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ABSTRACT

The paper industry has a number of processes where the rheology is complex
and critical to control for trouble free operation. The rheological properties of pulp
suspensions and paper coatings are reviewed here. The flow, rheology and other
various phenomena are discussed for pulp suspensions. The particle level models that
have been developed for pulp suspensions are compared to experimental results. Paper
coating suspension rheology and the coating flow fields are described. Particle level
models are discussed and compared to various rheological properties and process
issues. Some open questions are identified.
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1. INTRODUCTION

The pulp and paper industry is a significant part of many developed economies.
Paper products play a role in a number of aspects of our society such as packaging,
hygiene, and communication. Many paper products are recycled and will play a role in
the future. The flow behavior of a number of process streams is important to this
industry and for processing of the final product during converting operations. An early
review of this topic related to the paper industry was given in 1960 with a focus on
fiber suspensions, wet webs, and paper deformation in the converting operations [1].
This review will focus on the state of knowledge of the flow properties of paper fiber
suspensions and pigmented paper coatings.

The flow behavior of various process streams is critical to the design and
trouble-free operation of the typical paper mill. Casey is a standard reference text that
describes all areas of the paper industry [2]. For many mills, wood chips are a raw
material that must be screened and transported to the digester; many details with
regard to chip moisture content and size determines the ability of the chips to move in
channels and hoppers. In kraft pulp mills, chips are mixed with chemicals to break
down the wood to fibers. This mixture must flow from the reactor and is washed in a
series of filtration steps to separate out the fibers from the spent chemicals. The fibers
are often “bleached” to make them white before dilution and distribution to a paper
machine. Transporting these fiber suspensions from various processes at high solids
content requires careful design of equipment and experience related to the flow
properties of these suspensions. The fibers are often “refined” or “beaten” to modify
the fiber properties. The headbox of the paper machine distributes fibers across the
width of the paper machine: the fiber suspension needs to flow in a uniform manner at
high velocities, keeping the fibers from flocculation, through a narrow gap. The width
of a modern paper machine can be several meters. The fiber suspension drains in one
or two directions through a fine wire to form a wet mat that is pressed and dried to
produce paper.

The recovery cycle in a kraft mill has a number of difficult process streams.
The spent chemicals from the process are concentrated to a high solids solution
through multiple effect evaporation. This solution is sprayed into a recovery boiler to
burn the organic phase and to recover the chemicals; the flow properties of this
solution is critical to obtain good spray characteristics. The chemicals are reactivated
through a few processes linked to a lime cycle.

The flow properties of coatings, sizings, inks, and other surface treatments are
important for down-stream processing of the product for various grades. Coatings are
often applied to paper with rolls or blades and must have good rheology at high shear
rates. Inks are often high viscosity fluids that can generate significant forces to the
paper surface during printing; if these forces are too high, coating or fibers can be
“picked” from the surface to generate defects. Starch solutions are often used to
modify the paper properties. These solutions must be at the correct viscosity in the
equipment used to apply them. The deformation behavior of the final product, its
stiffness, tensile strength, and response to humidity are also rheological topics that are
critical to the final product properties [1].
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Even though rheology of a number of process streams is important to the
industry, only two have received a significant attention in the literature: 1) pulp
suspensions composed of wood fibers in water and 2) paper coatings that often consist
of pigments, latex binders, and other additives in water. This review will focus on
these two suspensions because of their general importance to the industry.

2. PULP SUSPENSIONS

The characteristic rheology of pulp suspensions depends on a number of
parameters such as concentration, fiber properties, and the presence of other
components such as fillers, retention aids, defoamers and anti-microbial agents. The
two major types of pulps are 1) mechanical pulps, obtained from mechanically
grinding wood and used for products such as newspaper, and 2) chemical pulps that
are obtained from a chemical breakdown of the wood with the kraft or sulphite
process. Some fibers are released in other various methods such as thermo-mechanical
pulps (TMP). Standard texts and handbooks describe these processes in detail [2].
Mechanical pulps tend to have short fibers while chemical pulps can have longer fibers
that are typically 20-40 wm in diameter and 1-5 mm in length. The potential for the
fibers to form networks that help transmit stresses cause these suspensions to have
behavior that are quite different from other solid particle suspensions. Non-Newtonian
behavior is seen often for fiber concentrations as low as 0.5% by weight. Cui and
Grace provide a recent general review of the literature with regard to the flow and
behavior of pulp fiber suspensions [3].

2.1. Pipe flow of pulp suspensions

The pressure loss in pipes and fitting for the flow of pulps has been of interest
since the 1950s. Even suspensions at 1% by weight solids had a significantly different
flow behavior than water, and this difference was not systematic for all fiber types. At
low flow rates, the pressure losses were much larger than water. As the mean flow
velocity increased, the pressure losses relative to water decreased. In the turbulent
region, the fibers acted as a drag reducer and generate a lower pressure loss than water.
Figure 1 illustrates the typical behavior (after Moller [4]).

A number of early reports correlate the pressure loss in the empirical form

% =Kv“Cc’Dp’ M

where AH/L is the pressure head loss, V is velocity, C is consistency, and D is the
internal pipe diameter, and K, @, 5, yare constants [5]. These constants depend on the
pulp type and the pipe roughness and are given in methods published by the Technical
Association of the Pulp and Paper Industry (TAPPI) such as TIS 408-4. If these results
are expressed in terms of friction factor and Reynolds number, each concentration of
fiber and fiber type has a different curve [5].
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Figure 1: Typical pressure gradients measured for pulp suspensions
compared to water. Low to high solids curves represent results that range
from 0.5 to 4% solids resembling those in Ref. [4].

Using a friction factor type format, data for different consistencies can be
collapsed onto a single curve, but chemical pulps had a different correlation than
mechanical pulps. Wall roughness had some influence also on the data. Figure 2 shows
the general trend of the data for chemical pulps and the range, for a modified friction

factor and Reynolds number based on the wall shear stress defined as
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Figure 2: Typical correlation for chemical pulps for the modified friction
factor and Reynolds number.
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where AP/L is the pressure loss for a length of pipe, pis density, g is the viscosity of
water, and 7p is a wall shear stress or yield stress for the fiber network that depends on
consistency and the type of fibers. Typical correlations for this stress are found in
Moller and Elmqvist [6]: values range from 5 to 200 N/m” as consistencies go from 1
to 5%, respectively. To use this correlation, the yield stress for the network is obtained
from data or correlations for fibers of that type and different concentrations. This yield
stress is used to calculate a modified Reynolds number in Eq. (2b) for a desired
average velocity. A friction factor is obtained, from Fig. 2. Finally, a pressure loss can
be calculated from Eq. (2a).

The decrease in friction factor near the value of one for this modified Reynolds
number correlates with the turbulence drag reduction that occurs with these
suspensions. At low concentrations of fibers, less than 1%, pressure loss correlations
follow that of a Newtonian fluid if the viscosity of the suspension is used [7]; this
indicates that some of the correlation in Eq. (2) may be improved by using the
viscosity of the suspension. Others give methods for the optimum design of pipelines
for pulps [8-10].

The pressure loss in fittings and valves is found to scale with the water case [7].
For gate vales, elbows, expansions and contractions, the ratio of the loss factor to that
of water was between 1.3 and 2.5 for 3% concentration of fibers. TMP fibers had
lower loss factors.

2.2. Rheology of pulp suspensions

A review of the literature that focuses on the rheology of pulp suspensions is
given by Kroeher [11]. If the results, displayed in Figure 1, are expressed in terms of
shear stress, two critical stresses are helpful to characterize the system, as depicted in
Figure 3. At low shear rates, the stress needed to overcome the network stress of the
suspension needed to cause some initial flow; this stress is called a yield stress Ty even
though this may not be a “true” yield stress. At higher flow rates, another critical stress
is needed to fully disrupt the system to obtain turbulent flow, Tp. The mechanism
behind the flow behavior relates to the formation of a water layer near the pipe surface
shown in Figure 4 [12]. As velocity increases, most of the suspension moves as a plug
and is lubricated by a water layer between the wall and the plug. This behavior has
been seen with other suspensions that develop a wall slip phenomena. At higher
velocities, the annulus layer becomes turbulent and the plug layer decreases. At high
velocities, the plug layer becomes turbulent, but the presence of fibers gives some
amount of drag reduction. This slip layer and plug flow nature of the pulp flows were
directly imaged using Nuclear Magnetic Resonance (NMR) [13]: softwood pulps had
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Figure 3: Shear stress-shear rate data for pulp suspensions showing yield
and disruptive stress values.

extreme plug flow behavior while hard wood pulps had moderate plug flow type
behavior at 0.86 wt% concentration. Optical probes were also used to measure
boundary layer thicknesses in pulp flows that linked the pressure drop in the pipe to
lubricated plug flow and a transition to turbulent flow [14]. Pitot tube measurements
also indicate a plug motion of the suspension [15].

If the results of rheological tests shown in Figure 3 are expressed in terms of
shear stress and shear rate, the behavior follows the Herschel-Bulkley model in a
limited shear rate range as

=1, +K(;/)" (3)

where 7 is shear stress, 7y is a yield stress and K and n are parameters. If the applied
stress is less than the yield stress, no flow occurs. The yield stress of pulp suspensions
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Figure 4: Various flow regions as velocity increases, from Ref. [12].
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has been of high interest because of the importance in several difference processes.
The influence of fiber length, concentration and temperature on the yield stress and
other parameters was recently reported by Ventura et al. [15].

The yield stress of a pulp suspension becomes an important parameter to
understand and characterize and has been the subject of a number of reports [16-23].
The yield stress was found to depend on fiber concentration and air content as

7, =aC’(1-9)° “

where C is the concentration expressed as a weight percentage, ¢ is the volume
fraction of air in the suspension, and a, b and ¢ are parameters [17]. This yield stress
should be measured in devices with vanes or baffles to prevent the slippage of the
water layer. Kerekes et al. report values for the parameter a between 1.8 and 25 and b
between 1.7 and 3.0 [18]. Others report values of the coefficient a ranging from
1.3x10° to 1.4x10” when C is expresses as a mass fraction instead of a percentage; the
parameter “b” was in the range of 2.7 to 3.7. The parameter “c” ranged from 2.2 to 3.3.
The value of the coefficient a is known to be a function of the fiber length and has
been found to scale with the length squared [19]. A fiber network theory predicts b=3
[20].

The shear stress to disrupt the plug may be different than the yield stress for
initial flow. If the conditions are used at the point of drag reduction, this plug
disruptive stress should also take the form of Eq. (4) and is reported to be in the order
of 50-300 Pa [21]. Correlations for this stress are given in Venura e al. [15]. An
analysis of the drag reduction regime is given in Lee and Duffy [20]. A shear factor
has also been introduced to characterize pulp suspension flow in small channels and
refiners [24].

Pulp suspensions have been found to have significant viscoelastic properties
[25-28]. This behavior is not surprising in view of the network structure that naturally
forms; this network structure can store energy during deformation. The influence of
various additives, such as cationic polymer, on these properties has been reported.

2.3. Floc disruption

Of equal importance to the flow properties of pulp suspensions is the
uniformity of fiber distribution as the suspension is drained on the wire of the paper
machine. Flexible fiber suspensions often flocculate and form heterogeneous
structures called “flocs”, even at solids less than 1%. The shear forces needed to
disrupt these flocs is important to understand for proper design of headboxes. Studies
suggest that flocs are held together by elastic fiber interlocking [23]. For stagnant
situations, the formation of flocs has been reported to correlate with a crowding
number

N, = Cbi ®)
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where C,, is the concentration of fibers in mass per unit volume, L, is the length-
weighted fiber length average, and @ is the fiber coarseness defined as the mass per
unit length of fiber [23]. When this crowding number is larger than 16, fibers interact
and the fiber mobility is limited. For a flowing situation, the dimensionless group that
correlates the results is

£=—1L ©)

pU
where the same yield stress described above is made dimensionless with the turbulent
stresses of the flow field, where p and U are the density and characteristic velocity of
flow, respectively. When this group is less than 107, then uniform formation is
observed; the flow field is able to disrupt flocs [29].

2.4. Particle level models of fiber suspensions

A number of models have been proposed to predict the rheology of fiber
suspensions. Batchelor [30,31] proposed expressions to describe the stress in a
suspension of rigid semi-dilute rigid fibers; slender body theory was used to calculate
the stress contribution from particle-fluid interactions. The viscosity scaling parameter
of nL* comes from this analysis, where n is the number of fibers per unit volume and L
is a fiber length scale.

Particle level models have been demonstrated to be able to link small-scale
phenomena such as colloidal forces to macroscopic scale behavior such as viscosity.
Much work has been reported for spheres suspended in a Newtonian fluid, but less for
fibers. Claeys and Brady [32,33] described fibers as rigid prolate spheroids and
developed expressions to describe long range and fiber-fiber interactions. Others used
approximate hydrodynamic interactions between rigid fibers to predict suspension
viscosity; good results were obtained for nL’< 50 [34-35]. Others have used slender
rigid rods that interact only through contact forces [36,37]. As concentration increased,
the behavior is dominated by fiber contacts. These simulations do not report shear
thinning nor floc development.

Flexible fibers have been modeled with several methods. Yamamoto and
Matsuoka described fibers as chains of rigid spheres connected through springs [38].
Ross and Klingenberg modeled flexible fibers as chains of prolate spheroids connected
through joints [39]. This method was extended by using sphero-cylinders connected by
joints; fibers equilibrium shape, flexibility, and interfiber friction were found to be
important [40]. Switzer and Klingenberg demonstrated that fiber shape and friction are
the key parameters in terms of the predicted viscosity [41]. Viscosity was predicted to
scale as nL?, but at different slopes depending on shape and the friction coefficient.
Flexiblity of the fibers did not influence viscosity, but it did influence floc formation.
The yield stress was found to scale with the form of Eq. (4), with b = 2.8; the value of
a did not match experiments, but details of the some of the experimental parameters
were not known. The results do predict a shear thinning behavior often seen. Recent
work by Lindstrom and Uesaka [42-43] predict fibers shapes in simple shear that seem
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quite realistic. Including several fibers and fiber interactions, viscosities are predicted
that compare well with experimental data. Again, fiber friction is found to be an
important parameter. Normal forces are also predicted with this model that compares
well with experiments. In view of the complexity of this system, these models show
excellent ability to predict behavior and help illustrate mechanisms that lead to various
flow behaviors.

The general behavior of fiber depletion at the walls of the pipe has not been
studied with particle level models. However, the potential is clear to take models as
above and include wall effects. In addition, particle level models may be able to
predict viscoelastic properties.

2.5. Models of pulp suspension flows

For dilute suspensions that correspond to headbox flows and the final drainage
of the suspension, good predictions have been reported assuming a Newtonian fluid, as
long as the buildup of a fiber mat on the boundary is taken into account. For flow in
the headbox, turbulent models are expected to be needed to capture the physics. The
uniformity of flow at the exit and the level of turbulence are critical issues. A recent
example of the prediction of turbulence and fiber orientation in a converging flow is
given by Olson et al. [44].

A number of models have been reported to predict the pressure pulses and
dewatering of pulps suspensions for twin wire forming machines [45-47]. In this
geometry, the pulp suspensions is trapped between to permeable flexible wires. These
wires deform around rolls or blades. The deformation of the wire generates pressure
gradients in the suspension and causes some amount of water to flow through the
wires. These pressure pulses cause machine direction flows for short time periods that
help improve the uniformity of the final sheet. These machines are designed based on
simple models that predict dewatering. These models often neglect viscosity because
inertial effects dominate.

3. PAPER COATINGS

Paper and paperboard are often coated to improve the appearance of the sheet
and the quality of the print of the final product. Products such as magazines, catalogs,
labels, and consumer packaging are often coated. For example, a coating is applied to
recycled fibers to cover the grey or brown appearance to produce the common box in
food packaging. The coating is normally composed of a pigment such as kaolin or
calcium carbonate, a latex binder, and a soluble binder such as starch. Coatings are
formulated at high solids content in order to minimize drying requirements and to
improve quality. The coating must be mixed, pumped, re-circulated, and metered onto
the moving paper web. The final metering or coating operation is the critical step in
the process; the coated layer must be free from defects and near a target coat weight.
The rheology of the coating is an important issue in the control, design, and operation
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Figure 5: Schematic of a jet applicator-blade metering system. The right
hand side of the figure is an enlargement of the blade region.

of the coating process. A comprehensive description of the materials and processes is
given by Walters [48]. A review of paper coating rheology was given by Bousfield and
Co [49]. There is a common trade-off between high solids to minimize drying costs
and improve quality and low solids to promote good rheology and trouble free
operation [50].

Most coating methods apply an excess of coating to the paper web and the final
coat weight is controlled by a steel blade or air jet. The steel blade is the most common
method for publication grades [48]. The excess of coating is applied with roll
applicators, a pressurized pond in front of the blade, or a jet; a jet applicator system is
depicted in Figure 5. In the piping system, the shear rates are moderate. The web speed
is often 15-20 m/s and the gap between the blade and the web is on the order of 20 pm.
Therefore, the shear rate under the blade is on the order of 10° s™". The thickness of the
blade is around 0.5 mm [48]. The time an element of fluid spends in the high shear rate
region is less than 1 ms. Therefore, the coating must be able to respond to this rapid
acceleration and high shear rate. The details of the blade geometry are shown in the
right hand side of Figure 5. High solids content leads to high blade forces that can
cause web breaks or scratches.

One other established method and two methods in development are based on
pre-metering the coating before application. The metered size press uses rods working
against a rubber backing roll to apply a film of coating onto the roll; this film is
pressed against the paper in a nip. Curtain coating and spray coating are common in
other industries, but have limited application in the paper industry. Both of these
methods control the coat weight before the coating reaches the paper.

There are a number of unique aspects of paper coating that make this operation
complex. The web is rough, porous, and absorbent. In addition, it changes its physical
properties upon contact with water. The final coating layer thickness ranges from 7 —
30 um. The web is compressible, along with the rubber backing that supports the blade
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loading. The blade is slightly flexible and is mounted and loaded in various ways.
Steel blades wear during operation and are changed on a regular basis. All of these
factors, including the high speeds, cause paper coating to be a complex operation.

The operational difficulties or “runnability” problems vary widely in the
industry, but common problems are the scratches, streaks, or skips in the coating layer
and the buildup of coating on the blade. The buildup on the blade in itself is not a
problem, but when the buildup breaks off the blade and ends up on the web, problems
in the calendering and printing operations develop. The blade buildups are often called
“whiskers”, “stalagmites”, “weeps”, or “spits”, depending on the operator and the
nature of the building (dry or wet). Other operational problems are related to coat
weight control, both in the machine and cross-machine directions. Another common
problem is web breaks; these cause a loss of production and correlate to high blade
forces. Many of these problems are related to rheology of the coating.

Rotating spindle devices are a common method to measure the viscosity of a
coating in the industry. These are low shear rate tests that record the viscosity at
certain shear rates. Control is often determined looking at just one shear rate. A
concentric cylinder test is common to obtain the high shear rate behavior. Shear rates
in the order of 10° s can be obtained. Capillary viscometers have been used to
characterize the results at shear rates over one million [48].

The viscosity measurement in steady-state shear flow is an important predictive
tool. Examples of works are Carreau and Lavoie [51], Purkayastha and Oja [52], and
Ghosh [53]. To obtain the viscosity function over a wide range of shear rates, one
usually has to utilize several viscometers: the cone-and-plate system for low shear
rates, the concentric cylinders configuration for medium to high shear rates, and the
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Figure 6: The viscosity functions of a starch-containg coating (open
circle) and a coating with latex particles (open square). Data are from
Roper and Attal [55].
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capillary type for high shear rates. The general results are typical of any suspension.
One concern with steady tests is that they do not characterize the dynamic response
that may be important in the coating operation.

The behavior of the viscosity versus shear rate curve depends on the pigment
concentration, pigment particle size distribution, the latex level and particle size, and
the presence of soluble binders or thickeners. The rheology is typical of high solids
suspensions [54]. Figure 6 is an example of the viscosity curves of a starch-containing
formulation and a formulation with latex particles (from Roper and Attal [55]). The
curve of the starch-containing formulation exhibits a power-law shear-thinning region
and a region of almost constant viscosity at high shear rates. On the other hand, the
formulation with latex particles shows a region with shear-thickening or dilatant
behavior. Beyond the power-law shear-thinning region, the viscosity rises sharply with
increasing shear rate and then decreases slightly at higher shear rates. Roper and Attal
[55] indicated that the dilatant behavior depended on the solids level and the latex
particle size; the extent of dilatant behavior was increased with higher solid levels and
larger latex particle size. The onset of shear thickening in suspensions has been
reviewed by Barnes et al. [54]. Quantitative predictions of the onset of shear
thickening is still lacking.

Aside from the solid levels and the size and shape of solid particles, the
polymer additives dissolved in the suspending medium also have considerable effects
on the rheological behavior of the coating suspension as expected. One example is
shown in Figure 7, which depicts the viscosity curves for a polymeric thickener added
into the suspension. Common thickeners are carboxy methyl cellulose (CMC), and
other synthetic polymers based on acrylic or urethane chemistries. Especially with
thickeners like CMC, the increase in suspension viscosity is much larger than the
increase in the viscosity of the liquid phase. This result indicates that the polymer
induces some interaction between particles.
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Figure 7: Effect of a polymeric thickener on the steady shear viscosity of
a typical coating formulation, from Nisogi and Bousfield [56].
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The storage modulus of these coatings is often found to be larger than the loss
modulus. This result indicates a significant elastic effect. Windle and Beazley [57]
suggested that viscoelastic effects would influence blade forces. The discussion on
viscoelastic properties was focussed on the extra normal forces generated during shear:
these normal forces could contribute to the hydrodynamic lift forces during operation.
An expression for the extra force on the blade due to normal forces was proposed.
Triantafillopolous [58] gives an extensive review of the viscoelastic nature of coatings
and the implication in coating processes. One key question is that while small
amplitude oscillatory flows have significant elastic behavior, large scale flows, such as
the exit of a capillary, do not show the die swell associated with elastic fluids. The
elastic structure must be broken down with strain and disrupt the interactions that give
rise to the elastic behavior. This break down in structure is seen by the increase in
storage modulus as a function of time after steady shear [56].

Figure 8 shows the linear viscoelastic data of Fadat and Rigdahl [59] for a clay-
based coating color with a different grade of CMC. Here the behavior of the storage
modulus is more like that of a viscoelastic liquid. The reduction of the phase angle
with increasing frequencies indicates that the suspensions becomes more solid-like at
higher frequencies.

Transient shear-flow experiments have been used to elucidate the characteristic
times of structure formation or breakup in coating suspensions. A common industrial
practice is to generate a hysteresis loop from shear stress measurements completed
over a strain-rate sweep for a finite time interval. The stress growth measurement upon
the inception of steady shear flow, as described by Ghosh [53] is an example of a test
that gives transient information with finite strain. These experiments were able to yield
estimated characteristic times of the coating suspensions studied.

150 L L L 50

G, G" (Pa)

T
10° 10* 10" 10° 10’
Frequency (Hz)

Figure 8: The dependence of the storage and loss moduli and phase
angle on the frequency for a clay-based coating color containing 1.25
part of CMC per 100 parts of clay. Data are from Fadat and Rigdahl [59].
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Just like with pulp suspensions, at some conditions, there seems to be evidence
of a slip layer that lubrication the flow near boundaries [60]. The conditions that cause
this slip have not been well characterized and the prevalence in industrial processes is
not clear.

Due to the converging-diverging geometry in the coating operation, the flow is
both shearing and extensional. In the metered size press process, the exit of the nip has
high extensional flows. Therefore, extensional viscosity may therefore play a
significant role. Various methods have been attempted to characterize the extensional
viscosity [61-63].

3.1. Particle level models

In the blade coating process, the gap between the blade and the paper web can
be on the order of 15 um. In addition, high points of the paper may generate even
smaller gaps. Most of the pigments are less than 2 um in diameter, but some high
aspect ratio pigments may have dimension on the order of 10 um or more. Therefore,
the dimension of the gap is on the same order of magnitude as the pigments. Particle
level descriptions of these flows become important, especially in view of the difficult
experimental situation that exists with high speeds, thin opaque layers, and micron
scale particles. The goal of particle level modeling work is to help explain large scale
phenomena based on fine scale interactions.

Particle level models were introduced by Brady and Bossis [64,65] to relate the
microscopic behavior of suspension to their macroscopic behavior such as rheology.
Stokesian dynamics is a technique to calculate the trajectories of particles in a
suspension undergoing flow. The technique has been shown to predict various
phenomena. These include the increase of viscosity with increasing solids described
by Durlofsky et al. [66] and Toivakka and Eklund [67], the reduction of the viscosity
of a mixture of large and small spheres given by Chang and Powell [68], the increase
of viscosity at high shear rates shown by Boersma et al. [69], the Brownian shear-
thinning nature of suspensions characterized by Phung et al. [70], and the influence of
particle roughness reported by Bousfield [71].

Particle level models show that structures of particles can form in shear fields.
These structures can span the gap between the web and the blade. This mechanism is
the same as those reported by Brady and Bossis [64] and by Boersma et al. [69]. When
a cluster of particles forms in this geometry, large forces are transmitted between the
web and the blade. This mechanism could be responsible for blade wear and blade
deposits, if these structures exit the blade. Figure 9 depicts this situation: particles are
forced closer together as the fast moving particles must past the slow moving particles
near the blade. If the electrostatic or steric repulsive forces are not significant to keep
the particles separated, particle clusters can span the gap between the blade and the
web.

Particle level models have been able to predict that a viscoelastic behavior can
exist in these systems. Toivakka et al [72] shows that electrostatic and steric forces
keep the particles well separated, but when a strain occurs on the system, particles are
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Figure 9: Schematic of the results from a particle motion model showing
the clustering of pigments between the blade surface and the web at high
shear rates.

forced closer together. This mechanism stores energy in the system to cause an elastic
response. Example of this type of experimental system was reported by Fadat and
Rigdahl [56] for coating suspensions. If the deformation is too large, particles move
away from the static position and a non-linear viscoelastic result.

The influence of particle size distribution on coating rheology and flows has
been predicted by particle level models. Chang and Powell [68] show how small
particles can disrupt the formation of clusters and, thereby, reduce the shear viscosity.
Toivakka and Eklund [67] confirm this mechanism and show how small particles can
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Figure 10: Particle configuration from Lyons et al. [73] for inlet particle
size distribution. Top particles represent the blade surface and do not
move. Bottom row of particles represent the paper web and move from
left to right.
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end up closer to the blade surface during shear. Fine particles are able to be closer to
the solid boundaries because of their size. In addition, when particles are exposed to a
flow field, larger particles must move faster than the finer particles near the walls. This
velocity difference causes the larger particles to push the smaller particles even closer
to the walls. After a number of interactions, the larger particles migrate away from the
walls. This would create a separation of particles according to size, with the finer
particles near the solid boundaries. The coating layer could have gradients of particles
from its surface to the bulk. Lyons et al. [73] show that in the blade coating geometry,
a separation of particle sizes can occur generating a layer of small particles near the
blade surface; Figure 10 depicts the fine particle migration towards the blade surface.
Bousfield et al. [74] show that the free surface after the blade may cause a similar
separation of particles based on size, with the smaller particles being located at the top
surface. These results may explain the high concentration of latex binder at the top
layer of the coating observed industrially.

3.2. Models of Coating Flows

Initial attempts to model the blade coating operation are based on Newtonian
fluids. For example, Turai [75], and others give simple analyses to relate shear rates,
viscosity, geometry, and web velocity to the force generated on a blade during coating.
Lubrication theory is used to reduce the complexity of the equations. The pressure
distribution under the blade is found to be a strong function of the blade operating
angle. Saita and Scriven [76] used lubrication theory to relate the details of the blade
geometry or blade deflection to the coat weight and blade loading. Inertial forces of
the fluid were found to be important in roll applicator systems [77].

Finite element methods were used by Pranckh and Scriven [78] and Vital et al.
[79] to solve the two dimensional equations for the flow before, under and after the
blade assuming a Newtonian fluid. The solution is in conjunction with a nonlinear
beam equation that describes the deflection of the blade and a spring model that
describes the deformation of the rubber backing roll and the web. Surface tension
forces upstream from the blade and after the blade were included in the analysis. In the
flow field, there is a stagnation line that separates the coating that is returned and the
coating that is metered onto the web. The pressure distribution near the heal of the
blade and under the blade tip shows little pressure gradients in the vertical direction:
this result indicates that lubrication theory is valid in this region. Again, the operating
angle of the blade is found to be a critical issue in these flows. The pressure
distribution shows a stagnation pressure upstream of the blade, which is close to Y2
pV 2 , and a pressure increase near the blade heel due to viscous forces. This result
links the pressure pulse due to the inertial terms with that of lubrication theory.

The influence of the absorption into the porous web on the flow field is
modeled by Chen and Scriven [80]. The pressure distribution of a roll applicator and
by a blade metering element from Pranckh and Scriven [78] is used to calculate the
penetration depth of the coating. Bousfield [81] proposed a model to describe the
formation of a filter cake on the web during blade coating. Lubrication theory was
found to duplicate the pressure distribution of Pranckh and Scriven [78] and was used
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to describe the dewatering and subsequent filter cake buildup on the paper web. The
model by Bousfield [81] is shown to predict the onset of operational difficulties of
literature data, if dewatering parameters are known. These difficulties seem to be
related to the growth of a filter cake which had a thickness near the blade-paper gap.

The influence of the shear thinning nature of coating was described by Modrak
[82]. A power-law model was used in conjunction with lubrication theory to describe
the flow in a “rounded” blade. Viscosity data from a capillary viscometer was fitted
for a Newtonian-like fluid, a shear-thinning coating, and a shear-thickening fluid. The
power-law exponent varied from 0.675 to 1.3. The stagnation point moved
downstream under the blade tip as the coating became shear thickening. The pressure
distribution and the hydrodynamic lift on the blade were an order of magnitude higher
for the shear thickening fluid, even though at a shear rate of 3 x 10* s the shear
viscosities were similar. However, the shear rate under the blade tip must reach 10°s™".
For the three coatings, the shear-thinning model did a reasonable job at predicting pilot
scale data.

Roper and Attal [55] and Isaksson et al. [83] used finite element techniques to
calculate the flow field for viscous shear thinning fluids. Free surfaces and inertial
terms were included in the later analyses. The coating was described as a power-law
model with various values of the power-law index. The circulation within the pond of
the short dwell coater was calculated to change from a single vortex at high viscosity
values to two vortices at low viscosity values. The shear thinning nature of the fluid
was found to reduce the pressure distribution under the blade and decrease the total
blade loading. In addition, shear thinning fluids are found to produce a “plug flow”
nature to the flow field, where most of the shear can occur in a thin layer near the
moving web. The influence of blade angle and “slip” at the blade-coating interface are
also discussed in Isaksson and Rigdahl [84].

Two-dimensional solutions for a viscoelastic fluid are described in Sullivan et
al. [85], Olsson [86], and Olsson and Isaksson [87]. The results by Olsson use a
geometry that closely resembles the blade geometry of paper coating. An upper
convected Maxwell fluid, an Oldroyd-B fluid, and a Giesekus fluid are used as
constitutive equations. The pressure distributions and streamlines are significantly

Figure 11: Streamlines for the flow of an Oldroyd —B fluid in a blade
geometry. Blade is top boundary and web is lower boundary. From
Olsson and Isaksson [87].

>
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influenced by the presence of viscoelasticity. A recirculation region is predicted
upstream from the blade tip and near the exit of the blade, as depicted in Figure 11.
The pressure is predicted to decrease due to the extensional components of the flow
field. This result would produce a lower blade force to obtain the same coat weight, as
compared to a Newtonian fluid. The entrance region seems to be “clogged” with a
vortex, resulting in less fluid that is able to pass under the blade. This result resembles
the outcome of Sullivan et al. [85] where the force on the blade is reduced because of
the influence of viscoelasticity.

The K-BKZ constitutive equation was used by Mitsoulis and Triantafillopoulos
[88] to describe the flow under a blade with the influence of a free surface. The K-
BKZ constitutive equation has multiple relaxation times and predicts normal forces.
The pressure distributions and the net flow rate under the blade are influenced by the
viscoelastic nature of the constitutive equation.

4. CONCLUDING REMARKS

The rheology of a number of process streams are important to the paper
industry. Pulp and coating suspensions are two examples that have some common
features, but are also quite different. Pulp suspension flow is determined much by
particle friction and fiber characteristics. An apparent yield stress is an important
parameter in determining the flow behavior and the formation of flocs. Coating
suspension rheology is determined by particle size distribution and particle
interactions. For both types of suspensions, particle level models have helped increase
our fundamental understanding of these microscopic mechanisms that influence the
large scale behavior. In both cases, the depletion of particles or fibers from the wall
can generate an apparent slip layer. This feature may be needed in future models to
well describe the flow behavior.
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