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Abstract

Woodchips is a solid biomass playing an important role for heat and power generation from
renewable resources. The major quality factor for woodchips is the moisture content, wherefore
drying is of greatest importance during production. This thesis is a study of a process separating
liquid droplets from solid surfaces for drying of woodchips in a cyclone separator working at low
temperature and pressure. Separation of phases instead of transfer between phases reduces the
drying cost. In the process, the woodchips are first pressed in order to increase the surface area
and to press water to the surfaces.

A theoretical understanding of the process is developed and the separation process of liquid
droplets detaching from solid surfaces is simulated with the Volume of Fluid method. A trend
study is performed in order to investigate the effects of varying wetting angle, droplet volume and
relative velocity. It is shown that the detachment process is facilitated by a large contact angle,
small droplet volume and high relative velocity. Also different orientations of the woodchip is
investigated. The time frame for detachment is shown to be in order of milliseconds. For the
process it is important to keep the time between press and cyclone as short as possible to get
separation before the surface water is reabsorbed into the wood. In addition to the simulations,
this thesis also includes an experimental part with observations and comments about the process.
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Nomenclature

Acronyms

CFD Computational Fluid Dynamics
CFL Courant-Friedrichs-Lewy number
CO Carbon monoxide
CO2 Carbon dioxide
cwra Constant wetting rate angle
DNS Direct Numerical Simulation
dpm Discrete particle modeling
fsp Fiber saturation point
HC Hydrocarbon
LES Large Eddy Simulation
MC Moisture content
PAH Polycyclic aromatic hydrocarbon
RANS Reynolds Averaged Navier Stokes
RSM Reynolds Stress Model
SST Shear Stress Transport
V LES Very Large Eddy Simulation
V OC Volatile organic compound
V OF Volume of Fluid

Greek symbols

α Volume fraction
γ Surface tension
ε Dissipation of turbulent kinetic energy
θA Advancing contact angle
θE Contact angle
θR Receding contact angle
µ Dynamic viscosity
µt Turbulent viscosity
ν Kinematic viscosity
ρ Density
ω Specific dissipation rate

Roman symbols

E Energy
F Force
g Gravitational acceleration
H Absolute humidity
k Turbulent kinetic energy
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L Length
M Molar mass
m Mass
n Amount of substance
P Pressure
R Length scale for droplet contour
r Radius
S Source term
T Temperature
t Time
u Velocity
x Space variable
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1 Background and introduction

In this chapter, an introduction and background to this thesis is given in section 1.1. In section
1.2 the purpose of this thesis is presented and section 1.3 deals with the limitations that had to
be set up.

1.1 Background

During the last centuries, increasing levels of carbon dioxide in the atmosphere have been recog-
nized and a majority of all scientists are in agreement that human activities are contributing to
those increasing levels. To impede the global warming following from the high CO2 levels and
stop the increase of natural disasters and extreme weather conditions something must be done
[1]. In 2009 the European Union enacted a climate and energy package which includes a target
of ”Raising the share of EU energy consumption produced from renewable resources to 20 %”
before year 2020 [2], in 2011 it was 13 % [3].

Apart from water-, wind- and solar energy, the most important renewable energy resource
is biomass with the advantage of being controllable when and where to produce the energy. In
order to fulfill the targets set by the EU mentioned above, a large number of biomass projects are
planned for to complement the energy production from other renewable resources. Among the
many types if biomass fuels, woodchips present good offers regarding availability and continuous
supply. Historically, woodchips have been bought from local suppliers but with the increasing
demand and with facilities projected in areas with low access to own supply, there will be a
long distance between buyer and producer. It is thought that by 2020 the European Union will
import about 30 % of the solid biofuel.

Fresh cut woodchips usually contain about 55 % water and by drying them, a lot is saved,
both environmentally and economically, more specific in terms of lower transportation costs,
increased heat economy and lower emissions during combustion. It has been shown that the
drying procedure is the most costly part in the production process of woodchips and pellets.
Therefore the idea of drying the woodchips in a mechanical way was born, more particularly to
separate the moisture from the solid instead of the conventional approach with thermal drying,
where moisture is removed by evaporation. In this way the energy consumption, and thereby the
cost, can be significantly lowered since no heat is used to vaporize water. With a mobile drying
unit, the drying can be performed at the place where the timber is harvested. The mechanical
separation is to be done in a system consisting of a mechanical press and high speed air cyclone.

1.2 Purpose

The purpose of this thesis was to investigate and develop an understanding of the process sep-
arating liquid droplets from solid surfaces for drying of woodchips in a cyclone separator. In
addition to the theoretical understanding, a model was built and CFD simulations of the separa-
tion of liquid droplets from a solid surface were performed. The simulation part includes a trend
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Chapter 1. Background and introduction

study where wetting angle, droplet volume and relative air velocity have been varied in order to
investigate how those changes affect the droplet detachment process. The simulations are made
on a small scale considering an individual droplet placed on a single woodchip. The purpose of
this thesis was never to perform full scale simulations of woodchips in a cyclone separator, but
rather to build an understanding on a very small scale and to form a basis for future work.

In combination with the theoretical part, an experimental study has also been part of this
thesis. This was done in order to obtain a deeper knowledge of the actual process and to make
overall observations.

1.3 Limitations

As stated above, the simulations in this thesis focus on the separation of a single droplet from
a solid surface. The trend study performed was done only for a two dimensional case. It was
assumed that the gas stream always is flowing parallel to the woodchip. A 3D case was run
for comparison with the 2D cases. No simulations of the actual process containing thousands
of woodchips loaded into the cyclone were performed. Also, the evaporation of water was not
included.
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2 Theory

In this chapter the fundamentals about relevant topics are discussed. Section 2.1 explains wood-
chips in general with the focus on moisture content. In section 2.2 general drying mechanisms
are discussed and section 2.3 describes how the drying process is set up. Section 2.4 gives a
description of surface tension, wettability and sliding droplets while section 2.5 shortly describes
the fundamentals about cyclone separators. Finally, section 2.6 covers the modeling procedure
with governing equations and discrete phase modeling.

2.1 Woodchips

Woodchips are small pieces of wood, broken or cut from trees like the ones flaking off when felling
a tree. They represent a very important solid fuel in facilities using biomass for generation of
energy or heat. For the production of woodchips, large machines called wood-chippers are used
and there are many different types of chippers where the largest ones can reduce entire trees to
small woodchips. The dimensions of the produced chips are varying but typically in the range
of 1-3 x 2-8 x 0-1 cm. In Figure 2.1 some examples of differently sized woodchips are to be seen.

Figure 2.1: Woodchips sorted by size.

2.1.1 Moisture content

Dealing with woodchips, the most important quality factor is the moisture content, MC, which
can be calculated in two different ways; either on wet or dry basis. This means that the calculation
is done by taking the ratio of moisture mass to the mass of either wet or dry material. In this
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Chapter 2. Theory

thesis all presented values of moisture content are given on wet basis, meaning that a sample of
1 kg woodchips with 50 % MC consists of 0.5 kg moisture and 0.5 kg dry wood. The MC (wet)
is calculated according to Equation (2.1).

MC =
mmoisture

mdry wood +mmoisture
· 100 [%] (2.1)

The moisture content in fresh cut wood is usually about 55 %, meaning that the majority of
weight is water. The moisture in wood is present in different ways where the total amount is
the free liquid water and the water vapor present in cell cavities and open spaces together with
chemically bound water in the cell walls. The point when no water is present in the cavities and
openings but the cell walls are saturated is called the fiber saturation point, fsp. The moisture
content at this point can vary between different species and also between individual pieces of the
same specie, but an average value of about 23 % MC is usually reported [4]. When drying wood
with a moisture content above the fiber saturation point, i.e. for removal of free moisture, the
mechanical and physical properties of the material remain unchanged, but drying below the fsp,
the properties are functions of moisture content and thereby changed during the drying process.
For pieces of wood with a MC below the fiber saturation point it is possible to determine an
equilibrium moisture content at which the wood is neither loosing nor absorbing water and this
equilibrium moisture content is highly dependent on relative humidity and air temperature.

As mentioned earlier, the moisture content is a measure of the quality of woodchips. A lot
of moisture in the woodchips results in negative aspects when handling the chips, therefore it is
desirable to reduce it. The reasons for aiming at a low moisture content is to

• avoid biodegradation of the material,

• decrease the transport costs,

• get higher efficiency during combustion,

• and to decrease the emissions during combustion.

In the following subsections, each point is described in more detail.

2.1.2 Biodegradation

Wood is a biodegradable material, meaning that enzymatic processes resulting from cell action
can cause losses in performance or characteristics of the material [5]. The U.S. Geological Survey
defines biodegradation as ”Transformation of a substance into new compounds through bio-
chemical reactions or the actions of microorganisms such as bacteria” [6]. The most important
parameter affecting the degradation process is the moisture content. If the moisture content
exceeds the fiber saturation point, about 23 %, the environment is favorable for growth of fungi
and bacterias and therefore the degradation is very effective at high moisture content. If the
moisture content is below 17 % no fungal decay can occur and the region in between those limits
is a transition area in which decay might occur. If below 20 % MC no decay can be initiated [7].

2.1.3 Transport

Removal of moisture reduces the total material weight and thereby also the costs for transporta-
tion and handling. Consider two loads with woodchips having the same total weight, but the
first has a MC of 50 % and the second is dried to 25 % MC. Comparing those shows that the

4



2.1. Woodchips

second contains 50 % more dry wood than the first. From this easy calculation it is clear that
the costs for transport is reduced with lower MC; more wood can be transported to the same
cost.

2.1.4 Energy content

Combustion of moisture-containing biomass fuels includes both the combustion itself, which is
an exothermic reaction, but also the evaporation of water, which is an endothermic process. The
energy required to evaporate the moisture must be taken from the burning fuel and thereby the
amount of recovered energy is reduced. An increase in moisture content results in decreasing
energy content per unit mass of fuel. The energy content is usually expressed as heating value
and given as effective heating value of either dry or wet biomass. Shortly said, it is the amount
of heat produced when a material is completely combusted. The moisture content is a factor
strongly influencing the energy generated during the combustion process. The autothermal point
is used to give the critical moisture content below which no additional fuel is needed after ignition,
for biofuels this limit is about 65 %. In practice, combustors require the moisture content to
be below 50 - 55 % [8]. For Scots pine, the relationship between effective heating value and
moisture content is visualized in Figure 2.2, given on both dry and wet basis [9]. The more rapid
decrease in heating value calculated on wet basis is due to the high increase in material weight
with increased MC.

Figure 2.2: The effect of moisture content on the effective heating value of biomass from mature
Scots pine stems, given on wet and dry basis respectively [9].

2.1.5 Emissions

During combustion of biomass, care must be taken of the pollutant emissions generated. A high
moisture content results in a lower temperature in the combustion chamber, which might lead
to incomplete combustion. This would increase the production of pollutant emissions of CO and
HC, including volatile organic compounds, VOC, and polycyclic aromatic hydrocarbons, PAH,
therefore the fuel moisture must be controlled properly [8].
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Chapter 2. Theory

2.2 Drying

The goal with drying is to remove the water saturated in the material. For wood this has
historically been done by timber seasoning or piling up woodchips, where the former means that
the timber is put at rest for a season before further handling. During this time of rest, the
moisture content is decreasing due to evaporation, which is explained in section 2.2.1. Natural
drying of wood over a summer reduces the moisture content to about 30 %.

2.2.1 Evaporation

Evaporation is the most well known way of drying and refers to transfer of water from a liquid
to a vapor phase. For evaporation to take place, the vapor pressure of water must be higher
than the partial pressure of moisture in the ambient gas. The partial pressure of water in air can
be computed using absolute humidity, which is the ratio of water vapor mass to that of dry air,
defined in Equation (2.2), where Ptot is the total pressure and MH2O and Mdry air are the molar
masses of water and dry air respectively. PH2O is the partial pressure of water vapor defined in
Equation (2.3) [10].

H =
MH2OPH2O

Mdry air(Ptot − PH2O)
(2.2)

PH2O =
nH2O

ntot
Ptot (2.3)

In the above equation, nH2O and ntot corresponds to the number of moles of water and the total
number of moles respectively. Rewriting Equation (2.2) in terms of partial pressure of water
vapor the following relation is obtained:

PH2O =
HMdry air

HMdry air +MH2O
Ptot (2.4)

The amount of moisture in air is normally between 0.5 and 2 % [11] and combining this with
the molar masses of air and water, 28.95 kg/kmol and 18 kg/kmol respectively [12] and an op-
erating pressure of 1 bar gives a partial pressure of water of about 0.03 bar. Comparing this
with the saturation pressure of water vapor at different temperatures shows that a temperature
above 25◦C is sufficient for evaporation to take place [13]. The temperature in the cyclone will
be above this and therefore it is expected that water will also be evaporated inside the cyclone.

Observing the drying behavior of a wet solid material, it is possible to categorize the material
in either of two groups. The first group includes granular and crystalline solids in which the
moisture is held in pores between particles and the second group consists of amorphous, fibrous
and gel-like solids in which the moisture is dissolved in fibers or very fine pores. The mate-
rials in the former group are mainly inorganic and unaffected by moisture removal, therefore
the choice of drying method is not critical and the material can be dried fast. In the latter
group, the materials are mainly organic, such as wood, glue and cotton. The effect of drying
is often very high on those materials and therefore the drying process must be carried out very
carefully to avoid too fast drying and thereby a damaged product. Within this scope of this
thesis wood is to be dried and as just said, it belongs to the second group of materials. But
kept in mind from section 2.1.1 is that drying above the fiber saturation point is not affecting
the characteristics of the material. Moisture movement in solids of category two, as wood, above
the fiber saturation point occurs by capillary action and below the fsp it is due to liquid diffusion.
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2.3. Process

For all solid materials, it is possible to observe a general behavior of the rate of change of
moisture content during the drying process. Plotting the decrease in moisture content with re-
spect to time gives the so called drying curve. Differentiating this curve with respect to time and
multiplying with the ratio of solid dry mass to interfacial contact area, the drying rate flux as a
function of moisture content is obtained. This function is plotted in Figure 2.3. The drying rate
depends on temperature and moisture content of the solid material and on temperature, relative
humidity and velocity of the ambient gas [10].

From Figure 2.3 it is clear that the drying process can be divided into different phases. From
A to B is the preheating period where the material is heated to the drying temperature, some
evaporation occurs with increasing rate. In Phase 1, from B to C, the surface is covered with
water and the evaporation takes place with constant drying rate. During this period the rate-
limiting step is the external mass and heat transfer. When the surface is no longer saturated
with water, the critical point C is reached and the first falling rate period, Phase 2, is entered.
In this period, the moisture must be transported from within the solid to the surface and the
diffusional transport is controlled by internal liquid movement. Reaching point D, the material
is still containing moisture and the drying continues until equilibrium is reached, for example at
point E. Phase 3 is the second falling rate period, recognized for hygroscopic materials [10], [14].

Figure 2.3: General drying rate curve, showing the different drying periods; The constant drying
rate period, the first falling rate period and the second falling rate period.

2.3 Process

The main purpose of this thesis was to investigate the possibility of drying woodchips mechani-
cally by separation of liquid droplets from the solid surface of woodchips. The process consists
of a woodchipper, a mechanical press and finally a cyclone. In the woodchipper the chips are
produced from stems of Scots pine and the fresh woodchips are then pressed in order not only to
remove water directly but also to increase the surface area and the amount of surface moisture.
The phase separation is then to be made in a high speed air cyclone where air is blown with
high velocity around the woodchips. This generates a high relative velocity between the chips
and the air. The fast traveling air phase will tear droplets off the wooden surface. More about
the process in chapter 4.
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Chapter 2. Theory

2.4 Droplet physics

To develop some understanding of the physics of droplets, the following subsections, 2.4.1-2.4.3,
are explaining surface tension, wettability and the behavior of droplets sliding on surfaces.

2.4.1 Surface tension

An important property of liquids is the surface tension, which can be understood by investigat-
ing the surface of a liquid, as the one depicted in Figure 2.4. Surface tension arises from the
attraction between liquid molecules. In Figure 2.4 it is illustrated that a molecule within the
liquid, completely surrounded by molecules of the same specie, experiences the same attraction
in all directions, resulting in a zero net force. On the other hand, molecules at the surface, only
have half as many neighbors of the same type and are therefore experiencing a net pull towards
the liquid center. This is the reason why droplets are adapting their shape trying to minimize
the surface area, and thereby also the surface energy. To move liquid molecules to the surface,
and thereby increase it, work must be done. The measure of this work taken per unit area is
the surface tension. In other words, the surface tension is the energy that must be supplied to
increase the surface area by one unit [15].

Figure 2.4: A surface molecule with half as many neighbors as the bulk molecules experiences a
net inward pull.

Surface tension is dependent on both pressure and temperature but more strongly on the latter.
In Equation (2.5) the surface tension for water in air is expressed as a linear function of tempera-
ture, where the temperature T is given in Kelvin [16]. With increased temperature the increased
molecular motion overcomes the interactions and thereby the surface tension is reduced.

γ = 0.123(1− 0.00139 · T ) [N/m] (2.5)

2.4.2 Wettability

When a liquid is in contact with a solid surface, there will be interactions between molecules of
the two phases. This phenomenon is called wetting and describes how a liquid behaves when
deposited on a solid surface. There are different types of wetting, shown in Figure 2.5; total
wetting with strong attractive forces to the surface, partial wetting with weaker forces and non
wetting where the molecules are repelling each other. In the case with total wetting, droplets
placed on the solid surface will spread completely forming a liquid film. On partially wetting
surfaces, the droplets will remain in place forming a contact angle, θE , measured inside the
droplet and used to characterize the surface. For contact angles approaching 180◦ the material
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2.4. Droplet physics

is said to be non-wettable. Between water and hydrophobic materials as paper and wood there
are strong interactions compared to them between water and hydrophilic materials.

Figure 2.5: Wettability. Different degrees of wetting: total, partial and non wetting surfaces.

Nussbaum [17] studied how the wettability of wooden surfaces is reduced with time and made
measurements of the constant wetting rate angle on different surfaces from two wood species.
In Figure 2.6(a), a schematic graph for a droplet placed on a wooden surface is displayed. The
upper part shows the contact angle against time after droplet application on the surface whilst
the lower part displays the rate of change of contact angle. The wetting process can be divided
into two major phases; first the contact angle is decreasing fast and the droplet is spreading on
the surface, thereafter the rate of change of contact angle is leveling off and the contact angle
becomes constant. This constant value is called the constant wetting rate angle, cwra, and in
Figure 2.6(b) it is plotted against different times after the surface was cut. The presented graph
is for water droplets placed on sawn tangential surfaces of Scots pine. It is seen that fresh and up
to five days old woodchips have a cwra of about 40◦. For older chips the cwra is increased, finally
reaching about 70-80◦ for chips prepared more than 9 days in advance of the measurements. The
reason behind increased cwra values on older surfaces is that wood extractives are transported
to the surface, aiming at protecting the wood.

(a) (b)

Figure 2.6: Figure (a) shows that the contact angle initially decreases rapidly and then leveling
off. In (b) the constant wetting rate angle, cwra, at different times after the cutting
of new surfaces is displayed. Reprinted from Nussbaum [17] with clarified font.

A liquid droplet attached to a surface might change in volume, for example decrease due to
evaporation or increase due to condensation of vapor from the ambient gas. Initially those two
processes generate changes in contact angle while the contact area remains constant. This initial
stage can be seen as a change in droplet height and continues until a critical contact angle
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Chapter 2. Theory

is reached, called the advancing or receding contact angle for increasing and shrinking volume
respectively. When this critical contact angle is reached, it is kept constant and the droplet
starts to change in diameter instead. The values of the advancing and receding contact angles
are used to describe a material surface [18].

2.4.3 Sliding droplet

A droplet placed on a perfectly smooth horizontal surface will settle with a circular contact
line and equal contact angle all around the circle. The contact angle, θE , for the droplet in
thermodynamic equilibrium is described by the Young equation, Equation (2.6), relating the
surface tensions between the solid and the vapor, the solid and the liquid, and the liquid and the
vapor; γSV , γSL and γ, respectively [19].

γSV − γSL − γ cos θE = 0 (2.6)

If an external force, as the aerodynamic force from a shear flow, is applied, the droplet will
deform in the direction of the flow. In Figure 2.7, an example of the deformed droplet is displayed.
The adhesion force is the force keeping the droplet in position, and is a function of the shape of the
contact line and of the contact angle distribution. To describe of how the contact angle changes
along the contact line, different models have been used in literature. For example Extrand and
Kumagai [20] based their model on the advancing, θA, and the receding contact angle, θR, but
experiments [21] have shown that the maximum and minimum angles, θmax and θmin, are not
always equal to θA and θR.

Figure 2.7: A droplet subjected to an external force is deformed and leaning in the direction of
the external flow.

For droplet sliding to be initiated, both the maximum and the minimum contact angle must be
attained, i.e. the contact angle is changing from θmin to θmax along the droplet perimeter. See
Figure 2.7 for illustration of a sliding droplet with the angles illustrated. For known contact angle
distribution along a known contact line, the adhesion force can be calculated with Equation (2.7).
The difference in contact angle for a moving droplet is called hysteresis and is of importance in
material science for design of surfaces with specific properties.

Fadhesion,max = γ R k(cos θmin − cos θmax) (2.7)

In the above equation γ is the surface tension between the liquid and the gas, R is a length
scale for the droplet contour and k is a parameter that must be determined by experiments. For
known k the adhesion force can be predicted for a given combination of liquid/surface, but the
disadvantage is that a new liquid or surface requires an experimentally determined update of k
[22].
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2.5. Cyclone separator

2.5 Cyclone separator

As described in section 2.3 the goal is to use a cyclone to dry woodchips by separation of water
droplets from the wooden surfaces. In this section the basics of a cyclone separator are described.

A cyclone is a separation unit built upon the basic idea to separate solid particles from a
gas stream, by use of the centrifugal force. In standard cyclones, the gas enters the device in
tangential direction, bringing the gas into a swirly motion. The swirl is the tangential component
of the flow velocity vector. The flow field shows the typical behavior of a combined vortex, where
the gas flow is directed downwards in the outer region. Further down in the conical part the
outer vortex is forced towards the center where the gas flows upwards in an inner vortex. The
inner vortex is collected by the vortex finder and the gas exits the cyclone through the gas outlet
on top. A typical reverse-flow cyclone is displayed in Figure 2.8, where also the inlet and outlets
are named.

Figure 2.8: A reverse-flow cylinder-on-cone cyclone separator.

Particles enter the cyclone either together with the gas or through a separate inlet and the
separation starts when they enter the swirly flow. Well inside, the particles are subjected to
a strong outwardly directed centrifugal force bringing them towards the walls. The centrifugal
force is highly dependent on the particle diameter and therefore larger particles will be easier to
separate than small ones. At the walls, the particles will be brought downwards by the outer
vortex, to some extent assisted by gravity. Apart from just separate solids from gas, cyclones
can be used for classification of particles. In that case, lighter (smaller) particles will follow the
gas stream out over top while larger particles will exit through the particle outlet at the bottom.
Depending on cyclone dimensions and flow properties the break criterion can be determined
[23, 24].
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Chapter 2. Theory

For a particle placed in the swirly flow, Newton’s second law can be used to write the equation
of motion:

(Mass · Acceleration) = (Body force) + (Fluid drag) + (Unsteady force terms) (2.8)

The body force is, for a particle falling in air, represented by the gravitational force and in a
similar way, in a swirly flow, the particle will move relative to the gas and the gravitational force
will be replaced by a centrifugal force pointing outwards in radial direction. The fluid drag is
the drag force due to the relative velocity between the fluid and the particle and the unsteady
force terms is a collection of all forces acting on the particle because of the particle acceleration
relative to the fluid. All forces acting on particles in a multiphase flow are presented in Appendix
B, where it also is stated which can be neglected.

The centrifugal force, Fcentrifugal, is computed by Equation (2.9) where m is the particle mass,
u is the particle’s tangential velocity and r is the radius of the circular path.

Fcentrifugal = m
u2

r
(2.9)

2.6 Modeling procedure

In this section, the modeling procedure is described, beginning with the governing equations and
turbulence modeling, followed by multiphase modeling.

2.6.1 Governing equations

For fluid flows, the governing equations are the continuity equation for conservation of mass,
(2.10), the equation of motion for momentum, (2.11), and an energy balance, (2.12). The equa-
tions are here given for a Newtonian fluid.

∂ρ

∂t
+
∂ρui
∂xi

= 0 (2.10)

∂(ρui)

∂t
+
∂(ρuiuj)

∂xj
= − ∂P

∂xi
+ µ

∂

∂xj

(
∂ui
∂xj

+
∂uj
∂xi

)
+ ρgi (2.11)

∂(ρE)

∂t
+
∂(ρEuj)

∂xj
= −∂(Puj)

∂xj
+

∂

∂xj

(
k
∂T

∂xj

)
+
∂(uiτij)

∂xj
+ SE (2.12)

where SE is an energy source term and the tensor τij is defined as:

τij = µ

(
∂Ui
∂xj

+
∂Uj
∂xi

)
− µ2

3

∂Uk
∂xk

(2.13)

An equation of state, e.g. the ideal gas law, is used to relate pressure and internal energy to
the state variables ρ and T and thereby the above equations can be solved [25].

In the ideal world, without limitations regarding computational power, time or money it would
have been possible to solve those equations directly to give exact solutions perfectly describing the
fluid behavior, but in general it is not possible to find an analytical solution because of nonlinear-
ities and derivatives in both space and time, therefore a numerical solution method must be used.
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2.6. Modeling procedure

The numerical solution is based upon dividing the computational domain into small cells and
solve the governing equations numerically in each cell. A numerical solution brings an error,
which should be as small as possible. By definition, the numerical error goes to zero as the cell
size approaches zero, therefore a very fine grid is desired. But on the other hand a very fine grid
requires much more computational power.

2.6.2 Turbulence modeling

Turbulence is characterized by fluctuating variables and for larger systems it is way too computa-
tionally expensive to achieve exact solutions to the governing equations. It is possible for smaller
systems though, using DNS, which solves exactly in all computational cells. There are different
ways of how much modeling is needed, for example by filtering in space like with LES or VLES.
Another popular way to simplify the solution procedure and reduce the time for computation is
to use the Reynolds decomposition, splitting the instantaneous variables, φ, into a time averaged
part, φ, and a fluctuating part, φ′, as shown in Equation (2.14). The averaged part is calculated
whereas the fluctuating part is modeled.

φ = φ+ φ′ (2.14)

Applying Equation (2.14) to all relevant variables and inserting into the conservation equations,
(2.10)-(2.12), the so called Reynolds Averaged Navier Stokes, RANS, equations, are obtained.
For convenience, when calculating compressible flows, a density weighted averaging procedure
called Favre averaging is used in addition. An instantaneous variable is thereby decomposed as
in Equation (2.15) where φ′′ includes fluctuations of both turbulence and density. For incom-
pressible flows with constant density φ′′ equals φ′. The advantage with Favre- over Reynolds
averaging is that the number of additional terms arising from density variations are reduced.

φ = φ̃+ φ′′ =
ρu

ρ
+ φ′′ (2.15)

Favre averaging gives the following equations [25]:

∂ρ

∂t
+
∂(ρũi)

∂xi
= 0 (2.16)

∂(ρũi)

∂t
+
∂(ρũiũj)

∂xj
= − ∂P

∂xi
+

∂

∂xj

(
τij − ρu′′i u′′j

)
(2.17)

Writing the governing equations in terms of decomposed variables, unknown Reynolds stress
terms are introduced, resulting in more unknowns than equations. There are different ways to
handle this closure problem; either a transport equation for the Reynolds stress terms can be set
up as in the RSM model, which in turn introduces new unknowns, or they can be modeled by
introducing the Boussinesq approximation as done in the common two-equation models. In the
latter case the components of the Reynolds stress tensor are modeled as proportional to the mean
velocity gradients times an introduced turbulent viscosity, µt, analogous to molecular viscosity.

The Boussinesq approximation is presented in Equation (2.18) where k =
1

2
(u′iu

′
i) [25].

τij = −ρuiuj = µT

(
∂ui
∂xj

+
∂uj
∂xi

)
− 2

3
ρkδij (2.18)
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Chapter 2. Theory

Comparison between the RSM model and the two-equation models reveals that the latter
assumes isotropic turbulent viscosity, thereby, even though the RSM model introduces new un-
knowns they are of higher order which generates a more accurate solution. On the other hand,
with increased number of transport equations to be solved, the RSM model is much more com-
putationally heavy [27].

For practical problems it has been shown that the turbulence model should include, at least,
two equations to give successful results. Solving for two quantities, the turbulent length and
velocity scales can be determined independently. The popular two equation models include, as
one of the two equations, the transport equation for turbulent kinetic energy, k, presented in
Equation (2.19) for incompressible flows.

∂k

∂t︸︷︷︸
(I)

+uj
∂k

∂xj︸ ︷︷ ︸
(II)

= −u′iu′j
∂ui
∂xj︸ ︷︷ ︸

(III)

− ν
(
∂ui
∂xj

∂ui
∂xj

)
︸ ︷︷ ︸

(IV)

+
∂

∂xj

ν ∂k∂xj︸ ︷︷ ︸
(V)

− uiuiuj
2︸ ︷︷ ︸

(VI)

− ujp

ρ︸︷︷︸
(VII)

 (2.19)

(I). Accumulation of turbulent kinetic energy, k.

(II). Convection of k by the mean velocity.

(III). Production of k; energy is extracted to the large eddies from the mean flow.

(IV). Dissipation of k by viscous stress; turbulent kinetic energy is transformed into heat.

(V). Molecular diffusion of k.

(VI). Transport of k by velocity fluctuations.

(VII). Transport of k by pressure fluctuations.

In the above equation, closures are needed for the terms (III), (IV), (VI) and (VII). As men-
tioned before, the Boussinesq approximation, Equation (2.18), is used to model the unknown
part of term (III). Term (IV) is defined as the dissipation of turbulent kinetic energy, ε, and
solved by setting up a transport equation for ε individually. To describe the turbulent transport,
terms (VI) and (VII), a gradient-diffusion transport mechanism is assumed. [27]

One of the most used turbulence models is the standard k − ε model which solves one trans-
port equation for k and one for ε. This model is well suited for flows where the turbulence is
almost isotropic. Therefore it cannot be used close to walls and there is a need to implement
wall functions.

Another widely used two equation model is the k−ω model, including one transport equation
for k and one for the specific dissipation rate, ω, which can be seen as the turbulence frequency.
ω is the quantity used for determination of the length scale and is proportional to ε/k. When
using the k−ω model no wall functions are necessary since the model has been proven to predict
the law-of-the-wall in an appropriate way.
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The following transport equation is used for modeling of ω in incompressible flows:

∂ω

∂t
+ uj

∂ω

∂xj
= α

ω

k
νT

[(
∂ui
∂xj

+
∂uj
∂xi

)
∂ui
∂xj

]
− β∗ω2 +

∂

∂xj

[(
ν +

νT
σω

)
∂ω

∂xj

]
(2.20)

Finally closing the k − ω model, the turbulent viscosity is calculated with νT = k/ω and the
closure coefficients appearing in the model are assumed constant.

The Shear-Stress Transport (SST) k − ω model is combining the standard k − ε model with
the k− ω model by using a blending function, which generates a gradual transition between the
two models. This model utilizes that the standard k − ε model is proven to perform well where
the flow is fully turbulent and that the k − ω is well predicting the flow close to the walls. A
modified formulation of the turbulent viscosity is used to account for the transport effects of the
principal turbulent shear stress [26].

2.6.3 Discrete phase and VOF

When the single phase problem with a gas phase flowing around a woodchip is solved, the sub-
ject was to introduce droplets on the surface and thereby the problem became multiphase. In
this thesis the Volume of Fluid, VOF, method has been used as multiphase model. The VOF
model is a technique tracking the interface between two, or more, immiscible fluids, by solv-
ing only a single set of momentum equations and turbulence model shared between the phases.
The multiphase problem is thereby treated as quasi-single phase but with variable properties de-
pending on the volume fractions of all phases. The phases are not allowed to be interpenetrating.

In each computational cell, the volume fraction of phase i, αi, can take all values from zero
to one; αi = 0 means that the cell contains nothing of phase i, αi = 1 indicates that the cell is
completely filled with fluid i. When 0 < αi < 1, more than one fluid is present and the cell must
contain the interface between the phases. For such cells, variables and properties are represented
as mixtures depending on the volume fraction values. For example, the density in a cell with n
phases is calculated with Equation (2.21). In this way sudden changes in fluid properties when
passing an interface are avoided [26].

ρ =

n∑
i=1

αiρi (2.21)

The actual interface tracking is made with a continuity equation, (2.22), for the volume fraction
of one, or more, of the phases.

1

ρq

[
∂

∂t
(αqρq) +∇ · (αqρq~vq) = Sαq +

n∑
p=1

(ṁpq − ṁqp)

]
(2.22)

where ṁpq is the mass transfer from phase q to phase p and ṁqp the opposite. Because no cell
can contain a volume fraction greater than unity, the volume fraction of the primary phase is
calculated with:

n∑
i=1

αi = 1 (2.23)
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Specific values of the volume fraction does not correspond to a certain shape of the interface,
rather many different shapes in each computational cell are possible. Therefore a geometric
reconstruction scheme must be used. By knowing the volume fraction of each phase in the neigh-
boring cells a reconstruction of the interface is done.

Modeling of the surface tension has in this thesis been made with the Continuum Surface
Force model in the way that a source term is added to the momentum equation. In Fluent,
local gradients of the surface normal are used to get the surface curvature and then the surface
tension is written in terms of the jump in pressure over the interface. The force at the surface
is expressed as a volume force, which is the source term included in the momentum equation.
Surface tension effects are more accurately calculated on hexahedral and quadrilateral meshes
than on tetrahedral and triangular meshes [26].
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3 Method

This chapter gives a description of the methods used during the simulations as well as of the
preparations made in advance. First, the two-dimensional case is presented in section 3.1 and
thereafter the 3D case is treated in section 3.2.

In all computer simulations, one single woodchip was studied and in the 2D cases a single
droplet was placed on the woodchip surface. In the 3D simulation, three droplets were patched
onto the surface. All geometries were constructed and meshed in the software ANSA 14.1.0 and
the CFD simulations were performed in ANSYS Fluent 14.5. In the simulations in this thesis a
chip of size of 6.0 x 1.5 x 0.5 cm has been used. The reason for choosing such a long chip was to
be able to see the droplet sliding on the surface. In 2D the dimensions 6.0 x 0.5 cm have been
used.

3.1 2D simulations

The purpose of this thesis was modeling the separation process when liquid droplets separate
from a solid surface. First a 2D simulation was made and by solving only in two dimensions
the computational time needed was clearly reduced compared to perform 3D simulations. First,
the geometry and mesh are described in subsection 3.1.1, followed by the simulation details,
boundary conditions and convergence in subsections 3.1.2, 3.1.3 and 3.1.4 respectively. Thereafter
the discrete phase implementation, dynamic mesh adaption and time step size are treated in
subsections 3.1.5, 3.1.6 and 3.1.7. Finally, in subsections 3.1.8 and 3.1.9, the trend study and
the different orientations of the woodchip are discussed.

3.1.1 Geometry and mesh

A 2D geometry of a single woodchip placed in a windtunnel was constructed and a schematic
view of the computational domain is displayed in Figure 3.1. Note that only a single woodchip
is under consideration. The dimensions of the woodchip selected for the simulations was 60 x
5 mm, which is to be seen as a large woodchip used in the system. Other dimensions used in
the simulations are the height and length of the windtunnel, chosen large enough to get a fully
developed airflow upstream the woodchip and not to have the walls affecting the flow around
it. Chosen dimensions were a height ”h” of 1200 mm and a length ”L” of 2400 mm, which
correspond to 20 x 40 woodchip lengths. In Figure 3.1 also the inlet and outlet are shown.
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Chapter 3. Method

Figure 3.1: Schematic of the computational domain used for 2D simulations.

A structured mesh with only quadrilateral elements was generated with high resolution closest
to the woodchip and gradually decreasing further away. A close up around the woodchip is
displayed in Figure 3.2. The number of cells in the full 2D mesh was in the order of 110 000. To
control the cell size and growth rate, the spacing between different cell nodes was defined. The
quality of the mesh was evaluated considering aspect ratio and skewness.

Figure 3.2: The two dimensional computational mesh shown in a close up around the woodchip.

3.1.2 Simulation settings

The single phase flow field simulations were solved steady-state with the pressure-based coupled
solver. Compared to segregated solvers, this coupled algorithm shows better performance with
a robust and efficient implementation for single phase steady flows. By solving the momentum
and continuity equations together a faster convergence is obtained [26].

Modeling turbulence, the SST k − ω model was used, a good model with respect to accuracy
and computational cost. It was chosen because it has been proven to perform well both close
to the walls and in the fully turbulent bulk flow. The steady-state flow was solved with the
pseudo transient under-relaxation method. This enables an implicit under-relaxation control of
the equations via a pseudo time step size [26]. Initially a first order upwind discretization scheme
was used, eventually changed to a second order scheme in order to obtain a more accurate solution
and remove any numerical diffusion [27]. For pressure the PRESTO!-scheme was used.
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3.1. 2D simulations

3.1.3 Boundary conditions

First a single phase simulation was made to solve the gas flow field around the woodchip. The
boundary conditions used for the inlet and outlet were set as velocity inlet and pressure outlet
respectively. At the inlet a turbulent intensity of 5 % and length scale of 0.35 mm (7 % of
woodchip height) were defined [27]. Different inlet velocities were applied for different cases.
The operating conditions were set to 60◦ C and atmospheric pressure. Both the tunnel walls
and the woodchip surfaces were defined as walls and for the tunnel walls a zero shear boundary
condition was set while a no-slip condition was used for the woodchip surfaces.

3.1.4 Convergence

Judging whether a solution has converged or not, the scaled residuals for momentum, continuity,
turbulence and velocities were first considered. They should continuously be below a specified
value, e.g. 1e-04 or 1e-06. Additional criteria must also be monitored since low residuals do not
automatically rule out an incorrect solution. On the other hand, a solution might be valid also
with higher residuals. In this thesis, area weighted average of velocity and of turbulent kinetic
energy were monitored over planes in the geometry. Those averages should be constant for the
solution to be considered converged. Also the mass imbalance should be considered, not to loose
or gain mass inside the system.

3.1.5 Discrete phase

With a second phase, several additional settings have to be defined. In this thesis the multiphase
model Volume of Fluid, VOF, has been used. The different phases must be specified and if the
initial volume fraction of one of the phases is to be patched into an area of the domain, that
phase should, for convenience, be the secondary phase [28]. Therefore, air was chosen as primary
phase and liquid water as secondary. The physical properties of the air was set for a temperature
of 60◦C and for water of 15◦C. For the interaction between the phases, the surface tension was,
according to Equation (2.5) for 60◦C, specified to 0.066 N/m. Also the option wall adhesion
was enabled, thereby the contact angle between the water droplet and the wall could be defined.
This value is used to adjust the surface normal in the cells near the walls. The adhesion angle
is implemented as a boundary conditions at the different walls. At the tunnel walls an angle of
175◦ was used to define the surface as non-wettable and at the woodchip surfaces the contact
angle was defined according to the different values for the different cases run. In the boundary
conditions tab it should be defined that the volume fraction of water at the inlet is zero, i.e. only
air is entering. The same holds for the backflow at the outlet. The case was solved transient
with an explicit scheme. For the volume fraction, the geometric reconstruct scheme was used.

The imposition of a droplet was made the way described in Figure 3.3 by first using the
function ”Adapt - Region” to mark in which cells the water droplet should be placed initially.
Thereafter the function ”Patch” under the ”Solution Initialization” tab was used to define that
the marked region, i.e. the droplet, only should contain water. To start the calculations with a
smooth droplet surface the procedure was repeated some times.
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Figure 3.3: Iterative procedure for introducing a smooth droplet.

3.1.6 Dynamic mesh adaption

When performing VOF simulations it is desired to have very small cells in the region of the
phase interface, to be able to resolve it as good as possible. In addition to this, the fact that the
droplets are moving requires a very fine mesh over a large area. Instead of initially using a very
fine grid over an unnecessarily large area, a dynamic mesh adaption method has been used in
this thesis. This locally changes the mesh at given intervals and with respect to given properties.
In this thesis the refinement was done with respect to gradient of volume fraction of water. It is
also possible to coarsen the mesh but in this project this feature was turned off since the total
number of cells was still considered low and if merging cells (=coarsening), information already
calculated for all nodes at the fine mesh get lost. The area where coarsening was possible was
upstream the droplet and coarsening would therefore have affected the flow field in the droplet
area.

3.1.7 Time step

Determining the time step size, the Courant number, CFL, was used. The CFL number is defined
according to Equation (3.1) where u is the flow velocity, ∆t is the time step size and ∆x is the
cell size in the flow direction.

CFL =
u ·∆t
∆x

(3.1)

A general rule is that the time step used should be less than the time it takes for transport
through one computational cell. Thereby it should be chosen according to:

∆t <
CFL ·∆x

u
(3.2)
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3.1. 2D simulations

For calculations with an explicit solver it is desired to have CFL<1 and when using an implicit
solver CFL should be about 5. In the latter case it is important that the solution is stable in all
time steps and therefore it is recommended to start with a small Courant number and gradually
increase it at later time steps [27].

3.1.8 Trend study

In the cyclone there will be different parameters affecting the separation process where droplets
detach from the solid surface. Three parameters were identified as relevant to investigate and a
trend study has been performed. The parameters investigated are presented in Table 3.1, where
also the lower and upper levels for each parameter are shown. Note that the gas flow velocity is
normalized with respect to the upper level.

Table 3.1: Parameters and levels used in the trend study.

Parameter Lower level (-) Upper level (+)

Contact angle, θ 20◦ 80◦

Droplet volume, V 0.5 µl 30 µl

Gas flow velocity, u 0.42 1

The levels for each parameter were determined in the following way:

In the press, new faces are produced and thereafter the contact angle follows the behavior of
Figure 2.6(a), ending up at values between 20 and 80◦ for fresh chips, as seen in Figure 2.6(b).
Therefore the contact angle was assumed to vary between 20 and 80◦.

The droplet volume was assumed to vary between 0.5 and 30 µl which corresponds to spheres
with a diameter between 1 and 4 mm, which is about the size of raindrops [29].

The relative velocity was extracted from a previous simulation study on a similar cyclone by
inserting the woodchip properties and comparing the particle velocity with the velocity of the
gas flow. The normalized relative velocity was determined to vary between about 0.42 and 1 [30].

A full factorial design was used to set up which simulations to perform. With three parameters
at two levels each this resulted in 23 = 8 simulations. The design matrix is presented in Table
3.2.
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Table 3.2: Design matrix for full factorial design with three parameters, each at two levels.

Design Matrix

θ (a) V (b) u (c)
1 (1) - - -
2 (a) + - -
3 (b) - + -
4 (ab) + + -
5 (c) - - +
6 (ac) + - +
7 (bc) - + +
8 (abc) + + +

3.1.9 Orientation

The woodchips in the cyclone will be oriented in different ways and the droplets will be present
on all sides. The result of this is that the centrifugal acceleration, due to the rotational motion,
is either assisting or opposing the phase separation process. To investigate the effect of a dif-
ferently directed centrifugal acceleration, five different cases were simulated. In Figures 3.4 the
different directions used in the simulations are shown. In Fluent the centrifugal acceleration was
implemented as gravity. In those simulations the parameters considered from the trend study
were fixed to a contact angle of 40◦, a droplet volume of 15 µl and a normalized relative velocity
of 0.75.

(a) Directed upward. (b) Directed downward.

(c) Directed to the right. (d) Directed up and right. (e) Directed down and right.

Figure 3.4: The five cases representing different orientations of the woodchip. The arrows are
indicating the direction of the centrifugal acceleration.
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3.2 3D

For the three-dimensional simulation, a hybrid mesh was generated. To maintain the fine resolu-
tion close to the woodchip this area was extruded in the third dimension by defining a distance
and how many layers to be used, resulting in a structured hexahedral mesh. Further away from
the chip, a triangular surface mesh was generated and thereafter this outer volume was meshed
with the tetra rapid algorithm, which is a fast method generating tetrahedral elements. The 3D
case represents a 15 mm wide woodchip. A cross section of the mesh is to be seen in Figure 3.5.

Figure 3.5: Cross section of the 3D computational mesh. Closest to the chip, structured hexa-
hedral elements are used, while tetrahedral elements are used further away.

The procedure for setting up the 3D case was basically the same as in the the 2D case de-
scribed above. Due to convergence problem using a compressible solver, the flow field around
the woodchip was solved incompressible, steady-state with the pressure-based coupled solver. In
the 3D case, three droplets were patched onto the woodchip surface, as is visualized in Figure
3.6 where the woodchip with applied droplets is seen from above.

Figure 3.6: Woodchip seen from above with three droplets patched onto the surface. Woodchip
colored in blue, droplets in red.

In 3D, one case was run, with a contact angle of 40◦, a droplet volume of 15 µl and a nor-
malized relative velocity of 0.75, the same parameter values as in the simulations with different
orientation. In this 3D case the centrifugal acceleration was directed as in Figure 3.4(d).
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4 Experimental study

Within the scope of this thesis, pilot scale experiments have been performed in order to develop
a deeper understanding of the process as a whole and to get ideas of which parameters that
are feasible to change for optimization purposes. In this chapter, the process is first described
in combination with observations and experimental results. Thereafter, the main results and
conclusions from a separate experimental study [31] of the woodchip drying process in a cyclone
are presented.

4.1 Experimental setup

The performed experiments were the first ones on a completely new pilot unit, therefore the main
purpose was process understanding and overall observations, not to focus on detailed results.

Fresh cut woodchips, with a moisture content of 60 % were taken from a woodchipper and
driven through a mechanical press, where they were significantly deformed and a lot of moisture
was pressed out to the woodchip surfaces. Just by hand it was possible to feel a clear difference
in the amount of surface water after, compared to before, the press. It was seen that most of
the water was pressed out on the short sides of the woodchips, where the fibers were cut. By
inspection it was not possible to determine whether there were droplets or a water film on the
surface. Leaving the pressed chips at rest for some time showed that the water was reabsorbed
into the interior of the chips, in accordance with the theory. Measuring the moisture content
in those chips, where the water was reabsorbed, only a small difference from the fresh ones was
observed. A conceptual description of the mechanical press is to be seen is Figure 4.1(a).

(a) (b)

Figure 4.1: Conceptual figures of the mechanical press (a) and the high speed air cyclone (b)
used in the experiments.
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Chapter 4. Experimental study

The pressed woodchips were further transported on a conveyor to the cyclone. According to
Figure 2.6(a) the time between press and cyclone should be as short as possible, in order to have
as large contact angle as possible, therefore it would be beneficial to remove the conveyor belt
and place the cyclone inlet just at the press.

In the cyclone, the residence time was observed to vary quite a lot, between just a few up to
more seconds, depending on particle size and loading. It was noted that smaller chips had a
shorter residence time than larger chips. A higher loading of woodchips also generated a shorter
residence time. Focus was not on the actual measured residence times but on the fact that they
were varying. There was a notable difference in how wet the chips appeared before and after the
cyclone. Measurements showed that the moisture content was reduced to about 50 %. It was
seen that the smallest particles left the cyclone together with the air stream over head. Those
particles were all dry. Since this was the first experiments performed, neither the press nor the
cyclone were optimized and the operating conditions, e.g. the air speed, were much below desired
levels. A conceptual description of the cyclone used in the experiments is shown in Figure 4.1(b).

Even though a lot of moisture was pressed out of the wood in the press it was not possible,
with the present equipment, to separate any of it between press and cyclone. This might be
solved by introducing a conveyor belt with some kind of vacuum suction. In that way some of
the separated water is removed before the cyclone.

A series of designed experiments have been carried out on a cyclone [31]. Apart from a slightly
smaller cyclone diameter, the process was the same as in the above described experiment. To-
gether with a subsequent data analysis the effects of geometry and process variables on the drying
process were investigated. The considered process responses were; average moisture content after
the cyclone [%], mass of removed moisture [kg/h] and blower energy use per mass of removed
moisture [kWh/kg]. Multivariate data analysis, MVDA, was used to identify the most dominant
parameters behind the different responses. The experiments showed that in order to achieve a
low average MC in the product, the feed rate should be low and the blower speed should be
high. To remove as much moisture per time [kg/h] as possible, it was shown that a high feed rate
and high blower speed were most beneficial. It was seen that a low feed rate resulted in longer
residence time which in turn resulted in a drier product. In contrast, a high feed rate resulted in
more moisture removed per time but the product then had a higher moisture content. The feed
rate was the most influencing parameter regarding both average MC after and removed moisture
per time. Also for the blower energy use per removed moisture, the feed rate was shown to be
the most influencing parameter in the way that a high feed rate means low energy use per kg
removed moisture and vice versa. A low feed rate gave drier product but with reduced energy
efficiency. The lowest energy use per kg removed moisture was achieved with high feed rate and
low blower speed. It was also proven that removal of the first percentages of moisture required
least blower energy.
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5 Results

This chapter presents the results from the calculations and simulations made. First, the results
from the single phase problem with a gas flowing around a woodchip are presented in section
5.1, followed by section 5.2 where the boundary layer is investigated. Thereafter the problem
was made multiphase by inclusion of water droplets on the surface and the results from those
simulations with different values of the parameters are presented in section 5.3. In section 5.4
the results from the simulations with differently directed centrifugal acceleration are presented.
This is followed by section 5.5, with results from hand calculations of a liquid film placed on the
woodchip surface.

5.1 Flow field, two-dimensional

In Figure 5.1 the two dimensional single phase flow field is displayed. The figure is a close up
around the woodchip and it can be seen that there is a stagnation point at the woodchip surface
where the gas flow hits the solid body and thereby the velocity is brought to zero. Behind the
woodchip, a region of recirculation, a wake, can be seen as the blue region. Along the top and
bottom surfaces it can be seen that the flow is accelerating. The areas of low velocity above and
under the chip are described more in the following section. The normalized free stream velocity
is 0.75.

Figure 5.1: Close up of the 2D gas phase flow field around a single woodchip. The figure is
colored by normalized velocity magnitude, ranging from 0 to 0.97. The normalized
free flowing gas velocity is 0.75.

5.2 Boundary layer

In section 3.1.3 it was stated that the no-slip condition was used as a boundary condition at the
woodchip surfaces. This means that the relative velocity between the solid and the fluid is zero
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Chapter 5. Results

and thereby the first layer of fluid molecules are not moving at all in the flow direction, only
bouncing back into the fluid, slowing down the fluid flow. Because of this, a gradual change in
flow velocity is observed, this is the so called boundary layer. The boundary layer thickness is
taken as the point where the flow velocity is 99% of the free stream velocity [16].

In Figure 5.2 the x-velocity profiles at four different locations along the woodchip surface are
plotted as functions of distance above the surface. In addition, a red line indicating 99 % of the
free stream velocity is included. The points of intersection between the velocity profiles and the
red line is the boundary layer thickness at the four different positions. It can be seen that it is
about 4 mm thick everywhere, thereby it can be concluded that the water phase will be entirely
located in the boundary layer. The largest drops in this thesis had a height of 2.2 mm.

Figure 5.2: Normalized velocities in x-direction at different locations against distance above the
surface. The normalized velocity ranges from -0.17 to 0.83. The inset shows where
on the woodchip the different velocity profiles are measured. ”d99” represents 99%
of the free stream velocity.

5.3 Trend study

One purpose with this thesis was to perform a trend study to investigate how different parameters
are influencing the separation process. As described in section 3.1.8 above, a full factorial design
was used to plan which simulations to perform. The eight simulations presented in Table 3.2 were
run to see the effects of droplet size, contact angle and flow velocity. The results are presented
in subsections 5.3.1, 5.3.2 and 5.3.3 respectively. In all simulations the droplet was placed on the
middle of the chip.

5.3.1 Contact angle

In Table 3.2 it can be seen that there are pairs of simulations having exactly the same settings
but for one parameter. Beginning with the contact angle, it is seen that the simulations 1-2, 3-4,
5-6 and 7-8 form four pairs in which only the contact angle is different. Therefore the effect of a
changed contact angle can be evaluated by comparing those pairs individually.
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5.3. Trend study

In Figure 5.3 the droplet locations after 1.2 ms in simulations 1 and 2 are presented. In the
first case the surface is more wettable than in the second, resulting in a stronger bond between
the droplet and the surface. In the figures, this phenomenon can be seen in the way that the
droplet in Figure 5.3(b) is detached while the one in Figure 5.3(a) is still bound to the surface.
It is also clear that the one with larger contact angle has traveled further. The same pattern is
seen in Figure 5.4, where the droplet locations after 0.48 milliseconds are presented for the case
with a large droplet and high relative velocity. It is clear that the droplet with smaller contact
angle, 5.4(a), is stronger bound to the surface and thereby spreading out more than the one with
large contact angle which stays together keeping the shape of a droplet.

From those simulations, it can be concluded that a higher contact angle results in a faster
sliding droplet and thereby faster separation. It can also be seen that in the case with small
contact angle a thin water film is left behind the sliding droplet.

(a) 20◦ contact angle, 0.5 µl and a normalized relative velocity of 0.42.

(b) 80◦ contact angle, 0.5 µl and a normalized relative velocity of 0.42.

Figure 5.3: Droplet position after 1.2 milliseconds. The vertical line on the left in the figures
indicates the starting position.
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(a) 20◦ contact angle, 30 µl and a normalized relative velocity of 1.

(b) 80◦ contact angle, 30 µl and a normalized relative velocity of 1.

Figure 5.4: Droplet position after 0.48 milliseconds. The vertical line on the left in the figures
indicates the droplet starting position.

5.3.2 Droplet size

As for the contact angle, there are four pairs of simulations where the only parameter changed is
the droplet volume. For investigation of droplet size effects, those pairs are compared one by one.

In Figures 5.5 and 5.6 it is seen that the larger droplet has been sliding a longer distance
during the same amount of time, but when investigating the small droplet closely it can be
seen that it is detached from the surface. From this it can be concluded that larger droplets are
moving faster along the surface but smaller droplet require less time to separate from the surface.

The higher sliding velocity for the large droplet can be due to the fact that the droplet is
”higher” and therefore stretching longer out in the boundary layer and thereby is more affected
by the air flow.
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5.3. Trend study

(a) 0.5 µl, 80◦ contact angle and a normalized relative velocity of 0.42.

(b) 30 µl, 80◦ contact angle and a normalized relative velocity of 0.42.

Figure 5.5: Droplet position after 1.34 milliseconds. The vertical line on the very left indicates
the droplet starting position.

(a) 0.5 µl, 80◦ contact angle and a normalized relative velocity of 1.

(b) 30 µl, 80◦ contact angle and a normalized relative velocity of 1.

Figure 5.6: Droplet position after 0.87 milliseconds. The vertical line on the very left indicates
the droplet starting position.

5.3.3 Velocity

The gas flow velocity effects is, as for the previous parameters, evaluated by comparing the sim-
ulations two and two.

Looking at Figure 5.7 confirms the intuitive guesses that a higher gas flow velocity force
the droplet to move faster. The sliding behavior is the same for both flow velocities, the only
difference is that everything goes faster in the case with high velocity. The detachment process
is faster with a high relative velocity between the dispersed and the continuous phase.
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(a) A normalized relative velocity of 0.42, 30 µl and 80◦ contact angle.

(b) A normalized relative velocity of 1, 30 µl and 80◦ contact angle.

Figure 5.7: Droplet position after 0.48 milliseconds. Also the center of gravity is indicated to
show how far the droplet has been sliding. The vertical line to the left indicates the
starting position of the droplet.

5.4 Centrifugal force

The centrifugal acceleration of the woodchips was calculated by dividing Equation (2.9) by the
mass m. Inserting a normalized velocity of 0.33 and a normalized radius of 1 gave a centrifugal
acceleration some hundred times the gravitational acceleration. Including the centrifugal accel-
eration, as described in section 3.1.9, the separation process was more accurately described and
it was possible to estimate how the detachment will take place from differently orientated wood-
chips. In those simulations a droplet volume of 15 µl, a contact angle of 40◦ and a normalized
relative flow velocity of 0.75 was used. The simulations were made with a single droplet placed
on the woodchip center.

In Figures 5.8 the position of the droplets after 1 millisecond are displayed for the different
cases. It can be seen that the more the force is directed upwards, the faster the droplet detaches
from the surface. In the cases with a downwardly directed force, the droplet keeps sliding on the
surface instead. Even in those cases, with a downwardly directed force, the droplets are sliding
fast on the surface thanks to the shearing air flow. From those simulations it can be concluded
that the droplets will separate from the surface in a time frame of just over two milliseconds.
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5.5. Film on surface

(a) Centrifugal acceleration directed upward.

(b) Centrifugal acceleration directed upward and to the right.

(c) Centrifugal acceleration directed to the right.

(d) Centrifugal acceleration directed downward and to the right.

(e) Centrifugal acceleration directed downward.

Figure 5.8: Droplet position after 1 millisecond. The vertical line on the left shows the droplet’s
starting point, i.e. the woodchip center.

5.5 Film on surface

For a liquid film flowing down an inclined surface with gravity as the driving mechanism the flow
velocity can be calculated by hand. The derivation of the formulas is carried out in Appendix
C, resulting in the following equations for the flow profile and the average velocity:

ux(y) =
ρgsinθ

2µ
y (2h− y) (5.1)

uavg =
2

3

ρgh2sinθ

2µ
=

2

3
umax (5.2)

Consider a single woodchip covered with a water film with a thickness of 1 mm and the
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centrifugal force directed as in Figure 3.4(e). With gravitational acceleration only, the average
velocity of the water film would be 4.9 m/s resulting in that it takes about 12 milliseconds for
the water film to run off a 6 cm long woodchip. With the centrifugal acceleration calculated
in section 5.4 as the driving force, the average velocity is some hundred times higher and the
time for the film to run off the woodchip is much shorter. In those calculations no attractive
forces between the surface and the water film are included, therefore the time will be significantly
increased in reality.

5.6 3D

The three dimensional simulation turned out to be very computationally heavy and time con-
suming. To fit within the time frame of this thesis only a short period of time was simulated.
The positions of the droplets after 0.17 milliseconds are shown in Figure 5.9. It can be seen
that the droplets are deformed and start to slide in the same way as the droplets did in the two
dimensional simulations presented above.

Figure 5.9: Droplet positions after 0.17 milliseconds seen from the side.
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6 Conclusions and discussion

From the theory, it was expected that a large contact angle would be beneficial for the phase
separation and this was also shown by the simulations. From this it is concluded that the time
between press and cyclone is one of the most important parameters and should be as low as
possible. It is a matter of seconds. Based on Figure 2.6(b), one could argue that the use of
old woodchips would be beneficial because they have a much larger constant wetting rate angle
than fresh chips have. But this would in turn result in that the moisture that was pressed out
in the press will be reabsorbed. If no surface water is present when the chips are loaded into the
cyclone, the detachment process is not possible. Therefore, if using old woodchips, they must be
pressed again, which will generate in creation of new surfaces with a low constant wetting rate
angle. Based on this, it is concluded that the time between press and cyclone must be just very
few seconds, independently of the age of the woodchips.

Regarding the transport of woodchips from the press to the cyclone, it was shortly mentioned
in the chapter about the experiments, that one possibility is to use a conveyor belt with some
kind of vacuum suction in order to remove excess moisture before the cyclone. But in that case a
second press should be used just before the cyclone, to press out more water, including the water
that have been reabsorbed since the first press, and to get as large contact angles as possible.
The cyclone inlet should, if possible, be placed just under the press outlet. Another way to
increase the drying rate might be to have a system of two press-and-cyclone units in series. This
might be beneficial since the experiments showed that the first percentages were the cheapest to
separate.

From the simulations it was seen that the phase separation was easier with smaller droplets.
One way to reduce the droplet size might be to remove more moisture before the (last) cyclone,
since less water would most likely result in smaller droplets. As mentioned, a conveyor belt with
suction might be used to reduce the amount of water sent into cyclone, a thereby this might
decrease the time for droplet detachment. Also the series connection mentioned above might be
beneficial since this would reduce the amount of water that goes into the last cyclone.

Considering the effects of relative velocity, it was shown that higher relative velocity accelerates
the detachment process. This tells that the blower speed should be high. For smaller particles,
the Stokes number will be reduced, i.e. they will follow the flow to a much greater extent than
larger particles. Therefore, the woodchips should not be too small because this will result in a
reduced relative velocity.

The cyclone is originally a separation unit and can, as said, be used for classification of parti-
cles by their size. In the experiments, this was seen in the way that the smallest particles were
following the gaseous phase through the gas outlet over head. Those particles were found all dry,
but they might, to a large extent, have been dried by evaporation.

Regarding the size and design of the press-cyclone unit it can be said that it is mobile, and
therefore rather easy to transport to the tree felling site. In that way the transport distance for
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logs can be reduced. The cyclone itself is not containing any moving parts and in combination
with that it is operating at atmospheric pressure this will minimize the maintenance. It must
also be said that the air flow is not preheated, therefore no thermal drying, even though some
evaporation will occur due to lower partial pressure of water in the air phase than the vapor
pressure of water.

From the experiments it was concluded that the feed rate was the parameter with highest
effect on the responses. Depending on the specifications for the product, there will be a trade
off if it is desired to remove a large amount of moisture per time unit, achieved with a high feed
rate, or to get as dry product as possible, favored by low feed rate. A high feed rate results in
shorter residence time and thereby the processing time is reduced and the production is increased.

Concerning the simulations and the dynamic mesh adaption, it might have been more compu-
tationally effective to initially refine the mesh much enough in the area where the droplet will
move since it is computationally expensive to change the mesh during the solution procedure.
This was not investigated further in this thesis but it should be kept in mind.

The droplets in the trend study, see Figures 5.3 to 5.7, take a light blue color at the front
end. This indicates a mixture of water and air in those cells, which is not really the physical
reality. To get the right physics, the interface should be represented over just a few cells, as
in Figure 5.8 where no ”transition-zone” is seen. The difference is due to the volume-fraction
discretization scheme and the droplet resolution. Even though this transition-zone is present
in the trend study simulations, the trends are still to be considered valid and evaluable. The
traveled distance and separation was confirmed with the same settings and resolution as in the
simulations with different centrifugal acceleration.

Worth to mention is also that when performing VOF simulations in two dimensions, the sur-
face tension will, off course, only act in two dimensions, therefore the droplets will stretch and
finally get the serpentine shape as is seen in Figure 5.8, which will not be the case in reality.
Working with a 3D case instead, the surface tension will keep the droplet more ”drop-like” but
as indicated before, the time frame of this thesis left that for future work.

It must also be noted that there are other effects that have been neglected in this thesis, that
in the real case would assist the separation. For example woodchips rotating around their own
axis and collisions with the cyclone walls would probably assist the detachment process.
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7 Future work

This thesis is part of a larger project and represents a first study of the detachment process
separating liquid droplets from solid surfaces and will thereby act as a base for future work.

The simulations in this thesis focus only on the droplet sliding and detachment and do not
include the evaporation of water. For future work it would be a logic step to include also evap-
oration in order to examine how much of the moisture is evaporated and how much is separated
due to phase separation. In combination with this, experimental measurements of the humidity
inside to cyclone should be conducted.

The actual behavior of the woodchips inside the cyclone must be closely investigated by exper-
iments in order to estimate how the woodchips are interacting and if there are collisions with the
cyclone walls, which would have effects on the process. It would also be interesting to perform
simulations of woodchips entirely covered with a water film.
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A Droplet calculations

A droplet deposited on a solid surface will take the shape of a spherical cap, as illustrated by
the blue part of Figure A.1.

Figure A.1: The spherical cap, shown in blue, is characterized by it’s base a and height h and is
part of a sphere with radius r.

The volume of a spherical cap is calculated by Equation (A.1), where a and h are defined by
Equations (A.2) and shown in Figure A.1.

V =
πh

6
(3a2 + h2) (A.1)

a = r · cos(90− θE) (A.2a)

h = r(1− sin(90− θE)) (A.2b)

Inserting (A.2a) and (A.2b) in (A.1) gives:

V = r3π

6
[1− sin(90− θE)]

[
3cos2(90− θE) + (1− sin(90− θE))2

]
(A.3)

Solving (A.3) for r, with desired volume and contact angle, θE , and thereafter inserting into
the equations for a and h gives the values to use when patching the droplets in the simulations.

Table A.1: Measurements of used droplets.

θE [◦] V [µl] r [mm] a [mm] h [mm]

20 0.5 3.54 1.21 0.214
20 30 13.9 4.75 0.838
80 0.5 0.685 0.675 0.566
80 30 2.68 2.64 2.22
40 15 4.56 2.93 1.07
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B Forces on dispersed particles

Performing full scale simulations of a cyclone with woodchips, they are modeled with discrete
particle modeling, dpm. With this method the particles must be smaller than the computational
cells and the forces that might be encountered for are described below. Since the particles are
smaller than the computational cells the absolute details around each and every particle are not
resolved. If it is desired to include the effects of the particulate phase on the dispersed phase,
this is done by inclusion of a source term.

For a single particle, the equation of motion can be written as Equation (B.1), where p denotes
the particulate phase and i is particle i. The right hand side is a summation of all forces acting
on the particle and they are described in more detail below.

mp
dUi,p
dt

=
∑

Fi (B.1)

Drag force
The drag force is written as Equation (B.2) and is due to the relative velocity between the
particle and the fluid. Ap is the particle area projected in the direction of the flow, CD is the
drag coefficient, which is a scalar for spherical particles. For non-spherical particles, much more
complex formulations are required. Note that Equation (B.2) is valid only for systems with a
low particle loading and that adjustments are available for high loading systems.

Fdrag =
1

2
ApCDρf |Uf − Up|(Uf − Up) (B.2)

Pressure and shear force
Any pressure and shear gradients over the particle surface give rise to pressure and shear forces
which can be stated as Equation (B.3), where Vp is the particle volume.

Fpress = Vp

(
− ∂P
∂xi

+
∂τij
∂xj

)
(B.3)

Very small particles and a uniform pressure distribution in the system should result in small
gradients over the particle surface and in that case this force can be neglected.

Added Mass force
When there is a relative acceleration between the particle and the fluid, this will result in that
the fluid closest to the particle is accelerated with the particle and thereby the particle appears
heavier than it actually is. This force can be expressed as Equation (B.4).

Faddedmass = −CVMρfVp
D

Dt
(Up − Uf ) (B.4)

This force is an effect of the relative acceleration between the phases, therefore it can be neglected
when the relative acceleration is low and also when the density ratio ρf/ρp is very low.
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Appendix B. Forces on dispersed particles

History force
The history force, also called the Basset force, is due to a delay in the boundary layer development,
for example in very viscous fluids. The derivation of this force is very time consuming and since
it is usually small in comparison to it’s effects it is usually neglected. It is square dependent on
the particle diameter and can therefore be neglected for small particles, as for low viscosity fluids.

Buoyancy and gravity force
The buoyancy force is a lift force acting on the particle by the fluid. It arises from the fluid
that is displaced by the particle, refer to Archimedes’ principle that states that the buoyancy
force is equal to the weight of the fluid displaced by the object. The gravity force is due to the
gravitational field surrounding Earth.

Fbuoy+ grav = Vp g(ρf − ρp) (B.5)

For very small particles and in cases with low fluid density, the buoyancy contribution in the
above equation can be neglected.

Magnus force
For rotating particles, the relative velocity between fluid and particle will be different on the
different sides of the particle. This will give rise to a pressure difference and thereby a lift force
called the Magnus force is directed towards the side with lower relative velocity. Since the Mag-
nus lift force is not well defined outside the laminar region and in combination with that it is
usually small, it is not discussed further. Can be neglected for small particles.

Saffman lift force
As the Magnus force, the Saffman force is due to a pressure difference between the sides of the
particle. The Saffman lift force arises when the particle is flowing in a velocity gradient, e.g. in
a boundary layer. Can be neglected for small particles and low fluid viscosity.

Thermophoretic force
Warm molecules are moving faster than cold ones and in flows with a temperature gradient this
fact will give rise to the thermophoretic force acting in the direction towards the coldest side.
The thermophoretic force is only important for small particles and will thereby cause a separa-
tion of particles by size. Can usually be neglected because only important for very small particles.

Brownian motion
The Brownian motion will add a random parameter to the particle motion because of random
collisions between particles and fluid molecules. The Brownian motion is relevant only for par-
ticles on submicrometer scale [27]. In Fluent, the Brownian motion is only to be included in
laminar flows, for turbulent cases the effects are encountered for by the turbulent force [26].

Turbulent force
To account for turbulent irregularities, a random addition is added to the fluid velocity. The
time of implementation is taken as the smallest of the lifetime of a turbulent eddy and the time
it takes for a particle to move through a turbulent eddy.
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C Film flow down an inclined surface

The overall balance of linear momentum for a control volume is expressed by the momentum
theorem written in Equation (C.1), where F is the forces acting on the fluid.∑

F =

∫ ∫
c.s.

ρu(u · n) dA+
∂

∂t

∫ ∫ ∫
c.v.

ρu dV (C.1)

In Figure C.1 the two dimensional flow of a liquid film down an inclined surface is displayed.
The film thickness is h and the flow is driven by gravity.

Figure C.1: Gravity driven film flow down the surface of an inclined plane.

Evaluation of Equation (C.1) in x-direction, for the above case, gives:∑
Fx =

∫ ∫
c.s.

ρux(u · n) dA+
∂

∂t

∫ ∫ ∫
c.v.

ρux dV (C.2)

Separate evaluation of the terms in Equation (C.2) for the fluid element displayed in Figure
C.1 gives:∑

Fx = P∆y|x − P∆y|x+∆x + τyx∆x|y+∆y − τyx∆x|y + ρgsinθ∆x∆y∆z (C.3a)∫ ∫
c.s.

ρux(u · n) dA = ρu2
x∆y|x+∆x − ρu2

x∆y|x (C.3b)

∂

∂t

∫ ∫ ∫
c.v.

ρux dV = 0 (C.3c)
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Appendix C. Film flow down an inclined surface

With a free liquid surface, the pressure terms eliminate, and for a fully developed flow the
convective momentum terms cancel out, thereby (C.3b) is zero. Equation (C.2) simplifies to:

τyx∆x|y+∆y − τyx∆x|y + ρgsinθ∆x∆y = 0 (C.4)

Dividing by the control element volume, ∆x∆y(1), and in the limit ∆y → 0, the following
differential equation results:

d

dy
τyx + ρgsinθ = 0 (C.5)

The no slip boundary condition at the wall requires the velocity to vanish at y=0 and the
free surface condition at y=h requires that the shear stress is equal to zero here. Integrating
Equation (C.5), inserting the boundary conditions just mentioned and using τyx = µ(dux/dy)
gives the following velocity profile:

ux(y) =
ρgsinθ

2µ
y (2h− y) (C.6)

The average velocity is calculated below.

uavg =
1

A

∫ ∫
A

u dA (C.7)

=
1

∆y∆z

∫ ∫
A

ρgsinθ

2µ
y (2h− y) dy dz

=
1

h∆z

∫ ∆z

0

∫ h

0

ρgsinθ

2µ
(2hy − y2) dy dz

=
ρgsinθ

2µh

[
hy2 − y3

3

]h
0

=
ρgsinθ

2µ

[
h2 − h2

3

]
=

2

3

ρgh2sinθ

2µ
=

2

3
umax

46



D Pressure

Figure D.1 shows a contour plot of the pressure profile around the sliding droplet. It was
investigated if the flow resulted in a slightly lower pressure just above the droplet surface, which
would thereby facilitate the detachment process, but no such profile was seen.

Figure D.1: The pressure profile around a droplet on the woodchip surface. The droplet is colored
in black.
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E Turbulent viscosity

To evaluate whether the model can handle damping of the turbulent viscosity at the droplet
surface, Figure E.1 shows a contour plot of the turbulent viscosity around the sliding droplet.
The liquid surface of the droplet should damp the turbulence in the same way as a solid surface
does and from Figure E.1 it can be seen that the model handles this in a good way.

Figure E.1: Turbulent viscosity.
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