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Abstract

Large amounts of energy and raw material are required to produce pulp and
understanding the process and equipment is the key to optimization of energy
consumption as well as chemicals and overall yield of the process. Conducting
experiments on lab-scale for impregnation vessels remains a challenge and a
numerical model enables a cost-effective test environment where to gain insight
of the complex process. In this work a computational fluid dynamics, CFD
model is examined. The solid and liquid phases were both treated as continua,
and it was found that the continuum model for the solid wood chips phase
could capture the previously observed oscillating formation of arches in the
contracting part of the vessel. This has been observed in more refined models,
for smaller particle systems, which are not feasible for industrial-scale pulping
equipment. The present work also highlights the importance of correct material
data when using the model as a design tool. As an initial step to validate the
models for wood chips flow, Ultrasound Velocity profiling, UVP measurements
were performed on an industrial impregnation vessel. The measurements could
successfully capture the velocity of the wood chips and the normal production
variation at the mill. The velocity profiles of the wood chips show a non-zero
velocity at the wall, a shear zone and a plug flow, which indicates that the
wood chips flow can be regarded as a dense granular flow and the rheology can
be described with the Bingham fluid model and that the partial slip condition
could be used to model the interaction with the wall.
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Chapter 1

Introduction

1.1 Background

Around 100 A.D the Chinese invented the ability to unite random fibers of
disintegrated plant tissue or fabric pieces into smooth sheets. Before this,
mostly papyrus and parchment were used for writing none of which are defined
as paper. The paper made from disintegrated and pressed fibers were more
economical and durable and had an even surface. Nowadays, pulp of wood
can be used for many different products, such as printing paper, tissue paper,
cardboard, fabric and as a replacement material for plastic.

Sweden is a major exporter of forest products in the world [1]. The pulp
and paper industry is a large part of the Swedish economy and it also consumes
a considerable part of the electric energy consumed by industries in Sweden.
Every improvement that can reduce the energy consumption of the pulp making
is thus welcome both from an environmental as well as from an economic aspect.

Fibrous material pulp can be produced either chemically, mechanically, or
via a combination of both, using a lignocellulosic raw material such as wood or
straw. Wood is mainly made up of cellulose, hemicellulose, and lignin, all which
are large polymers. To separate the fibers in order to make pulp, the lignin,
which provides compressive strength and waterproofing of the cell walls, must
be dissolved. The present thesis is focused on the equipment used in chemical
pulping with wood as raw material. The chemical delignification process is
carried out in either batch or continuous digester vessels with the assistance of
sodium hydroxide, sodium sulphide and heat. The purpose of the delignification
is to dissolve the lignin, this must be carefully performed in order to produce a
strong pulp at high yield. The desired level of delignification depends on the
final product. Dissolving the lignin is not solely to free the fibers, it is also an
important step in the bleaching process of the pulp. Reducing the amount of
lignin early in the pulping process saves bleaching chemicals later on. During
the delignification process, carbohydrates are unfortunately simultaneously
dissolved, this is not a desired reaction, since it decreases the yield and strength

1



2 CHAPTER 1. INTRODUCTION

of the pulp. Measuring the yield in the pulping process is done by taking the
ratio of oven dry pulp to oven dry input. A typical value of the yield is around
50 %. The degree of delignification is expressed by the Kappa-number which
states the amount of residual lignin and the final Kappa number of the pulp
leaving the digester is in the range of 25-35 for soft wood and around 16-23 for
hard wood.

Kraft pulping is a highly complex process where the fluid-dynamics of
a multi-component multiphase flow interact with the chemical kinetics via
mass and heat transfer in a large vessel. To fully comprehend the situation
prevailing in the digester vessels, the mass, heat and momentum transport in
three dimensions must be taken into account. The way the solids are packed
depend on their properties, chips with high kappa number are stiff and do not
easily deform compared to chips with low kappa number. The kappa number
affects the solid pressure in the vessel which in turn affects the distribution of
solids and liquor in the vessel, which in turn again affects the kappa number of
the chips. From this it is understood that both the chemical reactions, mass
and heat transfer as well as the fluid dynamics must be well understood and
considered at the same time since they interact.

There are large differences in the length scales of the various physical phe-
nomena which take place in a pulp digester. The vessel size has increased
over the last years which raises the needs for better understanding of the fluid
dynamics and mass and heat transport in three dimensions in the vessels to
ensure an even quality of the pulp. A pulp digester can be as large as up to 14
m in diameter and the smallest dimension of a single chip is a few millimeters.
The chemical reactions and kinetics of the delignification process are rather
well understood on the scale of the chips. The hydrodynamics as well as the
heat and mass transfer prevailing in large pulping vessels are not and the size
itself of today’s equipment imposes new challenges.

Depending on the final product, the unit operations and the equipment
needed vary to some extent. Most of the pulp produced today is chemical pulp,
in this process the raw material is boiled together with an alkaline fluid in a
pulp digester which can be both continuous and of batch type. Here follows a
description of a continuous cooking system with wood as the intended material.
This section is based on [2].

The continuous cooking equipment can be one vessel or two vessels. If
the cooking equipment consists of two vessels, the first one is utilized for
impregnation of the raw material. The impregnation can also be performed
in the top of the digester, as in a one vessel system. Regardless of one or two
vessels, the cooking process can be divided into the following stages:

• Feeding of raw material

• Pre-steaming

• White liquor charge
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• Impregnation

• Heating

• Washing

• Blow line feed

The first step is pre-steaming, which is often performed in two consecutive
stages, one at atmospheric pressure and one at over pressure with the aim
at filling the pores with steam that later condenses. It is highly important
that the wood chips are sufficiently pre-steamed since otherwise air will remain
in the pores of the wood chips. This will cause the wood chips to be more
buoyant and also the mass transport of the chemicals will be negatively affected.

As the next step, wood chips and white liquor are fed to the impregnation
zone or separate impregnation vessel. The separate impregnation vessel re-
sembles a somewhat smaller digester and the residence time is about one hour
in approximately 90◦C and atmospheric pressure. During the impregnation
the charged alkali is transported into the reactive sites and the chemical de-
gradation of lignin and carbohydrates is started, however slowly, dependent
on temperature. The mixture of wood chips and liquor is further fed to the
digester (in the case of a two-vessel system) using a high-pressure pump. In
modern continuous cooking systems, the alkali charge is divided into three
occasions, the first one is into the impregnation vessel. After the chips and
liquor mixture are transferred from the impregnation vessel to the digester the
second charge of white liquor is executed.

The main part of the delignification occurs in the co-current zone in the
top of the digester, further down the third alkali charge is done in the counter-
current cooking zone. In the bottom of the digester is a washing zone. In the
washing zone the washing liquor flows counter-current to the chips column and
displaces the cooking liquor. A few percent of the alkali charge can be done in
this zone. Together with external heaters, this has prolonged the cooking zone
in the digester to its full length and has resulted in that the whole cook can be
conducted at a lower temperature and yield a pulp with lower kappa without
losing strength. As in the impregnation vessel the pulp is ejected in the bottom.

There is research regarding only chemical reactions of the pulping process
as well as work regarding only the flow field in packed columns. In the case
where both are considered, the complexity of either one is often reduced, by
assuming one dimensional flow or less detailed reaction pattern. Understanding
the combined effect of the physical and chemical phenomena occurring in an
impregnation vessel and following pulp digester can lead to more optimized
performance and operation. This will increase yield, produce an even pulp
quality and reduce waste. Understanding the hydrodynamic situation in the
cooking system will help in reducing the risk of malfunctioning behavior such
as channeling and fouling.
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1.2 The impregnation vessel

In this work, an example of a type of impregnation vessel, which is a part
of a two-vessel continuous cooking system will be studied. There are several
other versions of similar large vessels used for pulping. The impregnation
vessel precedes the digester and is utilized to impregnate the wood chips with
cooking liquor. A schematic picture of the impregnation vessel studied is given
in Figure 1.1. First, steam is added to remove the air in the chips; second,
the cooking liquor is added but the temperature remains rather low, keeping
the reaction rate slow. The vessel includes two screen packages, at positions 2
and 3, where liquid is extracted for circulation and two vertical positions of
injection points, Figure 1.1, positions 4 and 5; the chips are fed into the vessel
in the top and 2 m above the screens is the liquid level, position 1, hence the
impregnation vessel is not completely filled with liquid. The cooking liquid is
fed into the vessel at the top and also at the two injection positions, which are
placed around the spherical part of the bottom for the current geometry, to
dilute the outflow. The upper injection point is located at the intersection of
the spherical bottom and the upper cylindrical part. The lower injection point
is located at a radius of 3.2 [m].

Figure 1.1: The impregnation vessel; diameter = 8.8 m, height = 46 m, liquid
level = 24 m above spherical part, outlet diameter = 1.75 m. Left side, a
3D-rendering of the complete impregnation vessel, with the measuring point A
marked. Right side, the computational domain, 360 degrees.
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1.3 Objectives

The objective of this thesis is to develop a computational fluid model which
can describe the flow behavior of wood chips and the momentum transfer
in an adequate manner in order to capture the key features and phenomena
occurring in industrial scale pulp mills. An accurate model of this type can
be used to conduct numerical experiments where the large-scale problems of
this equipment can be analyzed, something that is challenging in lab-scale
equipment. To be able to further extend this model of wood chips to include
mass and energy transport as well as chemical reactions which describe the
delignification process occurring in the cooking system a Computational Fluid
Dynamics, CFD model will be applied.

Utrasound Velocity Profiling UVP, will be used to measure the velocity
profile of the wood chips in an impregnation vessel. The data from the
ultrasound velocity profiling can be used to validate the boundary conditions
for the CFD models and give insight into whether it is reasonable to model
wood chips on industrial scale as a dense granular flow.

1.4 Outline

Chapter 2 gives a theoretical background to modelling particle-particle inter-
actions and the development of arches, which particulate matter can exhibit.
Further, previous work regarding numerical modelling of industrial pulping
equipment is presented. In Chapter 3, the numerical models for computational
fluid dynamics, CFD are presented. The theory of ultrasound velocity profiling
is briefly described in Chapter 4, as well as some previous applications. Chapter
5 presents the result from the numerical simulations and the ultrasound meas-
urements. Chapter 6 provides a discussion regarding the numerical results as
well as the experimental, and the connection between them. In Chapter 7 the
conclusions from the numerical and experimental results are presented. Further
work is discussed in Chapter 8. The two papers are attached.
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1.5 Included papers

Paper I

Parameter sensitivity of a wood chips flow model describes a sensitivity analysis
with CFD, computational fluid dynamics, of important model parameters for
describing flow of wood chips.

Problem

To optimize the chemical charge into the impregnation vessel and operation, the
flow field must be well understood. To be able to predict how much chemicals
each wood chip is subjected to, the presence of the wood chips must be known,
hence the most crucial parameters in the modelling of cooking system are
the distribution of wood chips and the material properties which effect the
distribution. This also affects the operation of the equipment, and insight into
how the wood chips are distributed can help prevent malfunctioning.

Contribution

This paper contributes to the understanding of the complex behavior of the flow
conditions of wood particles in large vessels. The continuum model examined
can capture the oscillating phenomena of forming and debilitating arches,
previously seen in more refined particle models. The continuum models’ ability
to capture the same behavior enables the possibility to model large systems.
Further, paper I examines how the material properties of the wood chips
enhance or reduce the oscillations in pressure and formation of arches.
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Paper II

Ultrasound velocity profiling of wood chips flow in an industrial application
presents ultrasound velocity profiles from an industrial impregnation vessel.

Problem

The conditions on the inside of industrial impregnation vessel and pulp di-
gester are unknown and not easily attainable due to the basic fluid and high
temperature. Industrial reactors of this type are typically very large, with
diameters approximately from 4-12 m, and thus it cannot be assumed that lab
scale equipment experiences the same flow pattern, which further emphasizes
the need to investigate the actual industrial equipment. It is crucial for the
operation and optimization of this type of equipment to gain insight about the
flow field.

Contribution

This paper presents results from UVP, Ultrasound Velocity Profiling, conducted
on an industrial impregnation vessel. The presented results show that it is
possible to measure the velocity of the wood chips through the 15 mm thick
steel wall and capture the normal variations of productions occurring in the
mill. Further, the measured velocity profiles showed that the wood chips exhibit
the behavior of dense granular flow when interacting with the wall. A non-zero
velocity was found at the wall, followed by a small shear zone and then plug
flow.
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Chapter 2

Particle flow and solid
pressure

In this chapter the theory of particle flow and solid pressure will be presented,
as well as specific features and previous modelling work of similar equipment
and granular flow. Some suitable examples in which similar phenomena to the
ones existing in the impregnation vessel will be discussed phenomenologically.

2.1 Particle flow

A cooking system can consist of one or two vessels, in the later configuration,
the first vessel is used for impregnation of the wood chips with cooking liquor.
Both the impregnation vessel and the continuous pulp digester show some
similarities to a packed bed of solids in which a fluid is passing, in the sense
that the packing of solids in the vessel affects how the liquid is distributed.
Even though the chips are also moving, they do not move around freely in
the liquid phase but are in contact with each other when the volume fraction
exceeds a critical value, this is referred to as degree of packing 1 and can be
observed when wood chips are poured into a stack on the ground. In this
type of industrial vessels, the volume fraction of chips is unknown but can be
estimated by the load of the column of wood chips and a constitutive equation
for the interaction between the wood chips. Perhaps the most crucial property
of this type of equipment to predict is the distribution of the solid phase, the
chips. This will determine how the liquor moves through the solid body made
up of chips which determines to what extent the chips are being subjected
to cooking chemicals etc. This is further complicated by the fact that the
flow of the fluid phase also affects the solid distribution where liquid flow
can disrupt the network formed by the wood chips. There are three major
approaches to treat this problem, depending on which questions one wishes to
answer. One approach is to describe each particle using Newtonian mechanics,
Discrete Element Modelling, DEM. This method is too limited in the number
of particles which can be considered for modelling industrial scale digesters. It

9
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also remains a challenge to incorporate mass transfer and chemical reactions
which are needed for a full-scale total model of a pulp digester system. Another
way is to describe the solid phase as a continuum on the macroscopic scale, this
requires further modelling for closing the governing equations. In this work this
method will be utilized. A third way, which would be a further simplification
would be to regard the solid phase as a porous body.

When a significantly large number of particles are present their behavior
can be described as a continuum on the macro scale. This can be observed in
an hourglass in which sand is ”flowing” or in a pulp mill where the dry chips are
poured onto stacks. Each individual wood chip is a discrete object and large
enough to be described by Newtonian mechanics. However, macroscopically
the wood chips assembly may be regarded as a continuum. This duality is
characteristic fo granular materials and the properties at the continuum scale
are governed by the grain scale. When characterizing particle flow, the particle
velocity and the density of the interstitial fluid should be considered. If the
density of the particles is much larger than the interstitial fluid the effect of
the momentum transfer from the fluid can often be neglected, which simplifies
the fluid dynamics of the granular matter from a multi-phase process to a
single-phase process, Campbell [3]. If the velocity of the particles is rapid,
the flow is dilute and the particle-particle interactions are characterized by
binary collisions, the modified theory of gases is commonly used to describe the
situation, [4]. Further, if the inertia of the particles can be neglected there is a
quasi-static regime which is represented by soil plasticity models [4]. The third
regime of particle flow is the slow-moving dense flow, where the inertia of the
particles is no longer negligible and the particles are in constant contact with
each other, forming a network. For the application of the impregnation vessel,
the particles are in contact with each other and move slowly downwards due to
gravity and the density of the interstitial fluid is in the same order of magnitude
as the density of the particles. The behavior of granular materials is dependent
on the local stresses which it is subjected to, and it can exhibit both solid and
fluidlike properties. The particle pressure between the particles enables it to
resist loads and can thus support structures and be poured into stacks with a
material specific angle of repose, behaving as an elastic solid, as described by
Campbell [3]. If the load exceeds the particle pressure, the granular material
starts to move and exhibit fluid like properties. This, the yield criterion, is
described by Jop et al [5] as a key feature of granular flow together with the
complex relation to shear rate in the flowing state. Depending on the rate at
which the movement of the particles develops, particles can stay in contact
with each other and sustain some of the frictional force and will stay this way
as long as the rupture is at moderate pace. The microscopic properties of each
individual particle, such as shape, surface friction and polydispersity effects the
flow behavior of the granular material on the macroscale according to Mueth
[6], [7]. This is also the characteristic behavior of visco-plastic fluids such as
Bingham fluids. Another similarity to Bingham fluids is the interaction with
the wall. Granular materials differ from conventional fluids, in general, granular
matter exhibits a slip condition at a wall boundary, and according to Campbell
[3], the slip is dependent on the interaction between the granular flow and the
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boundary. Since there is a slip condition the boundary acts a source of shear
equal to the product of the wall shear stress and the slip velocity [3].

Granular material also shows similar plastic behavior as metals, they exhibit
yield stress and close to rate independent plastic deformation. In addition to
this, granular materials also have a relatively substantial dependence on volume
fraction and pressure alterations. By increasing the solid pressure on a granular
material an irreversible deformation and volume change can occur. A volume
change of the granular material can both harden and soften the aggregation.
However, granular material differs from metals because the plastic deformation
is not incompressible, which for metals mean that as they plastically deform,
and the atoms shift, the volume do not change. For a body of wood chips, the
volume can change as the particles shift due to shear and plastic deformation.
Another important feature of granular materials is the dilatancy, which together
with the frictional resistance are two key properties on the grain scale which
are needed for the macroscopic description. The dilatancy arises under shear
stress when the particles which are interconnected in a consolidated state move
and produce a bulk expansion of the material. The overall plastic deformation
of granular materials is a result of both the plastic deformation of individual
grains as well as persistent rearrangement. When modelling compaction and
deformation of granular material constitutive equations for the elasto-plastic
behavior is needed. The force per unit area needed to deform a solid material
is the E-modulus and together with the yield, these two parameters describe
the elasto-plastic properties of a granular material and the interactions of the
particles at a macroscopic scale.

2.2 Solid pressure

The flow through a network of solids exerts viscous shear stresses on the said
network which causes it to deform and consolidate, this is called poro-elasticity
and is a phenomenon where fluid flow and solid network deformation are
coupled. For the network to form, a minimum amount of solids must be present.
This is measured in volume fraction and referred to as gel point, critical volume
fraction or sedimentation concentration, de Kretser et al. [8], and corresponds
to where the amount of particles is high enough so that they do not move
around freely but are in contact with each other. When this point is reached,
the interaction resists gravity and compression and results in an additional
stress term in the force balance. The additional stress term is related to the
particle pressure Ps, which is associated to the elastic stress of the network,
according to de Kretser [8]. Because of this, the force balance should be made
over a volume element rather than on a single particle.

The constitutive equation for Ps could be related to the volume fraction φ
and the velocity u. The network strength which depends on the local volume
fraction is referred to as the compressive yield stress. As an element of the
network is subjected to an applied stress, it will remain in the original state
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until the applied stress exceeds the yield stress. When the yield stress is
exceeded, the network deforms, and the solids consolidate which results in
an increase in the local volume fraction. If the applied stress is relieved, the
network does in general not transform back to its original form.

MacMinn et al. [9] conducted experiments using hydrogel spheres placed
between two discs where a mixture of water and glycerol was injected. A
continuum model for the process of poromechanical deformation was derived.
The contact of the particles are Hertzian, they are incompressible (Poission
ratio 1/2) and soft (Young modulus 20 kPa), elastic and non-cohesive. Further
assumptions in the model is conservation of volume (Incompressible means
that the particles can rearrange and deform but their volume will not change),
the stress and pressure gradients in the fluid and in the solid skeleton are
poromechanically coupled. Elastic energy is stored in the solid skeleton and
there is viscous dissipation due to rearrangements. It is further assumed
that the skeleton formed by the solids stores elastic energy due to volume
compression but not due to shear and hence isotropy is assumed. A non-linear
conservation law for the porosity as a function of time can then be formed
which includes the stress in the solid skeleton. In the poroelastical theory, the
pressure gradient in the fluid act as a body force on the solid skeleton. To
solve for the porosity of the system a constitutive law relating the strain to the
stress for the solid skeleton is needed. As the stress is taken to be Hertzian
elastic and linearly viscous it can be written as:

σ′(ϕf ) = Kϕ̃f |ϕ̃f |1/2 + µ
∂ϕ̃f

∂t
(2.1)

where, K and µ are the effective bulk modulus and viscosity of the solid con-
tinuum phase and ϕ̃f is the normalized change in porosity. In the experiments,
particle rearrangement and hysteresis are observed.

In 2016 Hewitt et al. [10] studied flow of water through a porous deformable
media consisting of hydrogel spheres, where the flow was driven by a pressure
head. Because the spheres were buoyancy neutral the only compacting force is
the one arising from the fluid flowing downwards. It was observed experimentally
that the flux does not increase linearly with increasing pressure, instead the
flux increases towards a finite maximum, which is attributed to the fact that
the hydrogel spheres are deformable. Further it was found that the bed height
is compacted to an asymptotic finite value, and this leads to that the effective
permeability decreases towards zero. The conclusion is that the flux through
deformable media can be insensitive to large applied fluid pressure. Increased
pressure gradients are balanced by increased resistance from permeability and
thus the flow is self-regulated. As the authors argue, there is a key difference
between compaction driven by an external load or by fluid flow and that is
that in the latter case, there is a gradient in the fluid pressure which results
in a gradient in the porosity. The model presented by Hewitt et al. [10], fails
to capture the experimentally observed hysteresis effect in the compaction
procedure. As the pressure was decreased, after first being increased, the
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particles could not revert completely, they had a strong dependence of the
previous state of compaction. The constitutive equation for the solid interaction,
referred to as the matrix pressure is dependent on the strain and elasticity
modulus. The strain in turn, depends on the porosity, void fraction, φ.

σ

σ∗ = − e

1− e/em

e =
φ−Θ

1−φ
(2.2)

where em is a limit of the strain which the solids cannot be compacted beyond
and σ∗ is the elastic modulus. Θ is the uniform porosity, corresponding to zero
strain on the solid matrix.

When a porous media is subjected to a stress such as compression, shear
or deformation, according to Terzaghi’s principle the relationship between the
effective stress, total stress and pore pressure is as follows:

σ = σ′ + u (2.3)

This equation is valid under the assumptions that the porous media is isotropic
and the incompressible particles constituting the media are saturated. The
strains in the media should also be small and Darcy flow should apply. Also,
the permeability should be constant during the process and the unique relation
between the total stress and the void fraction is independent of time. Terzaghi
developed this relationship under these assumptions for saturated soils. For
the impregnation vessel, this means that as the solid pressure increases the
hydrostatic pressure decreases.

2.3 Approaches for modelling of wood chips
flow

Considering a relatively small number of wood chips, one would resort to
discrete element modelling when attempting to describe how they interact if
contained in a vessel. Modelling particle interaction with DEM has been applied
to a vast number of situations. In the pulp digester non-uniform particles are
exerted to uniaxial compaction due to gravity, liquor flow and weight from
feeding of solids. Gan and Kamlah [11] modelled the uni-axial compaction of
ceramic pebbles using DEM where they relate the contact forces of particles
to the macroscopic stress tensor to describe how the spherical particles are
compacted. The macroscopic strain was applied, and the stress calculated from
the interaction forces. The elasticity modulus of the pebbles depend on the
temperature and porosity as follows:

E = 110(1− p̃)3(1− 2.5e−4(T − 293)) (2.4)

In experiments and simulation macroscopic irreversibility is observed when
the particle assembly is unloaded, even though the particles are purely elastic.
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This behavior of the particle assembly can only be explained by rearrangement
of the elastic particles.

Modelling granular media with continuum models has historically been of
large interest in soil mechanics. These models are sophisticated and capture
many of the complex properties of the granular material which can be observed
as well in soil as in piles of wood chips. Both cases can be seen as a porous
material with pore fluid in the interconnected pores between the granular solids.
According to Chen and Baladi [12] for this type of two-phase continuum the
stress component can be divided into two parts, one connected to the solid
matrix, and one connected to the pore fluid, that is the pore pressure. The
strength of the granular material arises from the interlocking particles, if the
pore pressure increases, the strength of the granular material decreases by
pushing the particles away. In addition to incompressible plastic deformation
wood chips exhibit shear strength hardening as the particle pressure increases.
It behaves both elastic and plastic, and the elastic part is most likely non-
linear. The stress-strain curve should be progressive, meaning that the material
hardens as it is compacted. Both shear and compaction can result in flowing. A
model that can deal with all these properties is the Drucker-Prager model with
a CAP or the Cam Clay model which has a pressure dependent yield condition,
Pettersson and Pettersson [13]. Both numerical simulations and experiments
of chips compaction were performed by Pettersson and Pettersson, and it was
concluded that the Cam Clay model describes the behavior of the compaction
of wood chips well.

The most widely used model for solid interaction in pulp digesters is the
model developed by Härkönen [14]. The column of wood chips in the pulp
digester is elastic and compressible, which greatly affects porosity. To account
for this Härkönen defines the solid pressure, which models the interactions
between the particles since the vast number of particles inhibits the possibility
to define this force exactly. By conducting laboratory experiments on wood
chips an expression for the solid pressure as a function of the Kappa-number
and volume fraction was developed. An expression for the flow resistance was
also developed where the coefficients of the Ergun equation were modified to
account for the irregular shape of the wood chips. The expression developed
by Härkönen which relates the solid pressure to the volume fraction and
Kappa-number is according to Equation 2.5

φ2 = k0 + P k1
s (k2 + k3ln(κ)) (2.5)

where κ is the kappa number which describes the degree of delignification.

The flow resistance in porous material is determined by Darcys law:

dP

dx
=

µ

k
ν (2.6)
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where k is given by Kozeny-Carman relation for laminar flow.

k =
φ3

θs2v(1−φ)2
(2.7)

A general form of describing the flow resistance through a porous material
is the Ergun equation which is valid also for ”turbulent” flow regime. The
Ergun equation is:

∆p

∆x
= R1

(1−φ2)
2

φ3
2

v +R2
(1−φ2)

φ3
2

v2 (2.8)

The constants in Härkönens modified Ergun equation have been under
investigation by several authors. In 2002 Lee [15] conducted experiment on a
laboratory scale column of packed wood chips. The pressure drop was measured
against superficial velocity, kappa, void fraction and compacting pressure and
it was concluded that Härkönens constants in the equation for the pressure
drop are too small. Also, the constants should not be universal constants since
the shape and size of the solids in the bed greatly affect the pressure drop.
The constants for uncooked chips do not predict the pressure drop of cooked
chips, since the pressure drop is largely dependent on the void fraction of the
bed which in turn is dependent on the kappa number, which is linked to the
elasticity modulus of the column which also affects the compaction, and all this
combined affects the drag force. The void fraction is not evenly distributed
over the column and correlations based on the average void fraction are likely
insufficient in predicting the pressure drop.

Further work regarding the coefficients of the flow resistance and solid
interaction was done by Alaqqad et al [16] who investigated the effect of
the compressibility on the permeability of a bed of wood chips. The general
equation for the solid stress term is:

ps = m(φg −φ)n (2.9)

where the coefficient m is usually dependent on the Kappa-number for wood
chips and corresponds to the stiffness of the network. φg is the gelpoint, the
exponent n as well as m are empirical constants. In the equation describing
the permeability, Equation 2.8, the constants R1 and R2 models the lumped
effect of tortuosity and specific surface of the solid distribution as well as
the density and viscosity of the fluid. Alaqqad presents a list of previous
investigations of the parameters R1 and R2. For more details the reader is
referred to [16]. Their own method which accounts for the compressibility
effects of the bed predicts a smaller pressure drop through the bed of wood chips.

Lundström [17], performed measurements on fiber beds and have shown
that the permeability in the plane is an order of magnitude higher than out
of the plane. The measurements as well as the simulations regarding the
permeability in a bed of chips are all one dimensional. In an equipment such
as an impregnation vessel or a pulp digester where the conditions are three
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dimensional due to extraction and dilution, a reasonable approach would be to
not assume isotropic permeability. The permeability is also affected by flow in-
duced compaction Weitzenbock [18] and thus not constant through the chip-bed.

The model of Härkönen lacks the frictional properties of the solid phase.
By describing the wood chips as granular flow, Djebbar et al. [19] implements
the Mohr-Coulomb criteria for the visco-plastic behavior of the granular phase
as shear viscosity, which is a function of the solid pressure, friction angle and
the rate of deformation. Further is the friction between the walls and the wood
chips also a function of the solid pressure. The authors compare 2D CFD
simulations of Härkönens model with CFD simulations of Härkönens model
together with the Mohr-Coulomb criteria. It is concluded that the frictional
properties of the solid phase have a significant impact on the pressure field in
the reactor. However, the authors present pressure fields from the frictional
case which are not in accordance with the knowledge from the industry. The
pressure drop over the reactor is significantly lower than reported for industrial
digesters. Also, the profile of the pressure is not concordant. The highest
pressure in the industrial reactors is near the extraction screens and not in
the bottom as reported by Djebbar et al. [19]. The authors mention that the
walls of the reactor influence the pressure profile, they however fail to mention
that in their model the wall friction is probably highly overestimated which
can be seen in the velocity profile they present, where the boundary layers are
unreasonably thick.

Studying Equations 2.1 2.2, 2.4, and 2.5, the similarities are noted, all
depend on the porosity of the material. At the macroscopic level, regarding
the complete body of wood chips as a porous particle, the elasticity modulus
of the ceramic pebbles in Equation 2.4 and the solid pressure of Härkönen are
analogous. The solid pressure model by Härkönen may be thought of as a black
box model of what is happening to the wood chips at the micro scale. They
rearrange, deform and most likely also collapse to some extent. Each individual
step is not measurable on the macro level of the bed of wood chips. Wood chips
are irregularly shaped, compared to the spheres examined by de Kretser et al,
and it is important to recognize that when modelling compression of irregular
shaped particles they can rotate, rearrange and deform. The logarithmic profile
of the solid pressure by Härkönen suggest that the flat start of the curve are
accounts for the rearrangement of the particles and as a larger force is needed
to compact the bed more, the curve tangents the elasticity modulus of the wood
components. Coming from different starting points all models end up with
similar ways of describing how the solids interact and are compacted. However,
the number of particles in an impregnation vessel is to vast for a Discrete
Element Model, DEM, and the ability to extend the model with temperature
fields and mass transport is limited. The momentum transfer from the fluid
phase does also have to be accounted for and the remaining way of describing
the two interacting phases is the Eulerian multiphase model.
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2.4 Arching

The impregnation vessel is geometrically similar to storage tanks, silos, used
for agricultural material, which are also granular materials. Due to these two
common features, the impregnation vessel can exhibit a phenomenon commonly
observed in silos, called arching. Drescher et al.[20] refer to arching as

the spontaneous formation of an arch-like supported stagnant mass
of bulk material in a bin or hopper upon opening of the outlet or
during gravitational flow.

It is further stated that the formation of arches depends on the geometry and
the ratio of the outlet size to the vessel size. As for architectural arches, these
can hold up the load of the material above, which Hidalgo et al. [21] analyzed
using DEM. Hinterreiter et al. [22], stated that factors that affect the tendency
to form arches, for wood chips, are the shape, size, and aspect ratio. These
are highly important in understanding the arching phenomena. An arch is
typically formed adjacent to the outlet. Yoshida [23] found, using DEM, that
the periodicity of the pulsation of the particles in the upper part of the silo is
identical to the variations in pressure on the silo walls, which long have been
thought of as a result of the formation and collapse of arches. Arches that form
at a bottleneck are a large problem when clogging or jamming occurs, To et
al. [24] examined the probability of jamming due to convex arch formation in
2D-silos.

2.5 Previous Work

One of the first to combine the hydrodynamics of the pulp digester with mod-
elling of the delignification was Saltin [25]. Saltin modified the hydrodynamic
equations by Härkönen [14] to a dynamic one-dimensional model which is able
to predict data from the literature. Michelsen and Foss [26] also created a
one-dimensional model in 1996 where the interactions between the axial flow
and the chemical reactions were considered [26]. They use a simplified version
of the Purdue model by Christensen [27], and extended the reactor modelling by
considering axial momentum transport in a simulated industrial digester. Solid
interaction and wall behavior are functions of the solid pressure according to
Härkönen. The importance of the interaction between the momentum transport
and the kinetics is well displayed by the effect on the kappa number by the
residence time.

Wisnewski, Doyle III and Kayihan [28] used a Continuous Stirred Tank
Reactor, CSTR, approach where the compaction of the wood chips along the
digester height is assumed to be known. In the work by Fernandez and Castro
[29] a predefined axial compaction of the wood chips in the digester, which
is modelled by mixing cells, this reactor model can predict the total solids
content which is an industrially important parameter. Bhartyia et el. [30]
combined the work by Wisnewski [28] in 2003 with the work done by Michelsen
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[26]. The result is a model with axial momentum transport and rather complex
kinetic pattern. By doing this the authors were able to model grade transition
since the chip compaction and chip level are included in the model. The radial
gradients are neglected, and it is assumed that the solid and liquid phases
are in thermal and dynamic equilibrium. Pourian [31] modelled an industrial
pulp digester using the Eulerian multiphase approach using CFD. The model
is two-dimensional with rotational symmetry. The bed of chips is divided into
sections where the predetermined porosity is changing. Pourian also invest-
igated the effect of channeling by adding artificial channels to the chip bed
and found that, not suprisingly, less reaction occurs in the channels due to the
increased velocity of the liquor.

He et al. [32] proposed a CFD-model which is a combination of Härkönens
chips compaction model and Michelsens assumptions. Pougatch et al. [33]
developed a two-dimensional model with rotational symmetry of the reacting
flow in a pulp digester. The simulated geometry is a 30◦ piece of the cylindrical
reactor. In this model the two-dimensional flow is combined with the somewhat
simplified kinetics of Michelsen, [26]. A further development is that the solid
phase is regarded as a Bingham fluid with the yield stress of the viscosity as a
function of the solid pressure, which is modelled according to Härkönen, [14].
Also, the interaction between the walls and the solid phase is dependent on
the solid pressure. In this model the compaction of the chips is rather uniform
except near the injection points. Fan [34] continued on the model by Pougatch
and examined the effect of particle size on chips compressibility using CFD in
an industrial digester, the computational domain was simplified to not include
the complex bottom part. It was found that the compressibility of the chips sig-
nificantly affects the cooking performance due to the effect on the residence time.

Rantanen [35] combined the kinetic model developed by Gustafson [36]
and the solid pressure function developed by Härkönen [14], which results in a
model that uses the real time modelled profiles of chemicals, temperature and
solids concentration to model the packing degree of the reactor. Laakso [37]
set up a model of a continuous kraft cooking digester with the hypothesis that
a chip bed packing model can solve the residence time and process conditions
in the digester, which in turn affect the delignification, which in turn affect
the packing. Laakso utilizes the model by Gustafson for reaction kinetics in
combination with the model by Härkönen for the chip bed pressure. The
residence time for various values of coefficients in the Ergun equation are
compared to mill data.



Chapter 3

Computational Fluid
Dynamics Model

In this section the numerical models for the computational fluid dynamics,
CFD, simulations will be presented.

3.1 Governing equations

In order to model this multiphase system with dense particle loading and where
the focus of this work is on the hydrodynamic conditions, the Euler–Euler
method was chosen; due to the number of particles, the Lagrangian approach
is not applicable. The Euler–Euler method treats all included phases as inter-
penetrating continua. The following equations constitute the inhomogeneous
model, which allows for the phases to have separate velocity fields, that has
been used in this work.

∂

∂t

(
φαρα

)
+∇ ·

(
φαραUα

)
= SMSα

+

Np∑

β=1

Γαβ (3.1)

In Equation 3.1, the continuity equation, the first term on the left side is
accumulation, the second term is the convective transport where Uα is vector
velocity. On the right-hand side the first term denotes the user specified mass
sources and the second term is the mass flow rate per unit volume from phase
β to α.

∂

∂t

(
εαραUα

)
+∇ ·

(
εα(ραUα ⊗Uα)

)
=

− εα∇pα +∇ ·
(
εαµα(∇Uα + (∇Uα)

T )
)
+ SMα +Mα (3.2)
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In the momentum equation, Equation 3.2, the terms on the left hand side
are accumulation and convection respectively. The first term on the right-hand
side is the pressure gradient and the second term describes the transport due
to viscous forces. SMα is the source term taking into account the external
body forces and user defined momentum sources. The forces acting on phase
α due to presence of other phases is included in the term Mα. This will be
explained in more detail below.

To close the equation system, two constraints are needed, the first one is
that the volume fractions sum to unity.

Np∑

α=1

εα = 1 (3.3)

The second constraint is that all phases share the same pressure field.

pα = p ∀ α = 1, ..., Np (3.4)

3.2 Momentum transfer

When more than one phase is present and the flow is considered in-homogeneous,
the inter-phase momentum transfer occurs because of interfacial forces acting
on each phase α due to interaction with phase β. The forces are equal and
opposite and sum to zero and arise from independent physical phenomena such
as, drag force, solid particle collisions etc.

The interphase drag force is generally expressed by,

Mα = c
(d)
αβ

(
Uβ −Uα

)
(3.5)

in Equation 3.2, for the multiphase model utilized in this work, the drag
coefficient is defined as follows:

Dαβ = CDραA|Uβ −Uα|(Uβ −Uα) (3.6)

where Dαβ is the total drag on phase β from phase α and A is the projected
area of the body in the flow direction according to Ansys [38]. The total drag
for this application is defined as:

Dαβ =
φβ

φα

(
R1

φβ

φα
+R2|Uβ − Uα|

)
(3.7)

where the constants R1 and R2 are from equation 3.9 below.
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The interaction between the solid particles present is modelled via the solid
pressure. The model used is the one developed by Härkönen [14] which relates
the solid pressure to a volume fraction.

φβ = k0 + P k1
s (k2 + k3ln(κ)) (3.8)

where κ is the kappa number which describes the degree of delignification. k0 is
a material constant which describes the critical point of volume fraction where
enough solids are present to form a network as according to de Kretser et al
[8] and, k1, k2 and k3 are material constants related to the elasticity of the
material. Härkönen [14] further describes the modified Ergun equation and the
material specific constants R1 and R2 which model the permeability.

∆P

∆l
= R1

(1− φβ)
2

φ3
β

v +R2
(1− φβ)

φ3
β

v2, (3.9)

the first term is the laminar term and represents the flow resistance due to
viscous forces, the second term is flow resistance for ”turbulent” flow, and φβ

is the void fraction.

3.3 Viscosity

Viscosity is a measure of the friction between particles, which are treated as a
Bingham fluid, this implies that there is a threshold value of the force needed
to disrupt the network of solids, as first implemented by Pougatch [33]. This is
reasonable since one of the most significant characteristics of this matter of
solid particles is the yield stress. On the macro level a large number of particles
will behave as a solid until the yield stress is exceeded, and beyond that point,
the particles will move as a highly viscous fluid.

µeff = µ+
τ0
γ

(3.10)

where τ0 = f(PS) and γ is the shear strain rate.
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3.4 Wall friction

The solid phase fluid interaction with the wall is analogous to the behavior
of two non-deforming solids in contact. The solid phase fluid remains in rest
until an applied stress exceeds the frictional stress between the wall and the
solid phase. Above this critical stress, the solid phase fluids move along the
wall. The French research group Groupment de Recherche Miliuex Divisés,
GDR MiDi examined the velocity profiles of granular flow in six different
configurations both experimentally and numerically, where the vertical chute
is the most representative for the present application. GDR MiDi presented
that for the vertical chute a velocity profile which exhibits a non-zero velocity
at the walls, a shear region close to the walls and a plug flow region in the
center. Pougatch et al.[33] used a model for the solid’s behavior at the wall,
in which it is possible for the solid phase to slip at the wall. The tangential
yield stress is proportional to the solid pressure PS . The interaction between
the wall and the solids is similar to the behavior between the solids themselves.
Pougatch et al. reason that it is fair to assume that the chips in the digester
slip more easily against the digester walls than against each other, based on
the surface roughness. After movement is initiated by exceeding the critical
stress, the tangential stress at the wall is a function of the solid pressure PS .
The velocity at the wall is not resolved but modelled as a partial slip condition
which transfers only the momentum into the fluid body.

τwall = fwallPs (3.11)

where fwall is the friction coefficient.
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Ultrasound Velocity
Profiling

In this section a short description of the basic physics of the ultrasound velocity
measurement technique used will be given together with a brief review of
previous applications of the measuring technique. The following theory section
is based on Kossof [39] and Wiklund [40].

4.1 Ultrasound

The ultrasound velocity profiling technique is based on the Doppler effect,
which according to Meola et al [41], is defined as,

The doppler effect is the observed variation of frequency when a
ultrasound pulse from a fixed source strikes moving particles in a
vessel.

The following theory section is based on Kossof [39] and Wiklund [40].
To produce ultrasound waves a transducer converts mechanical energy to
an oscillating wave of varying pressure using a piezoelectric material [42].
The physical properties of the transducer set the finite dimensions of the
propagating ultrasound waves. Two main features of ultrasound are the
velocity of propagation and acoustic impedance. Ultrasound waves propagate
with different velocity depending on the medium, some examples of speed of
sound are, in water approximately 1500 m/s, Greenspan and Tscheigg[43] in
air 330 m/s, Wong [44] in stainless steel approximately 6000 m/s, Prohaska[45]
and for pulp approximately 1500 m/s, Wiklund [46]. The low speed of sound
in air is a major limiting factor to apply ultrasound velocity profiling to air
filled structures. Air also has a low acoustic impedance, which is defined as
ρ · v where ρ is the density of the medium and v is the speed of sound in the
medium.
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The difference in acoustic impedance between two materials determines
how much energy that is reflected back as the ultrasound waves propagate from
one material to another.

When performing an ultrasound velocity measurement, the transducer is
placed at the outer walls of the equipment in question. To create the velocity
profile a great number of ultrasound pulses are emitted into the fluid on the
inside of the walls. During the time between the omitted pulses the transducer
is switched to receiving mode, meaning that the echoes of the pulses are only
sampled during small specific time slots, commonly denoted as gates. In each
gate, the velocity is determined after signal processing by:

vi =
c · fDoppler

i

2f0cosθ
(4.1)

where c is the speed of sound for the medium, fDoppler
i the Doppler frequency

shift for gate i, f0 is the frequency of the emitted ultrasound and θ the doppler
angle, as described by Wiklund et al [40]. According to Wiklund [40] the
doppler angle θ is:

the angle between the direction of the moving reflectors main
velocity vector and the direction of the measuring line.

Wiklund et al [40] further discussed that to construct complete instantaneous
velocity profiles the distance between the particles, surfaces which reflects the
ultrasound pulses, somewhere along the measuring line and the transducer is
determined by a time-of-flight measurement. The speed of sound, c for the
current medium is known, together with the time t, between the transmitting
and receiving the ultrasound pulse.

s =
c · t
2

(4.2)

A key feature which limits the measurement depth and maximal detectable
velocity is the pulse repetition frequency, fprf . Takeda [47] describes in detail
the limitations and the correlations between these. The pulse repetition
frequency, fprf is the number of repetitions of a signal during a specific time
transmitted by the transducer during a measurement. According to Takeda
[47] the maximum depth of the ultrasound is determined by:

dmax =
c

fprf
(4.3)

To measure in large equipment a low fprf is needed. Further, the Nyquist
sampling theorem determines the upper limit of the measurable velocity, Takeda
[47],

max(fD) < fprf/2, Vmax < cfprf/4f0 (4.4)

where fD is the Doppler frequency and f0 is the basic frequency of the trans-
ducer. Equations 4.3 and 4.4 give that for a specific f0 the maximum measurable
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velocity decreases as the measurable depth increases due to the required lowering
of the frpf . These constraints constitute a limiting tradeoff for the ultrasound
velocity profiling method, Takeda [47];

Vmaxdmax <
c2

8f0
(4.5)

In the case of high concentration of particles, scattering occurs which decreases
the accuracy of the measurements, as found by Kotze et al. [48].

4.2 Previous Applications of Ultrasound Velo-
city profiling

A comprehensive review of the development of the ultrasound Doppler tech-
nique to measure two- and three-phase flow and all the contributions made to
advance in the field has been presented by Tan et al. [49]. A further extensive
review about the development of ultrasound profiling technique with focus on
rheological properties was presented by Krishana et al. [50].

Several investigations on the behavior of viscoelastic fluids such as pulp have
been conducted. Wiklund et al. [51] investigated the properties of the behavior
near the wall and concluded that there is a sharp velocity gradient near the wall
and a distinct plug in the center, which increases with higher concentration.
Wiklund et al. [46] also investigated and compared Ultra Sound Velocity profil-
ing to Laser Doppler Anemometry and found that both techniques successfully
determined plug flow in highly concentrated pulp suspensions. Fock et al. [52]
studied the behavior of pulp suspensions near pipe walls and found a sharp
velocity gradient and, a distinct plug flow in the center. The data obtained
from the ultrasound measurements also showed a concentration gradient, with
lower concentration of fibers near the wall. Claesson et al. used UVP to
examine the behavior of planar jets of pulp [53]. Haldenwang et al.[54] have
applied the UVP technique to measure the viscous behavior of non-Newtonian
fluids in a flume of width 0.3m, they assumed that the velocity profiles are
symmetric and measured over half the width of the flume and concluded that
the method is applicable to measure viscous properties of non-Newtonian fluids.
In 2008 Kotzé et al. [48] used ultrasound velocity profiling in-line combined
with pressure difference measurements to measure rheological properties of
non-Newtonian slurries of liquid and solid particles, in comparison to tube
viscometry and conventional rheometry it was found that the agreement was
within 15%. Three different materials were investigated, and in the most
highly concentrated material, it was found that the ultrasonic energy was
attenuated to a higher degree compared to the lower concentrations and the ve-
locity profile was distorted, resulting in a less covered range of the pipe diameter.
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Chapter 5

Results

In this section the results from the numerical simulations and the ultrasound
velocity profiling will be presented.

5.1 Numerical Results

The focus of this work was to investigate the Eulerian multiphase flow models
initially developed by Härkönen [14] and further extended by Pougatch [33]
to determine the sensitivity of the output. By varying the most significant
model parameters, it aims to show the importance of properly chosen material
constants for the actual biomaterial handled in the current industrial equipment.
Below is an abbreviated presentation of some of the parameters examined. For
further details, see Paper I attached.

The computational domain is a 2D axisymmetrical representation of an
existing impregnation vessel utilized at a mill. The vessel includes two screen
packages, see Figure 1.1 at positions 2 and 3, where liquid is extracted and
circulated, and two vertical positions of injection points, Figure 1.1, position 4
and 5, the chips are fed into the vessel at the top and 2 m above the screens
is the liquid level, position 1, hence the impregnation vessel is not completely
filled with liquid. The cooking liquid is fed into the vessel at the top and also
at the two injection positions, which are placed around the spherical part of
the bottom for the current geometry, to dilute the outflow. The upper injection
point is located at the intersection of the spherical bottom and cylindrical upper
part. The lower injection point is located at a radius of 3.2 [m]. The domain
is limited to the liquid level of the equipment, where a pressure boundary
condition describes the conditions at the top of the impregnation vessel. The
outlet condition is a volumetric flow which is determined by the pump to the
digester in the mill. Both screens and injections are modelled as source terms
and the pump as a constant outlet velocity. The flow rates are specified in
Table 5.1, and the geometry can be seen in Figure 1.1 with boundaries marked
and additionally described in Section 1.2.

27



28 CHAPTER 5. RESULTS

Boundary Value Units
Inlet 0 [Pa]
Oulet 0.5 [m3/s]
Screens 0.025 [m3/s]
Dilutions 0.1 [m3/s]

Table 5.1: Boundary conditions.

The numerical simulations executed with ANSYS CFX 2022R1, are transi-
ent, with timestep t = 0.001 [s] and solved with the High Resolution numerical
scheme. The mesh consists of 3 · 104 polyhedral cells with an average size of 0.2
m. Both phases are treated as continua, hence the particles are not individually
resolved, the particle size is dp = 0.01 [m].

The model constants for Equations 2.5, 3.9, and 3.11 used for the base case
are presented in Table 5.2 and the variations for the abbreviated sensitivity
analysis are presented in Table 5.3. The constants k2 and k3 were varied as a pair
to alter the behavior of the solid pressure, Equation 2.5, the combinations will
be termed as ’low’ and ’high’ and refer to the level of stiffness in the chips phase
described by the solid pressure function. Each value is a significant deviation
from the original model, but still of reasonable magnitude and numerically
stable. The wall friction coefficient was varied separately.

Constant Value Units
k0 0.64 —
k1 0.59 —
k2 0.83 —
k3 0.14 —
κ 150 —
R1 4.6 · 103 [kg/m3s]
R2 3.9 · 106 [kg/m3s]

fWall 0.25 —

Table 5.2: Model constants of base case from Härkönen [14] and Pougatch [33].

Constant Low value High Value
k2 1.53 0.45
k3 0.26 0.075

fWall 0.125 0.4

Table 5.3: Model constants for sensitivity analysis.

In the examined impregnation vessel, an arch is formed between the internal
conical structure and the walls of the vessel. The arch breaks and is rebuilt
periodically as can be seen in Figure 5.1(a) and 5.1(b). A fixed volumetric flow
rate is extracted by the pump at the bottom of the vessel, this is modelled
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by applying a constant velocity as a boundary condition at the outlet. It
can be seen that the pressure below the arch as it forms is lowered due to
the constant extraction of material. As the arch breaks, the pressure rises.
The arch is formed due to the material moving downwards because of gravity
and the extraction by the pump. By monitoring the volume fraction of wood
chips, the periodical formation of an arch can be seen, see Figure 5.1(a). The
corresponding pressure during the simulation at the same points in the domain
can be seen in Figure 5.1(b). In accordance with previous mentioned theory
and discrete element model simulations by Yoshida [23], the periodicity is
identical.
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(a) Average volume fraction during arch formation and collapse. 1-No
arch, 2-full arch, 3-arch collapse, 4-No arch, same as 1. Monitor points
a-d marked in geometry.

(b) Average pressure during arch formation and collapse. 1-No arch,
2-full arch, 3-arch collapse, 4-No arch, same as 1, corresponding to Figure
5.1(a). Monitor points a-d marked in geometry.

Figure 5.1: Volume fraction of wood chips and pressure during arch formation
and collapse.
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By varying the constants k2 and k3 in Equation 2.5, the function modelling
the solid pressure, PS has been examined. The values for the base case and their
variations are presented in Tables 5.2 and 5.3, respectively. The solid pressure
is incorporated in models that describe the interaction between the chips and
the vessel, as well as the interaction between the chips themselves, the viscosity
of the chips continuum. Altering the constants to correspond to a less stiff
chips column also results in a decrease in both viscosity and the load-bearing
capacity of the chip column against the vessel wall. Correspondingly, k2 and
k3 can be altered to describe a stiffer and less deformable chips column. Figure
5.2(a) shows that a stiffer version of PS leads to a less densely packed chip
column, while a lower PS results in a more densely packed column due to the
greater influence of liquid flow on softer chips. The drag force is kept the same
and a lower PS thus leads to bridge formation at a higher volume fraction.
Furthermore, a higher PS results in a more uniform distribution of chips, both
vertically and horizontally. Figure 5.2(b) indicates that the pressure drop is
lower for higher PS , which is expected due to the reduced volume fraction of
chips at the bottom of the vessel. As long as the viscous forces of the wood
chips column are not surpassed by other forces acting on the arch, such as
gravity and hydraulic pressure, the formation and maintenance of arches are
possible.

(a) Volume fraction of chips for three
different pairs of k2 and k3.
k2 = 1.54 and k3 = 0.26, k2 = 0.83 and
k3 = 0.14, k2 = 0.45 and k3 = 0.075

(b) Pressure profile through reactor
r=R/2, for three different values of
different pairs of k2 and k3.

Figure 5.2: Volume fraction of chips and pressure profiles for various solid
pressure equations.
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To examine the effect of the wall friction on the flow field of wood chips
in the impregnation vessel, three values, as presented in Table 5.2 and 5.3
were examined. For the lower value, it can be noted that the pattern of the
packing of the wood chips is similar to the pattern with the base case constant.
In accordance with the Jansen effect, Mahajan et al [55], the actual level of
packing is however higher, and explained by the fact that the wall carries less of
the load of the wood chips column, causing it to settle more. With the higher
wall fraction coefficient, the opposite is true, explained by the fact that the
wall carried more of the load. The highest value reached is in the formation of
an arch between the reactor wall and the cone structure inside the vessel, for
all cases, see Figure 5.3(a). Altering the wall friction constant and thus the
load carried by the wall has effects on how much the chips column settles and
what the solid pressure in the column will be. The solid pressure is included in
the model for the viscosity, and thus a higher friction between the walls also
lowers the friction between the particles, resulting in a chips column which
moves more easily and is less packed.

(a) Volume fractions of chips for for
three different wall friction coefficients.
From left: fW = 0.125, fW = 0.25,
fW = 0.4.

(b) Pressure profile through reactor at
r=R/2, for three different wall friction
coefficients.

Figure 5.3: Volume fraction of chips and pressure profiles for various wall
friction coefficients.
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5.2 Ultrasound Velocity Profiling Results

All measurements of the velocity profile in the impregnation vessel were conduc-
ted as a collaboration between Valmet, Incipientus and SCA Östrand. In stand-
ard operation mode, production rates range from approximately 80, [ton/h]
to 110, [ton/h] and normal operational conditions within the mill lead to pro-
duction fluctuations of up to 20% within a few hours. Therefore, a total
measurement duration of 36 hours was deemed sufficient to assess the feasibility
of the ultrasonic velocity profiling method for this application. For further
details, see Paper II.

The transducer is connected to a Data Acquisition Box and a software
which performs continuous velocity profile measurements, with each individual
measurement taking approximately five minutes to complete. The transducer
used has a base frequency of 1.25 MHz and features a piezoelectric element with
a diameter of 2 inches. The maximum measurement depth is determined using
Equation 4.3 with fprf converted to seconds, 0.16, results in dmax = 120m
and the maximum detectable velocity is determined from Equation 4.4, the
Nyquist criteria, vmax = 2.35m.

To ensure adequate acoustic coupling between the ultrasonic transducer
and the steel wall of the vessel, a silicon heat sink compound was used as
coupling paste, minimizing acoustic impedance mismatches. The transducer
remained mounted on the vessel for approximately 36 hours, secured using a
specialized rack designed to maintain consistent connection to the steel wall.
The experimental setup used is depicted in Figure 5.4. The impregnation vessel
is described in Section 1.2 The measurement point is positioned 3 m below the
screen package, as illustrated in Figure 1.1, and at the measuring point the
thickness of the walls of the impregnation vessel is 15 mm. The wood chips are
characterized by an average length of approximately 25 mm, a width of 15 mm,
and a thickness of 3 mm. Below the liquid level, the wood chips ideally become
fully impregnated with the liquid. In this state, the density of the wood chips
is estimated to 1150, [kg/m3], while the density of the liquid is approximately
1000, [kg/m3]. Determining the precise local volume fraction within large-scale
industrial equipment remains a challenge. The estimated volume fraction of
wood chips varies between approximately 0.4 and 0.7 from the liquid level down
to the bottom of the vessel. This estimate is derived from the load exerted by
the column of wood chips, which is calculated using the equation for the solid
pressure, Equation 2.5, presented in Section 3 and comparing it to Equation
5.1.

Ps = ∆ρ · g · h (5.1)

where ρ is the density of the wood chips, g the gravitational constant and
h the height of the wood chips column.

Given the vessel diameter of d = 8.8,m and an approximate density of
atmospherically pre-steamed wood chips of ρchips = 147, [kg/m3], the average
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velocity of the wood chips is estimated to be between 3.5 and 5.5, [mm/s],
calculated using the following Equation:

vchips =

(
1000 · Production

ρCζdζtot
· 1

Ψ

)
1

3600A
(5.2)

where the production rate is expressed in air dry ton/h, ρC represents the
density of dry wood chips, Ψ is the estimated packing degree of wood chips,
and A denotes the cross-sectional area of the impregnation vessel, and ζd and
ζtot are the yield in the pulp digester and mill total, respectively.

Figure 5.4: The transducer mounted to the impregnation vessel.

In Figures 5.5-5.6, some examples of Doppler spectra of the velocity from
the measuring period of 36 hours are seen and show that it is possible to detect
the velocity of the wood chips inside the impregnation vessel at ordinary process
conditions which are also varying. The sensor was able to measure ≈ 350mm
into the vessel after the wall. Shortly after 350mm the signal is severely
attenuated, and no velocity is distinguishable. For all spectra it is noted that
at the wall located at x = 0m the velocity is non-zero followed by a steep
gradient further away from the wall and beyond, there is plug flow established
at 12.5mm. Production data with 10-minute resolution, for 11-12 December
2024, is converted to velocity according to Equation 5.2 and presented in Figure
5.7 - 5.10 together with the UVP-data. Although the measurement depth is
limited to below 10% of the radii of the impregnation vessel, the fluctuations
of the production are captured when comparing the velocities. The lack of
data seen in the curves for the measurements are due to bad quality measure-
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ments with indistinguishable profiles. The average production velocity during
the period for which the sensor was mounted ranged between 4.2− 4.7mm/s.
As can be seen in Figures 5.5 and 5.6 the measured velocity is in the same range.

Figure 5.5: Velocity profile measured in impregnation vessel at 121224 04:04.

Figure 5.6: Velocity profile measured in impregnation vessel at 121224 16:18.
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Figure 5.7: Production data for 111224 converted to velocity, shown together
with average measured velocity.

Figure 5.8: Production data for 111224 converted to velocity, shown together
with maximum measured velocity.
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Figure 5.9: Production data for 121224 converted to velocity, shown together
with average measured velocity.

Figure 5.10: Production data for 121224 converted to velocity, shown together
with maximum measured velocity.
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Chapter 6

Discussion

An advantage of using the Eulerian continuum model approach is its ability to
represent large-scale systems containing billions of particles while integrating
heat and mass transport as well as chemical reactions, thus enabling compre-
hensive modelling of industrial pulping equipment. The model examined in this
study is two-dimensional, with symmetrical geometry and boundary conditions.
Introducing asymmetric boundary conditions or perturbations would necessitate
a three-dimensional framework to capture these effects. The two-dimensional
model exhibits greater stiffness due to its reduced degrees of freedom, which
may lead to an overestimation of the arch formation. A three-dimensional
model would introduce instabilities in the tangential direction, likely resulting
in reduced packing of wood chips and the breakdown of structures prior to
complete arch formation. Nevertheless, an important finding is that the model
successfully captures phenomena previously observed in more refined models,
such as the Discrete Element Method (DEM), when such effects are present.

The impregnation vessel examined in this study exhibits geometric simil-
arities to silos used for the storage of agricultural materials and consequently
experiences analogous physical phenomena. The formation and subsequent
collapse of structural arches were observed in all variations in the parameter
sensitivity analysis, suggesting a potential geometric concern. In both silos
and impregnation vessels, the granular material is discharged from the bottom.
However, a key distinction lies in the presence of a liquid medium in digesters
as opposed to air in silos. This difference significantly influences the drag forces
between solid components due to the disparity in density between air and
liquid, which spans several orders of magnitude. As a result, minor velocity
variations in the liquid medium induce more substantial changes in drag force
at equivalent velocities. Since even small force variations can be transmitted
to the solid phase, an increase in the packing of wood chips is observed. Small
changes along the large length of the impregnation vessel sum up to significant
effects.
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Conversely, if the liquid moves counter currently to the solid phase, the
packing of wood chips is reduced to a greater extent. Another important dis-
tinction is that silos for agricultural material often operate in batch mode, while
the impregnation vessel is continuous, and an even flow of material is important.

A critical parameter for modelling the flow of wood chips is the solid pres-
sure. Variations in the model constants, k2 and k3 demonstrated a significant
influence on degree of packing of wood chips, aligning with the findings of
Hinterreiter [22], who regarded it as a lumped parameter accounting for mois-
ture content, particle shape, and aspect ratio. Wood chip distribution and
packing is the primary determinant of liquid distribution and, consequently,
the efficiency of the pulping process. A similar effect of the degree of packing
can be noted when varying the wall friction coefficient, a higher wall friction
coefficient, which corresponds to the wall carrying more of the load from the
chips column, also results in a lower volume fraction in the bottom of the vessel.
When comparing the results from the varying of the wall friction coefficient to
the results from the solid pressure variation, the effect of the viscosity can be
seen. A lower, PS results in lowering the load that the wall can carry, and also
makes the chips more easily packed, or less viscous, the combined effect can
be noted when comparing the left most picture in Figures 5.2(a) and 5.3(a),
where the volume fraction is higher in Figure 5.2(a). A lower viscosity results
in an even higher volume fraction. Viscosity, which represents inter-particle
friction, is only relevant when particle contact occurs, which corresponds to
exceeding a critical particle volume fraction. Under such conditions, solid
pressure is also present. In this study, the solid-phase viscosity is described
using a Bingham model as a function of solid pressure and shear strain rate,
since viscosity depends on solid pressure, variations in the volume fraction of
wood chips inherently alter viscosity.

The appropriate selection of parameters based on the specific biomaterial
properties is crucial during equipment design. The parameter study conducted
in this research underscores the significance of correct material constants to
avoid an underestimate or overestimate of equipment malfunctioning risks,
such as operational irregularities and inefficient chemical distribution caused
by excessive packing of wood chips.

Theoretical calculations of the maximum detectable velocity and meas-
urement depth, as outlined in Section 4.1, indicate that it is theoretically
possible to measure up to 120 m with the settings used for the impregnation
vessel, based on Equations 4.3, 4.4, and 4.5. However, this theoretical value
does not account for signal attenuation due to the steel vessel wall or the
high particle loading, both of which severely impact signal penetration depth.
Comparing the measured depth reached with the dimension of the wood chips,
it is estimated that the measurement depth encompasses between 16 and 133
wood chips, depending on their ordering and orientation. Given the random
distribution of chips, the true number likely falls within this range. Further
analysis of measured velocities in relation to production rates reveals that for
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a production rate of 93.5 tons per day, chip packing degrees of 1.3 and 1.4
correspond to average velocities of approximately 4.6 mm/s and 4.3 mm/s,
respectively, representing a difference of approximately 7%. Implying that if the
estimated degree of packing of wood chips is off by 7% the converted process
data will not match the measured velocity with better accuracy. Degree of
packing can, in principle, be estimated using a constitutive equation, provided
that the relevant material parameters are known. However, in industrial envir-
onments, these parameters are often unavailable, complicating the estimation.
Additionally, the volume fraction of wood chips is likely to fluctuate over time
due to varying process conditions and operational factors, such as liquid level
changes. Figures 5.7 - 5.10 indicate that certain converted process data align
more closely with measured maximum velocities, while others better match
measured average velocities, suggesting temporal variations in chip volume
fraction. Furthermore, the moisture content of wood chips is unknown; while
ideally saturated with liquid, incomplete pre-steaming could leave air within
the chips, which would lead to attenuated ultrasound signals. The sensor
was attached to the impregnation vessel using a custom bracket, but vessel
vibrations posed challenges in securing the sensor, as minor displacement could
affect sensor coupling with the vessel wall, thereby impacting measurement
depth.
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Chapter 7

Conclusions

The Euler-Euler model examined in this study captures the periodic behavior
of arch formation and breakage, as well as the corresponding hydraulic pres-
sure variations. These phenomena have previously been observed in smaller
systems modelled using the discrete element model (DEM) with a limited
number of particles. The present model of an industrial-scale impregnation
vessel demonstrates its capability to describe large-scale granular flow of wood
chips. It captures the occurrence of formation of arches despite not resolving
each individual particle, which is not feasible for the size of industrial cooking
system equipment. An accurate flow field is a key feature for understanding
the operation of equipment in cooking systems. This possibility opens for
further model development including heat and mass-transfer for a full-scale
investigation tool of industrial scale vessels with particle flow.

Despite the extremely high particle loading within the impregnation vessel,
this study demonstrates the potential of Ultrasonic Velocity Profiling, UVP, to
visualize the velocity of wood chips inside the vessel. A significant advantage
of this method is its ability to perform measurements through the 15 mm thick
steel wall, confirming that UVP is a truly non-invasive technique. This opens
to possibilities for measuring flow characteristics under conditions that are
otherwise highly challenging to access in industrial equipment.

Given the inherent uncertainties associated with the process, the ability
to capture the overall flow behavior and estimate reasonable velocity distri-
butions supports the conclusion that UVP has potential as a viable method
for obtaining insight into the flow conditions of wood chips inside large-scale
industrial impregnation vessels.
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The velocity profiles obtained near the vessel wall exhibit non-zero velocities,
which is consistent with the expected behavior of a dense granular flow. A
thin shear layer is observed, while the remaining profile exhibits plug flow
characteristics. These measurements suggest that the flow of wood chips at
an industrial scale can be regarded as a dense granular flow. Furthermore,
the measurements support the assumption that the viscosity can be modelled
using a first order approach such as a Bingham fluid, for computational fluid
dynamics (CFD) simulations of the system.



Chapter 8

Future work

The CFD-model based on the Eulerian approach, of the impregnation vessel can
be extended to include the heat- and mass transport occurring due to the chem-
ical reactions of the delignification process, which is the next step in the cooking
process in pulp mills. Including the chemical reactions gives a full-scale model
of the cooking system. It is of high importance when extending the model with
the heat and mass transport to ensure that the limiting coefficients of the reac-
tions and diffusion trough and in the two present phases are in the right order
of magnitude and experimental work regarding this is needed. Such a full-scale
model could be used by the industry to design and optimize the cooking system.

This continuum model of wood chips can capture several important phe-
nomena and could be supplemented with experimental data for the wood of
interest to obtain a good modeling tool.

Ultrasound velocity profiling has shown potential to gaining insight in
the flow conditions in industrial equipment. Further development of the
technique could result in a larger measurement depth and detection of possible
irregularities in the flow field. Further measurements near the wall could have
potential to detect concentration gradients as well.
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[54] R. Haldenwang, R. Kotzé and R. Chhabra, ‘Determining the viscous
behavior of non-newtonian fluids in a flume using a laminar sheet flow
model and ultrasonic velocity profiling (uvp) system,’ Journal of the
Brazilian Society of Mechanical Sciences and Engineering, vol. 34, pp. 276–
284, 2012 (cit. on p. 25).

[55] S. Mahajan, M. Tennenbaum, S. Pathak et al., ‘Reverse janssen effect in
narrow granular columns,’ Physical Review Letters, vol. 124, Mar. 2020.
doi: 10.1103/PhysRevLett.124.128002 (cit. on p. 32).






