peak pressure between the fabrics is about 50% higher than

that of the case with no doctoring effect. Due to the passage of water through the bottom
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fabric, the maximum doctoring pressure is less than p,. The results show the doctoring

can increase the peak pressure in the gap even if its maximum is only p,/2.

7.1.2 Estimated Effect of Doctoring Pressure for a Flat Blade

The effect of the doctoring pressure for a flat blade is shown in Figure 7.3. For this case, as
for a thin blade, the doctoring effect increases the pressuré pulse immediately upstream of
the blade leading edge. The relative increase in peak pressure pulse in this case is higher
than that of a thin blade. The peak pressure between the fabrics can become as high as
70% greater than of that of the case with no doctoring. Thus, the effect of the doctoring

is more important for a finite width blade than a thin blade.

7.2 Summary

In this chapter a one-dimensional model to estimate the doctoring pressure in the stag-
nation zone was developed. It was shown that the doctoring effect increases the peak
pressure pulse right upstream of the leading edge of the blade. Unlike the analytical one-
dimensional models of a single blade and two blades with applied suction, which predict
pressure pulses, this model provides an estimate of the effect of doctoring on the pres-

sure pulse between the fabrics. In order to obtain more accurate result, the flow in the

stagnation zone must be be modelled. The following chapter presents such a model.
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Figure 7.2: Effect of the doctoring pressure on pressure distributions, — f; = p,, —. — f1 =
Do/2,— — f1 = 0, variables from Table 2.1.
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Figure 7.3: Effect of the doctoring pressure on pressure distributions, w = 0.04 m, —f; =
Do, — — f1 = Po/2,— — f1 = 0, variables from Table 2.1.



Chapter 8

Two Dimensional Model of Stagnation Pressure Zone

The model developed in the previous chapter showed that the pressure generated in the
water film in the stagnation zone has a significant effect on pressure pulse(s) in the gap.
The doctoring pressure was approximated by an exponential function. It did not take
into account blade geometry variables, such as radius of curvature of the leading edge.
Such factors may affect the prediction. To determine this, in this chapter we examine the
effect of the blade nose radius on the doctoring pressure distribution, and then the effect
of doctoring on pressure pulses in gap forming for some practical blade geometries. To
achieve this objective a two-dimensional free-surface model will be developed and added
to the previously developed the two-dimensional viscous model of the flow in the gap

(Chapter 3).

8.1 Analysis

Figure 8.1 shows the region close to the blade where water is doctored by the blade. In
order to develop a mathematical model for this process, the following assumptions are

made: -

1. The flow is steady and two dimensional.
2. All effects of fibres, in the suspension, are neglected.

3. The pulp suspension is considered to be an incompressible Newtonian fluid (pure

water).
4. Darcy’s Law can be used to model the flow through the fabrics.

5. The permeability of the fibre and mat is constant.
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6. The water layer moves with the same velocity as the fabric far upstream of the

blade.
7. The water layer contains no fibres and additives (retention is 100%).
8. The fabrics have no stiffness and mass.
9. The bottom fabric follows the shape of the blade surface.
10. The blade and the bottom fabric surfaces are smooth.

11. The blade angle is 60°.

Bottom fabric

Nose radius

Water layer

Blade angle

Blade

Figure 8.1: The region close to the blade where water is doctored by the blade.

8.2 Method of Solution

The method of solution of this free surface flow involves an iterative process. In the first
step, the analytical one-dimensional model developed in Chapter 2 is solved to obtain
the pressure pulses and fabric locations for a single blade. We recall this model has
been developed based on a linearization approach [28] to derive two ordinary differential
equations whose solutions are the pressure pulses upstream and over a finite width blade.
In this step the effect of doctoring pressure is neglected. The variables used are shown in

Table 8.1. In the next step, the thickness of the water layer approaching the blade, h,,,
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Table 8.1: Fixed variables used in this Chapter.

Tension on fabrics T 8000 N/m
Velocity of fabrics Vo 14 m/s
Wrap angles a; = —ay 1 degree
Upstream gap size h, 3.5 mm
Average fibre+mat resistance R 20000 Pa—s/m
Blade width w - 40 mm

is estimated by integrating the dewatering velocity upstream to somewhere close to the
blade z,, taken as a few times the water layer thickness. Since the dewatering velocity is
W, = p/R, where R is the drainage resistance and p is the local pressure in the gap, the
water film thickness is:

_ J%, pdz

hy, = ——— .
w V'R (8.1)

In order to determine the distance z, over which the doctoring pressure applies, the
inviscid theory of flow around a corner can be used. According to this theory, the pressure
applies over a distance about 6 times the fluid thickness [55]. Considering the low viscosity
of water, and the high velocity of the water layer, inertial effect dominate and therefore
the inviscid theory should be approximately correct. We use this theory to select z, and
define the domain in which two phase flow modelling is done. In the third step, knowing
the velocity and thickness of the water layer approaching the blade, the Volume of Fluid
(VOF) model [56] is employed to find the doctoring pressure in the region close to the
blade.

In the VOF model, for additional phase, a variable is introduced, which is the volume
fraction of that phasé. In each cell volume in the domain, the volume fractions of the
two phases add to unity. If the volume fraction of the k** fluid in a multi-phase flow is

denoted ¢, then:

e ¢, =0 the cell is empty of the k™ fluid
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e =1 the cell is full of the kt** fluid

e U<er <1 the cell contains the interface between the fluids

The properties and variables are assigned to each cell, based on the local value of e.
The tracking of the interfaces between the N phases is accomplished by the solution of a
continuity equation for the volume fraction of N — 1 phases, )

66k

i— =0 8.2

U’J 6.’13]' ( )

In our system, air and water are the two fluids. The fluids share a single set of momen-
tum equations. The properties (e.g. density and viscosity) in the transport equations

are determined based on the amount of each phase present in each control volume, for

example:

p= €water Pwater + (1 - ewater)pa,ir (83)

The FLUENT CFD code is used to solve the VOF model. Quadratic upwind interpo-
lation was used to obtain sharper interface. Figure 8.2 shows a typical free surface profile
obtained from the VOF model. The boundary conditions used in this modelling are given

in Table 8.2.

Boundary conditions 5 and 6 are no slip and slip walls respectively. The solution is
considered ;converged when residuals of pressure, velocities, and volume fraction of water
fall below 1 x 107%. The doctoring pressure changes the pressure pulses obtained in step
one, and therefore an iterative method is necessary to correct the pressure pulses and
the resulting doctoring pressure. The doctoring pressure, is then approximated by an

exponential function as:
Paoc = fref*/hv (8.4)

where f; and f, are two constants. Then, the analytical one-dimensional model with

doctoring effect, developed in the previous chapter, can be used to determine the pressure
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Figure 8.2: A typical free surface profile and pressure contours obtained from the VOF
model. One pressure contour crosses the free surface owing to the interface definition,
which is based on the local value of €.

Table 8.2: Boundary conditions used in simulations.

Boundary Normal Static Volume fraction
number velocity pressure of water
constant | — — — — ——

————— constant

————— constant

————— constant

————— constant

————— piecewise

oo ~3| | o] po|
]l o] of

pulses in the gap. Iteration continues until the pressure pulses and resulting doctoring

stop changing from one iteration to the next (normally 2-3 iterations).

After finding the right doctoring pressure from the VOF model, the doctoring pressure
is then applied as a new pressure boundary condition in the two-dimensional viscous model

of a single blade. Details of this model were described in Chapter 3.

Finally, the doctoring pressure used in the two-dimensional model can be checked by
applying the pressure on the bottom fabric as a boundary condition (BC #8) in the VOF

model.
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8.3 Validation Case

In order to test the accuracy of the VOF model, we assume that the resistance of the fiber
mat and fabric approaches infinity and the sum of the wrap angle and the blade angle is
90 degree. Physically, this means that we replace the fabric with a solid wall. Figure 8.3
shows the computed pressure distribution acting on the upper wall produced by a 0.5 mm
water layer approaching the corner with a velocity at 14 m/s. The agreement between
the analytical results [55] and the VOF modelling is very good, which lends support to
the use of VOF modelling for the blade doctoring problem

100

80}

60

40t

p—doctoring (kPa)

2071

OO N
-3 -2 -1 0
X (mm)

Figure 8.3: Pressure distribution along upper wall (— VOF model, o analytical solution
[65]).

8.4 Results

In this section first the effe_ct_of the blade nose on the doctoring pressure, and then the

effect of doctoring on the pressure pulse, will be presented.

8.4.1 2D Free Surface Model; Effect of Nose Radius on Doctoring Pressure

In order to study the effect of blade nose radius on the doctoring pressure, a number of

blades were considered. Table 8.3 shows the blade characteristics used in simulations.
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Table 8.3: Forming blade geometry [57].

No | Nose radius (mm)
1 0
2 0.254
3 0.635
4 1.016

Blade #1

Figure 8.4 shows a comparison between the assumed doctoring pressure and the resﬁlting
doctoring pressure for Blade #1. The thickness of the water layer is 0.5 mm and moves
at 14 m/s upstream of the blade. The maximum pressure obtained is about 60% of the
stagnation pressure. The doctoring pressure applies over a region about 2.5 mm upstream

the blade which is about 2% of the distance over which the first pressure pulse applies.

Blade #4

Figure 8.5 shows the (initially) assumed and the converged doctoring pressure from the
VOF model. The maximum doctoring pressure for this blade is about the same as that
of Blade #1. For Blade # 4, the doctoring pressure applies over a wider range than that
of Blade #1, however this range is still less than 3% of the range of the pressure pulse

upstream of the blade.
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Figure 8.4: Doctoring pressure for Blade #1, —— assumed (previous iteration) and —

converged doctoring pressures.
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Figure 8.5: Doctoring pressure for Blade #4, —— assumed (previous iteration) and —

converged doctoring pressures.
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Figure 8.6 and Table 8.4 summarize the effect of nose radius on doctoring pressure.
Figures 8.7, 8.8, 8.9 and 8.10 show the pressure and volume fraction contours for Blades

#2 and #4, respectively.

As shown in pressure contours, the location of the stagnation pressure, p,, is some small
distance away from the contact point between the fabric and blade, which is expected
owing the porosity of the forming fabric. For all cases,-the peak doctoring pressure is
about 50% - 60% of the stagnation pressure. However, as the nose radius increases, the
doctoring pressure applies over a wider region upstream of the blade and the location of
the peak d_octoring PIE€SSUTe, Z(doc,maz), Shifts away from the leading edge of the blade.
The larger nose radius also lets the fluid turn smoothly and reduces the peak negative

pressure acting on the blade.
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Figure 8.6: Effect of nose radius on doctoring pressure (— Blade #1, —— Blade #2, —.—
Blade #3, and ... Blade #4).
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Figure 8.7: Pressure contour for Blade #2.
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Figure 8.8: Pressure contour for Blade #4.
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Figure 8.9: Volume fraction of water contour for Blade #2.
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Figure 8.10: Volume fraction of water contour for Blade #4.
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Table 8.4: Summarized results of two-dimensional free surface model.

Blade | No. of cells | Pdaoc,maz KPa | Tdocmaz MM
1 7600 60 -0.11
2 8800 51 -0.43
3 9970 57 -0.78
4 10440 61 - -1.12

8.4.2 2D Model of Flow in the Gap; Effect of Doctoring on Pressure Pulses
Blade #1

Figure 8.11 shows the pressure pulses in the gap, at the bottom fabric py, in the middle p,y,,
and at the top fabric p;. As expected, the effect of the doctoring pressure is important over
a region a few millimeters upstream of the blade leading edge. As shown, the maximum
pressure on the bottom fabric (8600 Pa) can exceed the pressure between the fabric (in
the middle) by as much as 30% more than that in the middle of the gap (6600 Pa). Also
the pressure on the bottom fabric falls belbw atmospheric pressure (-3500 Pa for this
case). This model also predicts a negative pressure on the bottom fabric just downstream

of the trailing edge of the blade.
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Figure 8.11: Pressure pulse in the gap for Blade #1 ( — pm, —— D, —— Db)-
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Blade #4

Figure 8.12 shows pressure distributions in the gap for Blade #4. The maximum pressure
on the bottom fabric can reach as high as 17900 Pa, about 50% higher than the maximum
pressure in the middle of the gap. |
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Figure 8.12: Pressure pulse in the gap for Blade #4 (— pm, —— pt, —— Db)-

Table 8.5 summarize some results from the two-dimensional viscous pressure pulse
model. It shows that for all cases the integrated pressure in the fluid in contact with the
top fabric is within 7% of the simple theoretical value, Tiy(a; — ), which is conformation
that the simulation is behaving reasonably. A comparison between the pressure pulses in
the middle of the gap, produced by different blades, is shown in Figure 8.13. As shown,
the peak pressure pulse in the gap increases with increasing nose radius. If the magnitude
of the doctoring pressure were responsible for this increase in pressure pulse magnitudé,
then Blade #1 and Blade #4 should predict almost the same peak pressure (Blade #1
and Blade #4 produce doctoring pressures as high as 60 kPa). As shown in Figure 8.6,
with increasing nose radius the location of maximum doctoring pressure shifts away from
the leading edge of the blade and toward the location of the peak pressure pulse in'the
gap upstream of the blade. For example, for Blade #4 the location of the peak doctoring
pressure (at -1.12 mm) is the closest to the location of peak pressure pulse in the gap

upstream of the blade (at -2.85 mm). Thus, this model predict that the magnitude of the
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pressure pulse in the gap is affected more by the location of the peak doctoring pressure

than by its magnitude, Figure 8.13.
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Figure 8.13: Pressure pulses in the middle of the gap (— Blade #1, —— Blade #2, —.—
Blade #3, and ... Blade #4).

Based on the above findings, one can estimate that a portion (about 10%) of the

drained water layer is forced back into the gap as a result of the doctoring pressure.

Figure 8.13 also shows that increasing the nose radius not only increases the peak
pressure pulse right upstream of the leading edge of the blade, but decreases the pressure
just downstream of the leading edge of the blade. It has been observed experimentally
[27] that under some operating conditions the water adhering to the top fabric is sucked
back between the fabics just downstream of the leading edge of the blade. This means
that over this portion of the blade, the pressure of fluid at the top fabric drops below
atmospheric pressure. The one-dimensional model of a single blade fail to predict any
negative pressure over the blade. The two-dimensional free surface model might predict
negative pressures in the gap under some operating conditions. In order to investigate
this possibility, some of the operating conditions given in Table 8.1 are modified as given

in Table 8.6.

Figure 8.14 shows the pressure distributions at the top fabric obtained from different

models. As shown, the two-dimensional viscous (without doctoring-effect) models predict
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Table 8.5: Summarized results of the two-dimensional viscous model.

Blade | No. of cell | [ pidz (Pa—m) Error% Pmmaz (PQ) | Tmar (mm)
1 109200 287.2 2.9 6640 -2.69
2 84800 272.4 2.4 7250 -2.74
3 84800 298.4 6.7 9770 -2.69
4 84800 299.1 7.1 11950 -2.85

Table 8.6: Modified variables for simulation.

Tension on fabrics T | 5000 N/m
Upstream wrap angle a; | 1.2 degree
Downstream wrap angle a3 | -0.2 degree
Blade width w | 50 mm

positive pressures all over the blade. However, if the doctoring effect is included, the two-
dimensional model predicts the pressure at the top fabric is negative in a small region

over the blade.
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Figure 8.14: Pressure pulses at the top of the gap (— Blade # 4, —— Blade #3, and —.—
2D-model without doctoring effect).
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8.5 Summary

The results of this chapter show that the effect of the doctoring pressure is highly localized.
The model predicts that, in the doctoring process for typical operating conditions, the
pressure in the water layer reaches its stagnation value some small distance away from
the fabric-blade contact point, toward the blade support. The amplitude of the doctoring
pressure felt by the lower fabric is less than the stagnation pressure, but is high enough
to cause a large pressure gradient within the gap just upstream of the blade. The results
also show that for commercial blade shapes the nose radius has no significant effect on the
maximum doctoring pressure. However, increasing the nose radius of curvature increases
the distance over which the doctoring pressure applies and increases the peak pressure
pulse within the gap significantly. The doctoring pressure forces a portion of the water,
which was expelled from the gap upstream of the blade, back between the fabrics through
the bottom fabric. Under some operating conditions suction can be generated as the
fabrics wrap the toe of a blade. This suction can draw water between the fabrics that had
previously been expelled through the top fabric. This finding may explain an observation

of Garner and Pye [27] in which a small amount of water reabsorbed over the blade close

to leading edge. Some parts of the results on stagnation zone have been published in [58].




Chapter 9

Summary and Conclusions

This thesis has addressed key questions remaining from previous studies on the hydro-
dynamics of pressure pulses generated in blade gap forming. The major findings of this

study can be classified in two following parts.

9.1 Extension of One-dimensional Analytical Model of a Thin Blade

A previously developed analytical model of the infinitely thiﬁ blade was extended to
model finite width blades (with flat and curved surfaces) and to model a suction box.
In these models the pulp suspension was assumed to be an inviscid fluid. These models
provide a simpler approach to determine the pressure pulses than previously developed
one-dimensional numerical models. The model of a finite width blade predicts that for
a flat blade, for reasonable values of the fabric wrap around a wide (w > 2 c¢m) blade,
two pressure pulses are developed, one at the blade leading edge, and one at the blade
trailing edge. The model also predicts that for a curved blade surface with a small crown
(c = 0.05 mm), most of the wrap is taken at the blade nose and tail, and therefore two
distinct pressure pulses can be distinguished, as for a flat blade. As surface curvature
increases to ¢ = 0.1 mm, the leading and trailing edge pulses merge to form a single pulse

over the blade.

9.2 Two-Dimensional Viscous Models

Two-dimensional viscous models were developed for a single blade and suction box by solv-
ing the full Navier-Stokes equations for the flow in the gap and Darcy’s Law or Forcheimers
equation for the flow through the fibre mat and fabric. Major contributions of this thesis

can be classified as follows:
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Verification of the Previous Assumptions

By setting different values for the fluid viscosity and comparing obtained pressure pulses,

it is found that the effect of viscosity on pressure pulses is small, Figure 3.6.

By solving Darcy’s Law and Forcheimers equation for the flow through the fibre mat
and fabric, it is determined that the influence of fluid inertia on drainage resistance of a
typical sheet with basis weight ~ 10g/ rﬁ2 (estimated value over the blades in gap formers)
is negligible. Therefore, by independent means two major assumptions made in previous
studies of blade gap forming have been validated. The pulp suspension may be treated
as an inviscid fluid for calculating pressure pulses and Darcy’s Law describes accurately

the flow through the fabric and fibre mat. -

Comparison with the One-dimensional Models

The viscous model predicts pressure pulses with lower amplitude than the one-dimensional
models, but with a broader pulse peak. These findings are in agreement with the potential
flow model of Zahrai and Bark [31] for a thin blade. The difference between the fluid and
fabric velocities causes thin boundary layers to be formed on the fabrics. The variation of
fluid velocity outside the boundary layer upstream of the blade is small, but downstream

of the blade nose there are velocity variations in the gap, even outside the boundary layer.

Viscous Model of Suction Boxes

The suction model predicts that the pressure in the gap is a minimum shortly downstream
of the first blade, and increases in the machine direction as the second blade is approached.
For reasonable values of the fabric wrap around the second blade, the pressure between
the fabrics becomes positive élose to the second blade. Applying more suction decreases
the suspension pressure close to the first blade and increases the peak-to-peak pressure.
Increasing the blade separation produces a sharper pressure gradient close to the second

blade.
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Viscous Model of Stagnation Zone

To. understand the doctoring effect a two-dimensional free surface model based on the
Volume of Fluid (VOF) technique was developed and added to the two-dimensional model
of flow in the gap. It was found that pressure in the water layer reaches its maximum
value (stagnation pressure) some distance away from the contact point between the fabric
and blade, Figures 8.7 and 8.8. As a result, the maximum pressure acting on the blade-
side of the fabric is less than the stagnation pressure (= 50% less under typical operating
conditions), but is still much higher than that between the fabrics. Increasing the blade
nose radius increases the distance over which the doctoring pressure acts, but barely affects
the maximum doctoring pressure. The peak pressure pulse in the gap were significantly
affected by the location of peak doctoring pressure, Figure 8.13. The doctoring pressure
forces a portion of the expelled water back into the gap from the bottom fabric. Under
some circumstances, the pressure at the top fabric becomes negative and causes a portion

of the expelled water to be sucked back into the gap between the fabrics.

In conclusion, this work, coupled with earlier studies, enables us to predict the forming
section pressure pulses in situations of practical interest. Analytical models that have been
extended in this thesis can be employed simply by engineers and technicians in mills to
estimate the pressure pulse distributions and the dewatering over the practical ranges
used in this thesis. In addition, numerical models developed here, coupled with the roll
former models of others, can also be used by researchers to improve the performance of
paper machines. The model may also serve as a basis for linking paper properties such
as formati;)n to forming hydrodynamics. To create this link, it will be necessary to do

experimental studies of paper formation over a wide range of papermachine operating

parameters.




Chapter 10

Recommendations For Future Work

This thesis has shown how dewatering from a single blade and two adjacent blades with
applied suction can be modelled in blade gap formers. Some studies which would extend

our understanding of this process would be the following:

e Although the predictions of this thesis are based on rigorous analysis and are consis-
tent with previous work, there is need for experimental verification of the predicted
pressure pulses. Of the tests possible, perhaps the easiest is the effect of blade
surface curvature, since this can be measured by static pressure taps on the blade

surfaces.

e A remaining issue from this and earlier work is the determination of appropriate
drainage resistance coefficients, both perpendicular and parallel to the fabrics, for

use with the determined pressure pulses.

e Since most modern gap formers have roll forming followed by blade forming, an
improved model of roll forming, including the early impingement zone, must be
develt_)ped. With such a model, in combination with the models described in this
thesis one would be able to simulate the forming section from the headbox slice

through most of the forming section.

" o When the pulp consistency is high, interfibre forces are correspondingly high. Some
constitutive relationship for the pulp suspension must be developed to understand

dewatering towards the couch end of the forming section

e Some modern gap former have opposed blades in the forming section. The models
developed in this thesis can be extended to study the effect of this type of configu-
ration on the flow field in the gap.
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e As shown theoretically, the shape of the blade surface has an important effect on

pressure pulse distributions. An experimental study is required to investigate and

confirm the theoretical study.
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