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Abstract

MSc Earth Surface and Water

Modelling the imbibition of an ink-like fluid into the thin coating layer of paper

by Eva SCHOONDERWOERD

To achieve good results with inkjet printing, it is important to know how an ink
droplet will spread over and into a coated paper. In this thesis, a pore-scale and a
continuum-scale model are developed to study the infiltration of small droplets into
the thin coating layer of paper and to describe the effect of ink properties on this
infiltration. With the use of CFD software OpenFOAM, the volume of fluid method
is applied for direct pore-scale modelling. The computational domain is constructed
with the use of FIB-SEM images of a real paper coating layer. The results are com-
parable with experimental data. The final ink imprint inside a coating layer is in-
fluenced by the droplet position on the coating and the contact angle. Changing the
viscosity, density and surface tension has very little effect on the final ink distribu-
tion. However, an increase in viscosity and a decrease in surface tension result in a
decreased rate of spreading and infiltration. An increase in density results in slightly
slower imbibition, while the rate of spreading remains the same. When the droplet
arrives at the coating with a velocity of 5 m/s, the rate of spreading and infiltra-
tion slightly increases compared to a sessile droplet. Moreover, the wetted area at
the paper surface increases slightly in size. HYDRUS is used for continuum-scale
modelling. Average hydraulic properties are used to describe the fibrous and coat-
ing layer, which means that local differences in pore structure are not incorporated.
The results show a large wetted area, containing a large unsaturated region. The
results are not comparable with experimental data and the results of OpenFOAM,
so pore-scale modelling is a much better option to describe this process.
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1 Introduction

To print an image or text, several techniques have been developed, including off-
set printing, flexographic printing or inkjet printing. The last method is the most
well-known and is also implemented in simple home office printers. During inkjet
printing, small ink droplets are released (’jetted’) from a nozzle above the paper sur-
face to create an image. Nowadays, inkjet printing is also used as a technique to
produce for example plastic electronics or solder droplets for the manufacturing of
chips (Derby, 2010). Inkjet printing can be divided into two separate techniques of
droplet formation. The first is continuous inkjet printing (CIJ), where the printer is
creating droplets non-stop. Most of these droplets are flowing back into the printer,
and only when the ink is actually needed to print an image, the droplets are ejected
towards the paper. Another approach is drop-on-demand printing (DOD), where
droplets are only created when needed (Kettle et al., 2010).

FIGURE 1.1: Left: Continuous inkjet (CIJ) printing. Right: two tech-
niques of drop on demand printing (obtained from Derby (2010))

The paper that is used for printing can roughly be divided into uncoated and
coated paper. Plain, uncoated paper consists of fibers, a porous material with a
distinctive pore structure (Aslannejad and Hassanizadeh, 2017). In an earlier work
(Aslannejad et al., 2018b), the infiltration of droplets on an uncoated paper is exper-
imentally and numerically studied.

This study will mainly focus on coated paper. In this case, the fibrous layer is
covered by a thin coating, consisting generally of kaolin or calcium carbonate. A
cross-section of uncoated paper is shown in figure 1.2. The pore structure of the
coating layer is very different from the pore structure of the fibrous material (Aslan-
nejad et al., 2017; Aslannejad and Hassanizadeh, 2017; Aslannejad et al., 2018a).

For both CIJ or DOD, the nozzle, where droplets are created, is located at a certain
distance above the paper. This means that a droplet will arrive at the paper surface
with a certain velocity and will spread out over the paper surface and infiltrate into
the paper. The fluid will eventually evaporate, after which only the pigment or dye
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FIGURE 1.2: FIBSEM images of coated paper. Obtained from Aslannejad et al.
(2018a)

is left in the paper (Kettle et al., 2010). Obviously, the aim with printing is to reach
a high resolution image, with the least ink as possible. To achieve a high resolution,
ideally the ink spreads out as little as possible and evaporate fast. If the droplets
stay to long on the paper surface and spread too much, there is a possibility that
the colours of several droplets that are printed close to each other could mix, which
is called bleeding (Lamminmäki et al., 2011; Aslannejad et al., 2018a). Even mixing
of drops with the same colour could have undesirable effects. These droplets could
form one larger pool of liquid, which can cause a difference in dye density compared
to other locations (Daniel and Berg, 2006). Also, droplets could be smeared when
they stay at the paper surface.

Another important matter is to have a clear image at the paper surface, so the
ink should stay in the top layer of the paper coating to fix the colouring part of the
ink to the surface. This means that the infiltration should be slow, so the droplet has
evaporated before the liquid has infiltrated too far. If the ink infiltrates too deep,
more ink is needed to have the same clear colour at the surface. Besides, if the ink
infiltrates too far into a coated paper, it may reach the fibrous layer below. The fibers
itself are hydrophilic, so the ink will start to spread along the fibers (’wicking’). This
will result in a spider-leg like ink distribution (Aslannejad et al., 2018a). In addition,
when the solvent reaches the fibers, they could swell and cause deformation of the
paper (Aslannejad and Hassanizadeh, 2017), which also decreases the print quality
and can cause blockage of the printer. To satisfy these requirements, it is important
to understand how an ink-like fluid will spread over and into a paper coating, and
to know which factors influence this process.
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1.1 Research objectives and thesis outline

In this thesis, the infiltration of small droplets into the coating layer of a paper will
be studied numerically. A pore-scale model and a continuum-scale model will be
developed and used to see which type of model is able to simulate more details of
the droplet infiltration and is comparable with experimental results. With the use of
the models, the influence of ink properties on the final imprint of an ink droplet can
be shown. Therefore, the aim of this study is to find the best set of properties of the
ink to achieve the highest print quality with the lowest volume of ink. The following
research questions will be answered:

• Which are the optimal ink properties to achieve a desired ink imprint inside
and on top of the coating layer of paper?

• Is it possible to simulate infiltration of small droplets into the thin coating layer
of paper using a continuum-scale model?

• To what extent do a pore-scale model and a continuum-scale model yield sim-
ilar results with regard to modelling of fluid flow within thin porous media?

This thesis will be arranged as follows: first, some background information will
discussed, which consists of a review of relevant theory and literature on this topic.
Chapter 2 contains the methods that are used, including the development of both
models and an overview of the separate ink properties that will be studied. The
results of both models will be presented separately in chapter 3 and discussed in
chapter 4. In this chapter, the results of both models will be compared to each other
and to data from earlier experiments. Moreover, the effect of changing ink properties
on the imprint in a paper coating will be discussed. This chapter also contains a dis-
cussion of possible improvements to the models and possibilities for future research.
Finally, in the last chapter, the main conclusions will be listed.
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1.2 Background

1.2.1 Printing process

As explained in the introduction, inkjet printing is by definition a non-contact print-
ing process, where the ink droplet is jetted towards the paper. Especially in DOD
printing, the distance from the nozzle to the surface should be large enough (around
2-3 mm) for the droplet to form correctly (Derby, 2010).

When the droplet reaches the surface, the kinetic energy will cause the droplet
to oscillate on the surface: it spreads out and bounces back several times before it
reaches an equilibrium (Bahr et al., 2003; Kettle et al., 2010; Tan, 2017). According to
Bahr et al. (2003) and Kettle et al. (2010), this oscillation will occur for aqueous ink
droplets that has a diameter above 110 nm.

Lim et al. (2009) compared the oscillation of a high viscous fluid (ethylene gly-
col) and a low viscous fluid (water) after impact on a solid structure. The droplet
diameter in their experiment was about 40 µm and the impact velocity was around
2 m/s. They concluded that a water droplet will both oscillate laterally as vertically.
This means that during the first stages of droplet impact, both the contact area as the
height of the droplet will change. Conversely, the ethylene glycol droplet did not
show any lateral oscillations and only oscillated in height for one period. Lim et al.
(2009) attributed this fact to the high viscous damping that occurs when a viscous
fluid spreads out.

After a droplet is released onto the paper surface, several processes occur over
different timescales until the ink is fully dried. Kettle et al. (2010) describe these
processes over time, this is shown in figure 1.3. The first process is the spreading
of the droplet over the surface, which quickly also competes with infiltration due to
capillary forces. As seen in figure 1.3, the penetration starts 0.1 ms after the droplet
arrives on the paper surface. Soon after starting the imbibition into the paper, the ink
components separate, followed by adsorption onto the coating, diffusion of several
ink components, polymerization and drying. Ideally, the color of the ink (in the form
of pigments or dye), is deposited on the paper surface, while the other ink compo-
nents (like the solvent) move further into the porous structure (Kettle et al., 2010).
This study will focus on the first two phenomena: the spreading and penetration of
an ink-like fluid, without separation or other component-specific processes.

The type of ink that will be considered in this study will be a general water-based
(aqueous) ink, which will be called an ink-like liquid. The components can gener-
ally be divided into 60% water, 30% humectant (for example ethylene glycol), 2-5%
surfactants and 2-5 % (by weight) dye or pigment (Lee et al., 2002). Surfactants are
important, as they increase the speed of droplet infiltration. They alter the surface
tension between the fluid and the solid surface (Daniel and Berg, 2006).

1.2.2 Capillary pressure and viscous drag

When a droplet is placed on a porous medium, it will spread out over the surface,
but also infiltrate into the pores. The processes that influence these spreading mech-
anisms need to be known to describe the final imprint of a droplet in and on the
paper surface.

The infiltration of a water droplet into the paper is an example of two-phase flow,
with a wetting fluid (water or ink) and a non-wetting fluid (air). When a droplet
is placed on a non-porous surface, the angle of the droplet and the solid surface
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FIGURE 1.3: The different processes that occur after the release of an
ink droplet over time (Kettle et al., 2010)

is called the intrinsic contact angle. A fluid is considered fully wetting when the
contact angle is 0◦ and partially wetting between 0 - 90◦.

Because the wetting fluid is more attracted to the solid phase, capillary rise oc-
curs. With capillary rise, the wetting fluid makes contact with the tube under the
same contact angle. This forms an interface between the wetting and non-wetting
fluid in the shape of a meniscus over which the pressure drops. This pressure is
described with the Young-Laplace equation (Kettle et al., 2010):

Pc = Pnw − Pw =
2σlg cos θ

r
(1.1)

The contact angle (θ) of equation 1.1 is defined by the Young-Dupré equation
(Kettle et al., 2010; Daniel and Berg, 2006):

cos θ =
σsg − σsl

σlg
(1.2)

Where σsg, σsl and σlg are the surface tensions of the interfaces between the solid-gas,
solid-liquid and liquid-gas phases.

It should be noted that when a droplet is placed on a porous structure, the vis-
ible contact angle at the surface can be different from the intrinsic (Young) contact
angle as described in equation 1.2. This contact angle can change due to different
factors, like evaporation or infiltration into the porous medium. Also, during the
initial spreading of a droplet on the surface, the contact angle will differ from the
intrinsic contact angle. Often, a dynamic contact angle is used in modelling, that
changes from an advancing contact angle to an receding contact angle. The advanc-
ing contact angle is occurring during the initial spreading of a droplet, while the
receding contact angle is associated with a shrinkage of the droplet at the surface
due to evaporation or infiltration. The advancing contact angle is larger compared
to the receding contact angle (Gambaryan-Roisman, 2014; Brutin and Starov, 2018).
An indication of the difference between the advancing and receding contact angle
can be found in a paper by Tan (2017). They measured that these are respectively
85°and 21°for an aqueous ink on paper sample (the paper properties are undefined).

Inside a capillary or a porous medium, the Laplace pressure (eq. 1.1) results in a
force that causes the liquid to move into the structure. This force is counteracted by
a viscous drag force, that can be described with Poiseuille’s Law:
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Q =
dV
dt

=
πr4

8µl
Pc (1.3)

This formula describes that the pressure within a tube is driven by the pressure
difference (capillary pressure) and is counteracted by resistance. This resistance, the
viscous drag, occurs at the sides of the tube. It results in a higher velocity in the
middle of the tube compared to the flow velocity close to the sides.

1.2.3 Fluid infiltration

A simple model to describe the height of the capillary rise is described by Lucas and
Washburn (Washburn, 1921). They combined Poiseuille equation (drag force) and
the Young-Laplace equation (wetting force) and derived the following equation (see
equation 1.4) for the distance travelled in a horizontal capillary tube (Kettle et al.,
2010; Schoelkopf et al., 2000; Ridgway and Gane, 2002).

x(t) =

√
rσlgt cos θ

2µ
(1.4)

This equation is often used to describe the infiltration into a porous medium,
because of the simplicity of the model. The distance x(t), which is the penetration
depth, should increase with increasing pore radius. Many studies found that infil-
tration into a porous network is different from the Lucas-Washburn equation (eq.
1.4). For example, studies by Schoelkopf et al. (2000) and Ridgway and Gane (2002)
describe that the smallest pores will fill faster than the larger pores, which contra-
dicts equation 1.4. This preferential filling of finer pores can result in some preferred
pathways, this can cause some pores to not fill at all during imbibition if there is a
small amount of fluid present (Schoelkopf et al., 2000).

To explain the faster filling of the finer pores, some studies (Schoelkopf et al.,
2000; Liu et al., 2017; Ridgway et al., 2002; Ridgway and Gane, 2002) argue that the
effect of inertia of the fluid, influenced by the fluid density, should be considered.
They discuss the effect of inertial delay, in which acceleration by capillary forces is
inhibited by the inertia of the fluid. To incorporate the effect of inertia, the model of
Bosanquet (Bosanquet, 1923) is often used (Schoelkopf et al., 2000; Ridgway et al.,
2002; Liu et al., 2017). The travelled distance in a capillary according to the model of
Bosanquet will be described as follows (Bosanquet, 1923):

x(t) = t

√
2σ cos θ

ρr
(1.5)

This model is based on the assumption that flow is independent on viscosity.
This means that there is no drag at the sides of a pore and therefore flows with a
flat front inside a capillary. This is opposite from flow according to Poiseuille’s law,
where the flow front in parabolic, because the flow is slowed down close to the sides
of the pore due to viscous drag. Note that the height in a capillary according to the
Lucas-Washburn equation (eq. 1.4) is proportional to the radius, while the height
according to Bosanquet (eq. 1.5) is inversely proportional to the radius.

For infiltration into a porous medium, it was found that a combination of the
models of Lucas-Washburn and Bosanquet yields better results. At the beginning
of droplet infiltration the flow is described with the model of Bosanquet, but after
some time it will switch to flow as described by Lucas-Washburn. The transition
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will be influenced by pore radius and viscosity and density (Schoelkopf et al., 2000;
Ridgway and Gane, 2002). Experimental data of Liu et al. (2017) also show this
transition between the models of Lucas-Washburn and Bosanquet on coated paper.
They also show that the presence of fibers, especially in uncoated paper, causes a
deviation from this expected behaviour.

The fact that a combination of both models is often used, indicates that both vis-
cous drag (which is described in Lucas-Washburn) and the effect of inertia (Bosan-
quet) is important. This interplay between viscous drag and inertial retardation will
result in an optimal pore size for fluids to infiltrate (Ridgway et al., 2002). More
specifically, viscous drag will have a large effect in the finest pores, while inertial
effects will slow down the flow in the large pores. Ridgway et al. (2002) studied
this effect for an optimal ’aspect ratio’ which is the ratio of throat length (l) to throat
radius (r). They concluded that a preferred pathway will form through the throats
with this optimal l/r value. This optimal pore size will differ for fluids with a dif-
ferent viscosity and density (Ridgway and Gane, 2002). The pore size distribution
will influence the infiltration rate, but can also change the final infiltration depth
(Ridgway et al., 2002; Ridgway and Gane, 2002).

The Lucas-Washburn and Bosanquet models describe the flow through a sin-
gle capillary tube. Studies that apply these equations, often assume that a porous
medium can be described as a bundle of capillary tubes. This oversimplifies the real
pore structure, as it does not incorporate important features like pore connectivity or
pore shape. The importance of these kind of features is shown in the study of Rahimi
et al. (2016), who compared three models with the same pore size distribution, but a
different pore structure. They showed that the imprint of the fluid in every structure
was different. This means that the models of Lucas-Washburn and Bosanquet are
too simple to describe the complex infiltration in a porous medium.

Moreover, when regarding droplet infiltration, one should also incorporate spread-
ing over the surface of the porous medium. The surface spreading and infiltration
will occur simultaneously (Daniel and Berg, 2006; Bonn et al., 2009; Gambaryan-
Roisman, 2014), although some studies assume that a droplet first spreads on the
surface before it infiltrates the porous structure (Starov et al., 2002; Tan, 2017). Sev-
eral different approaches have been used to model droplet infiltration. An extensive
review of all these models can be found in Gambaryan-Roisman (2014), some of
them are explained in the next section.

1.2.4 Previous studies

One way to model simulataneous spreading and infiltration is described by Davis
and Hocking (1999,2000), who applied lubrication theory. They developed a two-
dimensional model where the porous structure is assumed to consist of vertical tubes
with equal width. This model contains a description of fluid transport on the sur-
face of the structure, while also solving the droplet volume loss by infiltration into
the porous structure, governed by capillary action. Desie et al. (2004) compared this
model with experiments of the infiltration of aqueous inks containing dye or pig-
ments. They concluded that only dye based ink infiltration could be described with
the Davis-Hocking model. The pigments in the other ink were deposited on the sub-
strate and blocked the pores from imbibing the fluid, which resulted in flow that
deviates from the Davis-Hocking model.

Starov et al. (2002) developed a hydrodynamic model that solves Darcy’s law for
the flow inside the porous medium to describe the spreading and infiltration of a
droplet that is much larger compared to the thickness of the porous medium. By
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using this criterion, they assumed that the porous medium underneath the droplet
is directly saturated. They assumed that the spreading of the droplet on the paper
surface occurred much faster compared to the fluid movement inside the porous
structure. Consequently, they could model the two processes independently.

In hydrodynamic theory, it is assumed that initially, when the droplet impact
drives the movement, the diameter of the contact surface of the droplet can be scaled
as D~t1/2. After the effect of the droplet momentum during the inertial stage dimin-
ishes, capillary force drives the spreading over the surface. During this stage, the
diameter scales as D~t1/10, which is often referred to as Tanner’s law (Tanner, 1979;
Daniel and Berg, 2006; Koivula et al., 2012)

The model of Alleborn and Raszillier (2004) also applies lubrication theory and
uses the Navier-Stokes equations and the continuity equation to describe the flow
on top of the paper surface and applies Darcy’s flow inside of the porous medium.
The porous medium is incorporated by means of the porosity, permeability and a
’suction number’, which includes the capillary pressure and surface tension.

Daniel and Berg (2006) used the energy balance of the droplet to develop a model
of spreading and infiltration of a droplet on and into a porous surface. With this
model, they were able to predict the droplet radius and volume on a porous surface
and a fluid profile inside the porous structure. They studied the effect of surfactants
in the fluid, which are substances that lower the surface tension of a fluid. Their
model works best for fully wetting fluids with a high concentration of surfactants
and they concluded that their energy-based model was unfit to describe the spread-
ing of a non-wetting fluid.

In many of the models described above, flow inside of the porous medium is
described with the use of Darcy’s law (Davis and Hocking, 1999; Starov et al., 2002;
Alleborn and Raszillier, 2004; Gambaryan-Roisman, 2014). This means that the mod-
els all assume a sharp interface between the saturated and dry areas. In reality, the
wetting front is not sharp and consists of pores that are partly filled or empty next
to pores that are saturated (Schoelkopf et al., 2000; Gambaryan-Roisman, 2014). Yin
et al. (2018) found that the saturation front becomes sharper when the droplet size
becomes smaller, but that even for 2 pL droplets the interface is not perfectly sharp.
They suggest the use of Richards equation instead of Darcy’s law. The studies that
will be discussed next have implemented other approaches to model droplet be-
haviour.

Markicevic and Navaz (2010) used numerical multiphase modelling in a regu-
lar capillary network to describe droplet infiltration. This means that they also in-
corporate evaporation and the occurrence of gas clusters within the fluid fraction.
They distinguished between primary spread, which is the movement of the liquid
through the porous medium, while there is still fluid present on the surface. Sec-
ondary spread takes place after the droplet is fully imbibed by the porous medium,
but the fluid is still moving inside the porous medium. Evaporation starts when
the droplet is imbibed into the porous structure. They did not take into account the
spreading on top of the porous structure, so they used a fixed droplet base at the
surface.

Another pore network is used by Rahimi et al. (2016). They generated a two-
dimensional network to study the whole process from droplet deposition to evapo-
ration. First, the droplet infiltrates the network and when the liquid at the surface
is depleted, the evaporation stage starts. They studied the effect of fluids with vary-
ing viscosities and the effect of different pore structures. Gravity and inertia are not
taken into account. They found that a very low viscosity will significantly increase
the infiltration rate, whereas a fluid with a very high viscosity (’infinite viscosity’),
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barely infiltrates a porous structure. Furthermore, they argued that the viscous drag
of a high viscous liquid will increase during penetration of the liquid, because the
fluid flows through an increasing number of pores. This also means that the rate of
spreading through the porous structure will decrease.

Recently, Yin et al. (2018) have developed a pore-network model based on the
hydraulic properties of a real paper coating. These properties are based on the same
sample of the paper coating that will be used in this study. They only modelled
movement inside the coating layer, hence the contact area of the droplet on the paper
surface is fixed. They found that a lower surface tension, higher viscosity or higher
contact angle will decrease the infiltration rate.

Tan (2017) developed a model of imbibition and spreading of an impacting,
picoliter-sized droplet on thin porous substrates. They assumed that the timescales
for surface spreading, infiltration and evaporation were significantly different and
therefore they decoupled these processes in their model. The spreading of the droplet
on the surface is modelled by using computational fluid dynamics (CFD), that solve
the Navier Stokes equations, and implementing the volume of fluid method. Inside
the porous medium, the volume averaging method is implemented. This means
that an average velocity and pressure inside a representative elementary volume
(REV) is used to use the Navier-Stokes equations inside the porous medium. They
found that an increase in impact velocity causes the droplet to spread out further.
Moreover, they concluded that this lateral spreading is reduced when the viscosity
becomes higher, because the viscous force decreases the momentum of the droplet.

Recently, Fu et al. (2019) also used CFD modelling combined with the volume
of fluid method to study the spreading and infiltration of droplets on porous sub-
strates. They argue that spreading and infiltration could occur simultaneously, hence
these are not decoupled as in the model of Tan (2017). The porous medium is based
on randomly packed spheres, by using a standard particle size and permeability.
They found that both the spreading and infiltration of a droplet will be hindered
when the contact angle increases.

1.2.5 Pore-scale versus continuum-scale modelling

In this study, two type of models will be used: a direct pore-scale and a continuum-
scale model. With direct pore-scale modelling, the computational domain will be
an exact representation of the porous medium, which means that there is no need
for any approximations to describe the pore structure. This modelling will be car-
ried out by using the software OpenFOAM (The OpenFOAM Foundation, 2018). A
detailed description and the equations that will be used, can be found in chapter 2.

The continuum-scale is also called the Darcy scale, which is the scale at which
Darcy’s law is generally valid to use. Continuum-scale models use average prop-
erties to describe the porous medium. These average properties are defined to be
valid at a certain minimum volume that is called the representative elementary vol-
ume (REV) (Szymkiewicz, 2013). A REV should contain a large number of pores
and should be much smaller than the full size of the domain that is modelled. In
the case of a paper coating, this is impossible to achieve since the coating thickness
is very low (about 12 µm) (Aslannejad et al., 2018a). Still, a continuum-scale model
may be useful, especially because it will be much easier to implement compared to
a pore-scale model and the computational demand will be lower.

The models of Lucas-Washburn or Bousanquet both solve Darcy’s law and thus
are continuum-scale models. As previously discussed, there are many shortcomings
in using these models. One of the issues is the occurrence of a wetting front inside
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the porous medium that is not sharp (Gambaryan-Roisman, 2014). To improve this,
Richards equations could be used, which also accounts for saturation (Yin et al.,
2018). In this study, the software HYDRUS-2D (Šimůnek et al., 2006) will be used for
the continuum-scale modelling.

In this study, we will check whether a continuum-model is able to produce valid
results and is able to describe the infiltration of small scale droplets into a paper
coating.

1.2.6 Ink properties

Several dimensionless numbers are used to describe the wetting process. The first is
the Bond number, that describes whether gravity will play a significant role in the
motion of a falling droplet (Kettle et al., 2010; Tan, 2017). It is calculated as follows:

Bo =
ρgr2

σ
(1.6)

A Bond number below 1 denotes that that gravity does not play a big role and
that surface tension is the dominating process in droplet motion (Kettle et al., 2010).
The droplet size considered in inkjet printing is generally so small that the Bond
number is always below 1, so the influence of gravity in this study will be negligible.

Another useful number is the Weber number, which is important when consid-
ering droplets that arrive with a certain velocity at the paper surface (Kettle et al.,
2010; Koivula et al., 2012; Tan, 2017):

We =
ρd0U2

σ
(1.7)

This number shows whether the liquid movement is driven by the inertia due to
a falling droplet or the surface tension (Koivula et al., 2012). Moreover, it will denote
whether splashing is expected to occur when a droplet hits the surface. This will
generally occur when the Weber number is above 250 (Yarin, 2006; Tan, 2017).

The last important number is the Ohnesorge number, which shows the forces
that slow down the liquid movement. It is the ratio between viscous force to inertia
and surface tension (Koivula et al., 2012; Tan, 2017):

Oh =
µ√
ρd0σ

(1.8)

To achieve the best results with droplet formation at the nozzle, the Ohnesorge
number should be between 0.1 and 1 (Derby, 2010).

These dimensionless numbers and the equations in the previous sections show
that there are several fluid properties that will influence the rate and distance of liq-
uid infiltration inside an porous medium. Therefore, the effect of viscosity, density,
surface tension, contact angle, impact velocity and droplet volume will be studied
in this thesis.
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2 Methods

This chapter discusses the methods that will be used to answer the research ques-
tions. First, yet unpublished experimental data on the infiltration of droplets into
the paper coating will be shortly reviewed, as well as the hydraulic properties of the
coating layer (Aslannejad et al., 2017). This data will be used to validate the model
output. Next, the development of the pore-scale model will be described. In the
section ’parameter study’, the fluid properties are listed that will be tested with the
use of the pore-scale model. Lastly, the continuum-scale model will be discussed.

2.1 Experimental data

A previous study (Aslannejad et al., 2017) has been carried out to determine the pore
structure and properties of a paper coating layer. These properties are listed in table
2.1. The REV is determined to be 60 µm3 Aslannejad et al. (2017). With the use of
scanning electron microscopy combined with focused ion beam (FIB-SEM) the pore
structure could be reconstructed. This technique yields images of thin layers of the
paper sample, which were used to create a 3D image of the sample (see figure 2.1)
(Aslannejad et al., 2017). The final domain size that can be used in the numerical
simulations is 6.1 x 2.9 x 4.4 µm.

FIGURE 2.1: Left: FIB-SEM images of surface (a) and side (b) of paper coating (Aslannejad
et al., 2017). Right: reconstruction of the paper coating (6.1 x 2.9 x 4.4 µm)

TABLE 2.1: Properties of the coating layer and coated paper, derived from Aslannejad et al. (2017,2018a). The
paper was Sappi Magno Gloss (see www.sappi.com/magno-gloss).

Thickness Porosity Mean pore size Permeability Chemistry (%) Grammage
(µm) (%) (nm) (mDarcy) CaCO3 Talc Binder (g/m2)

Coating layer 12.8 34 180 0.1 88 2.2 9.8 -
Coated paper 85 - - - - - - 115
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An experiment has been carried out to examine the spreading of the ink in the
paper coating (yet unpublished). In this experiment, ink droplets were placed on
the paper coating. The droplet volume is not known exactly, but is about 30 pL. This
size is based on the cartridge type of the printer that was used. After the infiltration
and evaporation of the droplet has occurred, the spreading on the surface and the
penetration depth was measured. This was done by looking at the SEM images
and also by obtaining images with the use of Confocal Laser Scanning Microscopy
(CLSM). This process is further explained in the paper of Aslannejad et al. (2017).
The results of the imaging of three droplets is listed in table 2.2, which is described
under ’normal stains’. Satellite stains are created due to splashing of the falling
droplet and have a much smaller, but undefined, volume.

TABLE 2.2: Results of FIB-SEM-CLSM imaging of droplet imprint.

Normal stains Satellite stains
Diameter at surface (µm) 30 45 50 10 6
Penetration depth (µm) 5.5 10 11 3 2

2.2 Pore-scale model

To simulate the imbibition of ink into paper on the pore-scale, the open-source soft-
ware OpenFOAM (The OpenFOAM Foundation, 2018) will be used to develop a
model.

2.2.1 Equations

OpenFOAM is computational fluid dynamics (CFD) software that solves the Navier-
Stokes equations. These comprise a continuity equation (equation 2.1), which de-
scribes the conservation of mass, and an equation for the conservation of momen-
tum (equation 2.2). Because it could be assumed that the fluid is incompressible, the
continuity equation is:

∇ ·U = 0 (2.1)

The momentum conservation equation could be written as (Fathi et al., 2017):

δ(ρU)

δt
+∇ · (ρUU) = ρg +∇ · µ(∇U)−∇P− Fσ (2.2)

The left hand side of the equation describe the inertial forces that act upon the
fluid. On the right hand side, the first term describes the force by gravity, the second
term the viscous forces, the third describes the pressure forces, and the last term the
surface tension force (Fathi et al., 2017).

The interFOAM solver of OpenFOAM will be used, which can be used for cases
with two incompressible, isothermal, immiscible fluids (The OpenFOAM Founda-
tion, 2018). This solver applies the volume of fluid method (VOF), which means that
the whole pore space can be modelled as if it contains one fluid, but the properties of
this fluid will vary spatially. For this, a fluid fraction (denoted by α) will be assigned
to every cell, where α = 1 describes a cell that is fully filled with the wetting fluid
and α = 0 describes a cell that is fully filled with the non-wetting fluid. A value be-
tween 0 and 1 is assigned to cells that contain the interface between the wetting and
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non-wetting fluid. The fluid properties in every cell are also calculated with the use
of α. For example the density will be calculated as follows (Deshpande et al., 2012):

ρ = αρw + (1− α)ρnw (2.3)

Where µ is the viscosity used in the grid cell and µw and µnw are the dynamic vis-
cosities of the wetting and non-wetting fluids, respectively.

The movement of the interface of the wetting and non-wetting fluid can be de-
scribed as follows (Deshpande et al., 2012):

δα

δt
+∇ · (αU) = 0 (2.4)

This equation is usually modified to reduce numerical diffusion. Numerical diffu-
sion should always be avoided, since it could cause the interface between the wetting
and non-wetting fluid to become smeared out over many cells, i.e. there are many
cells where α is between 0 and 1 (Deshpande et al., 2012; Fathi et al., 2017).

2.2.2 OpenFOAM structure

The following list contains all settings that are needed for an OpenFOAM simula-
tion. The exact settings can be found in appendices A, B and C.

• Numerical settings (see appendix A):

– Discretization schemes (fvSchemes)
– Solver and algorithm settings (fvSolution)
– Time and data handling (controlDict)

• Mesh (see appendix B)
• Initial and boundary conditions (see appendix C):

– Velocity
– Pressure
– α

• Constants:

– Kinematic viscosity
– Density
– Surface tension between wetting and non-wetting fluid
– Gravity

The next sections will describe the important settings in more detail.

2.2.3 Meshing

The 3D image of the paper coating (fig. 2.1) is used as input to create a mesh. This
is done by using the dictionaries blockMesh and snappyHexMesh of OpenFOAM and
shown in figure 2.2. First a 3D regular grid that consists of hexahedral cells is created
with the use of the blockMesh dictionary (also see appendix B.1). This grid is the base
mesh and consists of cells that are 60 x 60 x 60 nm (see left image in fig. 2.2).

SnappyHexMesh first removes all cells of the base mesh that are located in the
solid part (the grains) of the coating. Moreover, the cells in the pore space that are
situated close to the solid grains get refined. This means that a cell will be split
into 8 smaller cells of about 30 x 30 x 30 nm. The result is a mesh that represents
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FIGURE 2.2: Meshing procedure with SnappyHexMesh. Left: blockmesh, middle: castellated mesh, right:
snapped mesh.

the pore space, but without any smooth surfaces (see middle image in fig. 2.2). In
the last stage, the cells that are located on the edges of a pore are snapped to get a
smoother image of the pore space (see last image of fig. 2.2). The exact settings in
SnappyHexMeshDict can be found in Appendix B.2.

The resulting domain is too small to use in the simulations, although the full
size of the FIB-SEM images is used. To increase the domain size, the 3D image is
mirrored and duplicated in every direction with the use of Blender (The Blender
Documentation Team, 2019). This yields a domain that is eight times larger than the
original domain, which is suitable for the infiltration of the largest droplet (r = 3 µ).
For the simulations with a smaller droplet size, the duplicated domain is cropped
again to obtain the smallest possible domain size.

Besides, two sides are declared as ’symmetryPlane’ within blockMeshDict over
which the solution will be mirrored. This way, the computational domain can be
assumed to comprise one quarter of the full domain, which decreases the computa-
tional time to run a simulation, while still maintaining a relatively large droplet size.
Subsequently, only a quarter of a sphere will be used in the simulations. An earlier
study has shown that, by using a pore-network model with the same properties as
the paper coating here, a quarter droplet is good enough to capture the main features
of the droplet movement through the coating (Yin et al., 2018).

2.2.4 Initial conditions

After the mesh is created, it can be used for the actual flow simulation. The domain
should be initialized for alpha, pressure and velocity. The pressure in the whole
domain is assumed to be at atmospheric pressure and is therefore set at 0. The initial
velocity in the whole domain is also 0 m/s.

To create a droplet of water that can infiltrate the porous medium, the utility
’setFields’ of OpenFOAM is used. A quarter of a sphere with an alpha value of 1
at the initial location of the droplet is intersecting with the symmetryPlanes. This is
illustrated in figure 2.3.

The droplet radius is 2 µm for most simulations. This size is smaller than the
droplet size used in the experiments and also smaller than the droplet size that is
used in inkjet printing (Kettle et al., 2010; Derby, 2010). However, this small size is
necessary to decrease the computational time that is needed to run one case.
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(A) Sideview (B) Topview

FIGURE 2.3: Illustration of droplet on top of paper coating. The grid
cube is the mesh that will be used.

2.2.5 Boundary conditions

The exact settings of the boundary conditions for alpha, velocity and pressure can be
found in Appendix C. The conditions are set for all sides of the computational do-
main (including the top and bottom) and at the coating grains itself. The conditions
at the bottom and sides of the mesh are equal; at the coating and at the top of the
mesh the boundary conditions are different. An overview of the boundary condi-
tions can be seen in table 2.3. The sides that are symmetry planes have no specified
boundary conditions, except for the symmetry condition.

TABLE 2.3: Boundary conditions. The values in brackets indicate the
value that is set for this condition

Alpha Velocity Pressure
Top zeroGradient fixedValue fixedFluxPressure
Sides inletOutlet pressureInlet-

OutletVelocity
totalPressure

Coating constantAlpha-
ContactAngle

fixedValue fixedFluxPressure

These boundary conditions specify that flow could occur at the sides of the do-
main, except for the top. Also, the boundary conditions at the grains are no-slip with
a fixed contact angle.

2.2.6 Time settings

Every simulation will run until the droplet is fully inside the coating layer. The
results will be written with an interval of 5e-7 seconds. However, the timestep for
the calculations will be adjusted by the model, by using the setting adjustTimeStep.
It uses the maximum Courant number to check whether the time step should be
decreased or could increase. This number is used to satisfy the Courant-Friedrichs-
Lewy condition that makes sure that the time steps are small enough to make the
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solution converge. The Courant number is calculated as follows:

C =
U∆t
∆x
≤ Cmax (2.5)

The value for Cmax is specified in the controlDict file. Since the value of ∆x is
constant for a certain cell and the value of U is known, only ∆t could be changed to
keep the Courant number low. Generally, the Courant number has to stay below 1,
but OpenFOAM sometimes overshoots the maximum value. Therefore, Cmax is set
at 0.7 to prevent C to become higher than 1.

The simulations are run in parallel on 84 processors on a cluster. Still, the com-
putational time for one simulation is around 100 hours.

2.2.7 Model validation

All simulations will be carried out with a droplet (r = 2 µm) on a fixed location in
the coating. To see whether the outcome of the OpenFOAM model is independent
on the pore structure at that location, the infiltration simulation is also carried out
with a quarter of a water droplet of the same size at another corner of the domain.

Moreover, one simulation will be carried out with a droplet radius of 3 µm, to
see the effect of droplet size. This simulation could also be used to compare the
results to the experiments. One of the satellite droplets that was formed during the
experiments had a spreading radius of 3 µm (see table 2.2). If we assume that this
radius is equal to the droplet radius before impact, the imprint of this satellite can
be compared to the OpenFOAM results. This assumption is valid since the surface
of coating layer is designed to confine the droplet shape and prevent spreading over
the paper surface.

2.2.8 Parameter study

With the OpenFOAM model, a parameter study will be carried out to study the ef-
fect of different ink properties: contact angle, viscosity, density and surface tension.
Besides studying the effect of the ink properties separately, the infiltration of wa-
ter and an aqueous ink will be compared. Moreover, the effect of the velocity of a
droplet when it impacts the coating will be studied. The values that are used in the
various runs are denoted in table 2.4.

The values for water and an ink-like fluid are based on values used in Aslan-
nejad et al. (2018b) and Kettle et al. (2010). The contact angle for a calcite surface
is assumed to be 45° based on the papers by Järnström et al. (2010) and Yin et al.
(2018). It is assumed that an aqueous ink contains between 30% and 60% glycerol.
These glycerol percentages are used to derive the values for the simulations with
a respectively low and high viscosity and density (Cheng, 2008; Volk and Kähler,
2018). To check the effect of a different wettability of the fluid, the contact angle is
changed to 1◦ and 90◦.

According to Derby (2010), the distance between the nozzle and the paper should
be at least 2 - 3 mm. However, this would result in a computational domain that is
too large. Therefore, the initial condition of the impact velocity simulation is equal
to the other simulations, i.e. the droplet starts as a sphere that contacts the paper
surface. However, within this sphere a velocity in the y-direction is specified. The
estimates in previous studies of the inkjet droplet velocity before impact range gen-
erally between 2 m/s (Lim et al., 2009) to 10 m/s (Desie et al., 2004; Daniel and Berg,
2006). In this study, we will use a velocity of 5 m/s.
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TABLE 2.4: Parameters used in OpenFOAM simulations

Simulation run Kinematic
Viscosity
(m2/s)

Density
(kg/m3)

Surface
tension
(kg/s2)

Contact
angle (°)

Impact
velocity
(m/s)

Water 1e-6 1000 0.072 45 0
Ink-like fluid 2e-6 1050 0.03571 45 0
High contact angle 1e-6 1000 0.072 90 0
Low contact angle 1e-6 1000 0.072 1 0
Viscosity (30% glycerol) 2.6739e-6 1000 0.072 45 0
Viscosity (60% glycerol) 13.117e-6 1000 0.072 45 0
Density (30% glycerol) 1e-6 1085.6 0.072 45 0
Density (60% glycerol) 1e-6 1167.0 0.072 45 0
Low surface tension 1e-6 1000 0.03571 45 0
Impact velocity 1e-6 1000 0.072 45 5

2.3 Continuum-scale model

Beside the pore-scale modelling, the infiltration of a water droplet into the coat-
ing layer of paper will also be studied with the use of a continuum-scale model.
This modelling will be carried out with the software HYDRUS-2D (version 2.05)
(Šimůnek et al., 2006).

2.3.1 Equations

HYDRUS solves a solution for the Richards equation (Šimůnek et al., 2006), which
describes the flow in a porous medium by calculating the change in saturation. For
one-dimension, it can be written as follows:

δθ

δt
=

δ

δz

[
K(θ)

(δh
δz

+ 1
)]

(2.6)

Where K(θ) = unsaturated hydraulic conductivity [m/d], which can be written
as follows:

K(θ) = Kr(h)Ks (2.7)

Besides, the hydraulic model by van Genuchten and Mualem is used (Mualem,
1976; Van Genuchten, 1980). The hydraulic properties of the coating are incorpo-
rated using the following equations:

θ(h) = θr +
θs − θr

(1 + |αh|n)m (2.8)

Where h < 0. When h ≥ 0 the equation reduces to θ(h) = θs

Kr(h) = KsSl [1− (1− S1/m)m]2 (2.9)

S =
θ − θr

θs − θr
(2.10)
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In these equations, α, l, n and m are empirical parameters, where m = 1− 1/n. α is
the inverse of the air entry pressure, l is a parameter that describes pore connectivity
and n is an index for the pore size distribution.

2.3.2 HYDRUS

In this section, the most important settings for the HYDRUS model will be discussed.
All other settings can be found in appendix D.

2.3.3 Geometry and mesh

FIGURE 2.4: Conceptual
model for HYDRUS

The conceptual model for the HYDRUS simulations is shown in fig-
ure 2.4. The problem is approached by using an axisymmetrical 2D
domain, which is a quasi-3D system and is generally used for radial
flow problems. The black cylinder in figure 2.4 is the part of the
paper that will be modelled, the red square indicates the computa-
tional domain. The position of a droplet is approached by a fixed
wetted surface area at the top of the domain, which is the blue cir-
cle at the top of the cylinder. The gray area indicates the interface
between the coating and the fibrous layer. The computational do-
main (red square) is constructed with a finite element mesh, where
the cells at the paper surface are small and are gradually increasing
in size towards the bottom. This is needed to yield a converging
solution.

Three different cases will be studied, all cases have a slightly
different geometry. The first case comprises both the coating and the fibrous layer
and has an infiltrating droplet of a radius of 20 µm. In the other two cases only
the coating is present, but the infiltrating droplet has a radius of 20 µm or 3 µm.
This way, the HYDRUS results can be compared with the experimental data and
the results of the OpenFOAM model. The coating is assumed to be 12 µm thick
(Aslannejad et al., 2017; Aslannejad et al., 2018a). The varying thickness as described
in the paper of Aslannejad et al. (2018a) is not taken into account. Information on
the geometry and the mesh of all models can be found in Appendix D.1.

2.3.4 Flow parameters and initial conditions

The Van Genuchten - Mualem (Mualem, 1976; Van Genuchten, 1980) model is used
as soil hydraulic model. The hydraulic properties of the coating and fibrous layer are
based on papers by Aslannejad and Hassanizadeh (2017), Aslannejad et al. (2017),
and Aslannejad et al. (2018a). They are listed in table 2.5. The hydraulic properties
of both layers are very different; the saturated hydraulic conductivity is 50000 times
larger for the fibrous layer and the capillary pressures of the coating layer are about
a hundred times larger than the capillary pressures of the fibrous layer.

TABLE 2.5: Hydraulic properties of the coating and fibrous layer

θr [-] θs [-] α [µm-1] n [-] Ks [µm/s] l [-]
Coating 0 0.34 7.215e-9 4.5 0.001 0.5
Fibers 0 0.5 6.0e-7 2.8 52.90 0.5

The extreme differences in hydraulic properties have a large impact on the nu-
merical model. The pressure distribution is used as initial condition and is assumed
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to be at hydrostatic equilibrium from the bottom of the domain. The corresponding
water content should be low, since the domain is initially dry. However, the initial
pressure distribution inside the domain should be continuous, so the pressure inside
the coating and the fibrous layer at the interface should be equal. An initial pressure
is used that corresponds to a really low water content in the fibrous layer, while the
water content in the coating is already high. The initial pressure at the bottom of this
domain is -202000 mm, which corresponds to an initial water content of 8.89e-05 in
the fibrous layer and a water content of 0.08 in the coating layer. This means that the
water content in the coating is initially already 23.5% of the saturated water content.
To solve this issue, there are also two simulations where only the coating is present.
In those cases, the hydraulic head is set at -260000 mm at the bottom, which result
in an initial water content in the domain of about 0.036.

All sides of the domain are a no-flux boundary, a constant head boundary with h
= 0 mm is used at the wetted area of the water droplet. The cumulative flux through
the constant head boundary is used to decide when the total droplet volume has
infiltrated. At this moment, the simulation is stopped.

2.3.5 Iteration criteria and time settings

To check if the output is correct, HYDRUS reports a water balance error. This er-
ror is reported as an absolute and relative value. The absolute error denotes the
change in water volume in the domain at a certain timestep compared the previous
water volume and the cumulative fluxes at the boundaries. The relative error is the
ratio between the absolute error and the maximum of two other quantities. These
two quantities are the sum of all fluxes through the boundaries and the sum of the
changes in water content in all cells (Šimůnek et al., 2006). The relative water balance
error should ideally be below 1%.

To improve the model output, and yield the lowest possible relative water con-
tent, the spatial discretization at the paper surface is small, the initial and minimum
timestep are low and some iteration criteria are strict. The exact time discretization
and iteration criteria are specified in Appendix D.2. Unfortunately, these settings
slow down the model significantly, resulting in a runtime that varied between 15 -
100 minutes for one simulation.
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3 Results

3.1 OpenFOAM results

In this section, the results of the OpenFOAM model are presented. The output is
quantified with the use of the software Paraview (Ayachit, 2015). For all postpro-
cessing steps, the interface between the fluid and air is assumed to be at an α-value
(as in eq. 2.4) of 0.5. However, it should be noted that the interface is never perfectly
sharp (see figure 3.1), so there are several cells that define the interface and have an
α-value between 0 and 1.

FIGURE 3.1: Side view of final water droplet imprint. A red cell con-
tains an α-value of 1, a blue cell shows α = 0. All other shades are an

α-value between 0 and 1

An example of droplet infiltration is shown in figure 3.2. For all simulations, the
droplet is initially a sphere that is slightly touching the paper surface. Next, it will
spread out over the surface, and start to infiltrate the coating. The maximum spread
on top of the paper is reached after a few timesteps (middle figures in figure 3.2).
Next, the droplet base at the surface shrinks and the simulation continues until the
droplet is fully imbibed by the coating.

Since the model output is a 3-dimensional image that also changes over time,
keep in mind that all results are a limited representation of the 3-dimensional pro-
cess. The most useful information with regard to inkjet printing is the final distribu-
tion of the water or ink. This includes the distribution inside the coating at the final
timestep, but also the data regarding the maximum spreading at the paper surface.
The latter is important, as the ink pigments or dye will mainly be deposited here and
will make up the final printed image. The movement inside the coating is mainly
important to understand the behavior of ink. This information could be used to
determine the minimum volume of ink that is necessary to reach an acceptable end
result. Lastly, the increase in water content inside the coating will be reported, which
will indicate the droplet infiltration rate.
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The time scale of total absorption of the droplets varies between 10-100 µs, which
is much faster compared to the expected absorption times. In literature, reported ab-
sorption times are in the order of milliseconds, although the droplet sizes are slightly
larger (Kettle et al., 2010; Tan, 2017). Therefore, it is assumed that the times that are
reported by OpenFOAM are incorrect and the duration of all simulations will only
be compared to each other.

FIGURE 3.2: Infiltration of a water droplet into the paper coating.
Top to bottom: initial condition, maximum surface spreading, final

imprint. Note that the coating is transparent in the figures.

FIGURE 3.3: Results of the model validation. Location 1 is a water droplet
of 2 µm at the location of all other simulations. r=3µm is placed at the same

location. Location 2 is a water droplet that has infiltrated at another corner.
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3.1.1 Model validation

FIGURE 3.4: Comparison of
the maximum spreading on
the coating surface at two
locations. Red: location
1 (the location of all other
simulations). Blue: location
2. The coating is transpar-
ent. White circle: large pore

that inhibits flow.

Three cases are considered to validate the model: two cases
with a small (r = 2 µm) droplet at different locations and one
case with a larger (r = 3 µm) droplet. Figure 3.3 shows the
spreading of two equal sized water droplets at different loca-
tions. Table 3.1 lists the data of these simulation and the data
for the infiltration of a water droplet of 3 µm. This data is also
visualized in figure 3.3.

The spreading extent of the two smaller droplets differs for
the two locations. Figure 3.3 shows that the maximum spread-
ing both inside the coating as on the surface is different for both
locations. The most obvious difference is the maximum surface
spreading in Z-direction, with a difference of 1.1 µm.

The difference in volume when regarding the larger droplet
is 80 µm3 (for a full droplet), which means that the larger
droplet is 3.5 times larger by volume. The wetted surface area
is about 2.5 times larger for the larger droplet, whereas the in-
filtration depth is similar for both droplets. Especially in the z-
direction (both on the surface as inside the coating) the spread-
ing increases with increasing droplet size.

For all three simulations, the fraction of the droplet that has
infiltrated the paper coating is plotted in figure 3.5a. Further-
more, the absolute infiltrated volume for the small and large
droplet is plotted over time in 3.5b.

TABLE 3.1: Infiltration and spreading of all validation simulations. The first three columns denote the final
lengths in three directions inside the coating layers. The second three columns show the maximum spreading
at the surface. The last column shows at what time the maximum surface spreading occurs. Location 1 (r=2

µm) the position of all other simulations. The large droplet (r=3 µm) is also placed at location 1.

Inside coating On surface of coating
Infiltration
depths (µm)

x (µm) z (µm)
Max area
(µm2)

x (µm) z (µm)
Time
(µs)

Location 1 (r=2 µm) 2.64143 3.71606 3.6732 5.72567 3.19949 2.2233 2.5
Location 2 (r=2 µm) 2.45546 4.47891 3.69062 6.6611 2.87856 3.3015 2.5
Radius = 3 µm 2.77575 5.11078 6.54922 13.99 4.23821 4.22987 5
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(A) Relative infiltrated volume of all validation simulations. The
y-axis shows the fraction of the droplet that is inside the coating

layer.

(B) Absolute infiltrated volume of a droplet of radius 2 and 3 µm.

FIGURE 3.5: Infiltration over time for the model validation simulations.

FIGURE 3.6: Comparison of the final imprint of a water (left) and ink
(right) droplet. The coating layer is transparent.
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3.1.2 Parameter study

This section shows the results of the parameter study. Table 3.2 contains the general
results of every simulation. The first three columns show the infiltration depth, this
data is derived at the final timestep of the simulation. The last four columns present
the lateral spreading on top of the surface. As shown in figure 3.2, the maximum
spreading at the surface is reached during the first few timesteps, after which the
droplet base at the surface starts to shrink again. The values in the last columns
of table 3.2 are derived when the maximum wetted surface area was reached. The
corresponding time is shown in the last column

When regarding the results of all OpenFOAM simulations, it becomes obvious
that a change in fluid properties will have little effect on the final imprint of a droplet.
Moreover, whether an ink-like droplet or a water droplet is placed on a paper coat-
ing, will have hardly any effect on the surface area and infiltration depth. An excep-
tion to this is a changing contact angle; these simulations show a distinct difference
in surface area and infiltration depth.

Although the maximum imprint measured in three directions is almost equal for
every simulation, the imprints may still be slightly different. To illustrate, the final
imprint of a water and an ink-like droplet is shown in figure 3.6. According to table
3.2, the final imprint in x-direction is almost the same, while in figure 3.6, the shape
in the x-direction is different for both simulations.

TABLE 3.2: All data regarding infiltration and spreading. The first three columns denote the final lengths in
three directions inside the coating layers. The second three columns show the maximum spreading at the

surface. The last column shows at what time the maximum surface spreading occurs.

Inside coating On surface of coating
Infiltration
depths (µm)

x (µm) z (µm)
Max area
(µm2)

x (µm) z (µm)
Time
(µs)

Ink-like liquid 2.51967 3.71766 3.657 5.72642 3.19949 2.19878 13
Water 2.64143 3.71606 3.6732 5.72567 3.19949 2.2233 2.5

Intermediate density (30% glycerol) 2.51421 3.71606 3.6732 5.70267 3.19949 2.19878 3.5
High density (60% glycerol) 2.64143 3.71606 3.6713 5.72151 3.19949 2.19878 4

Intermediate viscosity (30% glycerol) 2.51967 3.71606 3.58042 5.72532 3.19949 2.19878 8.5
High viscosity (60% glycerol) 2.74098 3.71606 3.6732 5.72617 3.19949 2.19878 41

Low surface tension 2.51967 3.71606 3.6732 5.72992 3.19949 2.19878 5
Contact angle: 1◦ 2.925 4.04139 4.00256 6.19848 3.24714 2.2233 2
Contact angle: 90◦ 0.328607 2.1714 1.77553 2.88851 2.16754 1.77561 3.5

Impact velocity 2.64143 3.71606 3.6713 5.75772 3.19949 2.22696 2
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Figure 3.7 shows the total water content inside the coating over time for every
simulation. The value on the y axis shows fraction of the whole pore space volume
that contains water. With the use of this graph, the infiltration rates for every simu-
lation can be compared. The droplet with a 90◦ contact angle did not fully infiltrate,
which is why the water content remained at 0.003. Note that the total volume of
the droplet is about 10% of the pore space volume, so the droplet is fully infiltrated
when the water content is 0.1. A more detailed look on the plots can be found in ap-
pendix E, where the graph is split for the separate fluid properties. The term ’water
content’ will be used as a general expression for the fluid fraction in the simulations.
The plot of water content of the high viscosity simulation is cut off, as the duration
of its infiltration was much longer compared to the other runs. The full graph of the
water content of the high viscosity run is shown in figure E.3.

The differences in water content are much more distinct compared to the differ-
ences in imprint. Compared to the infiltration of a water droplet, most simulations
will have a slower infiltration: only an impact velocity and a 1◦ contact angle will
result in a higher infiltration rate. An increase in fluid density will have a relatively
small impact on the infiltration rate, whereas an increase in viscosity will slow down
the infiltration extensively. Also, decreasing the surface tension by approximately a
factor two results in a slower infiltration.

FIGURE 3.7: Water content inside the coating layer for all simulations of the parameter study. Note that the
graph of high viscosity is cut off to be able to distinguish the differences at lower times.

In the next sections, the infiltration depth and wetted surface area is plotted over
time for all simulations of the parameter study. The plot of wetted surface area is
the area of the droplet base on the paper surface. The droplet eventually fully infil-
trates the paper coating, so the droplet at the surface will become depleted. Hence,
the surface area for all simulations will eventually decrease. For most simulations,
eventually the same infiltration rate and spreading area will be reached, which is
described in table 3.2. However, the plots in the next sections clearly indicate that
the time until maximum spreading and depth is varying when fluid properties are
changed.
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Contact angle and surface tension

Changing the contact angle will influence the maximum infiltration depth and max-
imum spreading rate. A droplet with a contact angle of 90◦ only infiltrates and
spreads slightly until it reaches a steady state and does not move anymore. A droplet
with contact angle 1◦ spreads almost as fast as a droplet of 45◦, but it reaches a higher
maximum area. The infiltration of a 1◦ contact angle into the coating is faster and
the maximum infiltration depth is higher compared to a 45◦ droplet.

The low surface tension droplet has half the surface tension but the same contact
angle as a pure water droplet. The maximum wetted area for this droplet is equal to
that of a water droplet, the maximum infiltration depth is slightly lower compared
to water. The duration of spreading and infiltration is much higher compared to
water.

(A) Maximum infiltration depth

(B) Surface area

FIGURE 3.8: Infiltration and spreading over time for droplets with a different contact angle or
surface tension. The plot of a 45◦ contact angle shows the infiltration of a pure water droplet (σ
= 0.072 kg/s2). The low surface tension droplet has a contact angle of 45◦ and σ = 0.03571 kg/s2.
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Viscosity

An increase in viscosity has a big impact on the spreading and infiltration of a
droplet. The maximum contact area on the paper surface of the three droplets is
the same; the infiltration depth for a high viscous droplet is slightly higher. The
speed of the processes decreases significantly for an increasing viscosity.

The surface area plot of the intermediate viscosity simulation shows that the final
surface area is above 0, so the simulation was stopped before the droplet was fully
infiltrated.

(A) Maximum infiltration depth

(B) Surface area

FIGURE 3.9: Infiltration and spreading over time for a changing viscosity: low viscosity = 1e-6
m2/s, intermediate viscosity = 2.6739e-6 m2/s, high viscosity = 13.117e-6 m2/s, The low viscosity

plot shows the infiltration of a pure water droplet.
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Density

Changing the density has a small impact on the final infiltration depth, wetted sur-
face area and the rate at which these processes occur. The graphs in figure 3.10a are
very similar, but the total increase in water content inside the coating is increasing a
little more slowly when the density increases (as seen in figure 3.7 or E.4).

The initial spreading of the three simulations are almost equal, but the decrease
in wetted surface area is occurring more slowly with increasing density. The low
and high density droplets eventually reach the same infiltration depth, but the sim-
ulation of the low density simulation was already terminated before the last increase
might have occurred.

(A) Maximum infiltration depth

(B) Surface area

FIGURE 3.10: Infiltration and spreading over time for a changing density: low density = 1000
kg/m3, intermediate density = 1085.6 kg/m3, high density = 1167 kg/m3. The low density plot

shows the infiltration of a pure water droplet.
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Impact velocity

The plots of infiltration depth over time for a sessile (v = 0 m/s) droplet or a droplet
that has an initial velocity of 5 m/s are almost the same. The increase in water
content inside the coating is slightly faster for a droplet with an impact velocity (see
figure 3.7 or E.2), so the infiltration rate is higher for higher impact velocities.

The maximum wetted surface area is a little higher for the droplet with a velocity
of 5 m/s. This maximum area is also reached earlier, so the spreading rate also
increases for an increase in impact velocity.

(A) Maximum infiltration depth

(B) Surface area

FIGURE 3.11: Infiltration and spreading over time for droplets with and without an impact ve-
locity
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Water and ink-like fluid

In this study, an ink-like fluid is simulated by changing the density, viscosity and
surface tension compared to pure water (see also table 2.4). The contact angle of
both liquids is kept the same. The imprint for a water and ink-like droplet are very
similar; they have practically the same maximum wetted area and the water droplet
has infiltrated only 0.1 µm deeper. However, the spreading and infiltration of an ink-
like droplet takes place significantly slower compared to the infiltration of a water
droplet. As shown in figure 3.7, the simulation of an ink-like liquid even shows the
slowest infiltration, except for a droplet with a very high viscosity (13.117e-6 m2/s).

(A) Maximum infiltration depth

(B) Surface area

FIGURE 3.12: Infiltration and spreading over time of a water and ink-like droplet
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3.2 HYDRUS results

In this section, the results of the three cases of the HYDRUS model are shown. The
general data is listed in table 3.3. This table also contains the relative water balance
error, which was explained in section 2.3.2. The relative water balance error should
be below 1%. However, the water content in this model is initially really low and
the boundary fluxes are really small, hence the relative error is often slightly higher
than 1%, especially at the beginning. The maximum error is occurring during the
first timestep for the small droplet simulation and coating+fibers simulation. This
is reasonable, because the domain is initially very dry and the pressure difference
between the boundary and the domain is large. However, the maximum watBalR of
the 20 µm droplet into the coating reaches its maximum error after 0.0014 seconds.

The infiltration flux for the three cases is shown in figure 3.13. The infiltration at
the constant head boundary is constant at every node, so the total flux is higher for a
contact radius of 20 µm. The irregular pattern shown in the plots of the large droplet
infiltration (fig. 3.13a) is caused by a saving error of HYDRUS and has nothing to do
with the results itself. Furthermore, there is an error in the initial flux for the small
droplet case, as can be seen on the left edge in figure 3.13b: the flux starts negative
and then becomes really high before it follows a normal curve. This is also reflected
in the high water balance error at the beginning of infiltration of the small droplet
(see table 3.3).

The increase in infiltration flux for the large droplet into the coating only also
corresponds to an increase in water balance error, that is highest at t = 0.0014 sec-
onds.

TABLE 3.3: Results of the three HYDRUS simulations and the maximum and minimum relative error.

Time until
infiltration (s)

Maximum
infiltration
depth (µm)

Maximum lateral
spread (µm)

Maximum
watBalR (%)

Minimum
WatBalR (%)

Coating
3 µm droplet 3.77E-05 5.528 8.148 31.42 0.133

20 µm droplet 0.00358 12 60.8 5.798 0.355
Coating + fibers

20 µm droplet 0.00375 12 75.95 6.266 3.552
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(A)

(B)

FIGURE 3.13: Flux through the constant head boundary, at the lo-
cation of the droplet on the paper surface. A) Infiltration of a large
droplet (r = 20 µm) into a coating layer and a coating layer on a fibrous

layer. B) Infiltration of a small droplet (r = 3 µm) into the coating.
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3.2.1 Large droplet

The behaviour of the large droplet that is infiltrating the coating is shown graphically
in figure 3.14 and plotted in figure 3.15. The plot of the water content in horizontal
direction is measured just below the paper surface, for the vertical direction it is
measured at the left boundary of the domain.

The water reaches the bottom of the coating after 0.00024 s. After 0.00088 s (not
shown in the figures), the saturation front is vertical. According to figure 3.15a, the
final saturated imprint is at 30 µm, so it only extends 10 µm beyond the original wet-
ted radius. However, the region between 30 and 59 µm is unsaturated. Comparing
the first and last plot in figure 3.15a, it becomes clear that the unsaturated part in-
creases over time, while the saturated part only slightly extends beyond the original
droplet radius.

FIGURE 3.14: Water content over time during infiltration of a large droplet (r =
20 µm) into the paper coating. The pink dotted line shows the droplet radius at
the top boundary. The bottom image shows the final distribution of water. The

dimensions are 100 µm in x-direction and 12 µm in z-direction.

(A)
(B)

FIGURE 3.15: Water content in horizontal and vertical direction inside the coating during
infiltration of a large droplet (r = 20 µm) at different timesteps. The values on the x-axes
denote the distances from the left boundary (A) and the paper surface (B). The yellow
curve (A) is the imprint after droplet infiltration, the vertical distribution remains constant

after T = 0.00024 s.



Chapter 3. Results 34

3.2.2 Small droplet

The behaviour of the small droplet that is infiltrating the coating is shown in figure
3.16 and plotted in figure 3.17. The plots are measured at the same locations as the
large droplet case. Note that the coating thickness is equal to the thickness of the
domain of the large droplet infiltration (12 µm).

FIGURE 3.16: Water content over time during infiltration of a small droplet (r =
3 µm). The pink dotted line shows the droplet radius at the top boundary. T =
0.000038 s corresponds to the final imprint after the full droplet has infiltrated. The

dimensions are 20 µm in x-direction and 12 µm in z-direction.

(A) (B)

FIGURE 3.17: Water content in horizontal and vertical direction inside the coating during
infiltration of a small droplet (r = 3 µm) at different timesteps. The values on the x-axes
denote the distances from the left boundary (A) and the paper surface (B). The yellow

curve is the imprint after droplet infiltration.



Chapter 3. Results 35

3.2.3 Coating and fibers

The final infiltration into the coating layer on top of the fibrous layer is shown graph-
ically in figure 3.18. The left part shows the imprint in the whole domain, although
the right side is cut off. The right image shows that the water content inside the
fibrous layer is slightly increased at the end of the droplet infiltration, although the
water content is still very low. The results are also plotted in 3.19. The right plot
shows that the coating layer is saturated after 0.00024 seconds, but that the water
content inside the fibrous layer only starts to increase after 0.0012 seconds.

FIGURE 3.18: Final imprint inside the coating and fibers. The pink
dotted line shows the droplet radius at the top boundary. Note that

the scales of both figures is different.

(A) (B)

FIGURE 3.19: Water content in horizontal and vertical direction inside the paper during
infiltration of a large droplet (r = 20 µm) at different timesteps. The values on the x-axes
denote the distances from the left boundary (A) and the paper surface (B). The yellow
curve (A) and green curve (B) is the imprint after droplet infiltration. The top of the fibrous

layer is situated at 12 µm.
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4 Discussion

In this chapter, the results of the pore-scale model and the continuum-scale model
will be discussed. A technical discussion of the OpenFOAM model contains an
overview of simplifications and possible improvements of the pore-scale model. Af-
ter discussing the results of both models separately, the models will be compared
to each other to decide which model is better in describing the infiltration of small
droplets into the coating layer of paper. The last section lists some possibilities for
future research.

4.1 OpenFOAM

4.1.1 Droplet position

The spreading and infiltration of two equal sized droplets is different when the
droplet is placed at another location, as shown in figures 3.3 and 3.4. This means
that, at least for a 2 µm radius droplet, the behaviour inside and on top of the paper
coating is influenced by local pore structure. This effect can be seen in figure 3.4,
a large pore is inhibiting the droplet at location 1 (red) to spread further over the
coating. As already was noted in the theoretical background (section 1.2.2), this be-
haviour was also observed in other studies (Schoelkopf et al., 2000; Ridgway et al.,
2002). These studies argued that the inertia of the fluid inhibits the infiltration in the
largest pores.

Furthermore, figures 3.2 and 3.3 illustrate that a droplet on and inside the coating
does not spread perfectly radial. The maximum distances in x- and z-direction are
not equal: compare for example the final spread in x- and z-direction for the droplet
at location 2. This also illustrates the effect that the local pore structure can have on
the distribution of water.

The plots of relative infiltrated volume (see figure 3.5a) show that the infiltra-
tion rate is equal for both locations. Moreover, according to table 3.1, the maximum
surface area is reached at the same time for both locations. Therefore, it can be con-
cluded that the rate at which the processes occur, is not influenced by the position of
the droplet and the pore structure at that location.

4.1.2 Droplet size

The infiltration of the larger droplet (r = 3 µm) can be roughly compared with the
satellite stains that were created during the experiments. The diameters of satellite
stains were 6 µm and 10 µm and the infiltration depths were 2 µm and 3 µm respec-
tively (see table 2.2). The exact volume of the satellite droplets cannot be determined.
The infiltration depth in OpenFOAM is 2.77 µm and the spread in two directions on
top of the coating is about 4.2 µm (see table 3.1). These results are similar to the
measured extents, so it can be concluded that the results are valid.

Especially in the z-direction (both on the surface as inside the coating) the spread-
ing increases with increasing droplet size. This means that the water also spreads
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over and into the large pore that remained unfilled during infiltration of the small
droplet (indicated with a circle in figure 3.4). As a result, the spreading of the 3 µm
droplet is much more radial compared to that of the 2 µm droplet.

The infiltration depth is almost equal for both droplet sizes. The values for lateral
spreading inside the coating layer clearly show that the fluid movement took place
more laterally instead of vertically inside the coating. This can be explained by the
large increase in surface area, which means that there is a larger area over which
infiltration can occur, which means that the fluid inside the coating layer will also
spread out more evenly. This means that an increase in droplet volume will have a
much larger effect on the spreading compared to the infiltration. This behaviour is
comparable with the results of Fu et al. (2019). Their modelling showed that larger
droplets will spread more, while the size increase hinders the infiltration. However,
according to their research, the infiltration depth decreased significantly, whereas
the depth in this study remained the same.

The infiltration rates can be compared with figures 3.5a and 3.5b. The first figure
shows the fraction of the total droplet volume that is inside the coating layer. It will
take longer before the larger droplet is fully imbibed by the coating layer, because
the volume is larger. The second figure shows the absolute volume inside the coat-
ing layer over time, which indicates that the infiltration rate is higher for the large
droplet. Due to the larger wetted surface area, infiltration of the larger droplet can
also occur over a wider area. For a smaller droplet, this area is smaller and the in-
filtration will slow down due to the friction of the fluid inside the porous structure.
Tan (2017) also observed this increase in infiltration rate in their experiments with
droplets of 10 - 220 pL.

4.1.3 Contact angle

According to table 3.2, the simulations with different contact angles are the only
runs that show a significant difference in infiltration depth and maximum surface
area compared to the other simulations. The evolution of infiltration depth and sur-
face area over time for these simulations is shown in figure 3.8. It is important to
note that the surface tension between the liquid and air was kept at the same value
for these three simulations. Looking at the Young-Dupré equation (see equation 1.2),
this means that a change in contact angle reflects a change in surface tension at the
solid-gas and solid-liquid interfaces. In this case, a change in contact angle therefore
reflects a change in hydrophilicity of the paper coating. In that sense, the changing
contact angle does not describe a change in fluid properties, but a change in proper-
ties of the porous medium.

A fluid with a high contact angle (90◦) will not be imbibed by the coating, al-
though it slightly infiltrates the pores at the coating surface. Furthermore, it spreads
out slightly over the surface, but becomes immobile soon after.

A fluid with a low contact angle (1◦), will result in an increase in maximum
surface area and infiltration depth. The infiltration rate also increases, but the rate
of spreading is not influenced by a decreasing contact angle. The latter is shown in
figure 3.8b, where the plots of contact angles 1◦ and 45◦ are initially equal. Due to
the increased infiltration rate the fluid with 1◦ will move very fast into the paper
coating, and the surface area decreases much faster compared to the infiltration of
water (contact angle 45◦).

The increase in infiltration rate is expected, see for example the Laplace capillary
pressure equation (eq. 1.1). A decrease in contact angle will result in a higher cap-
illary pressure, which consequently causes the fluid to flow easier into the coating.
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This also explains the wide distribution of fluid inside the coating: the width of the
imprint inside the coating in x- and z-direction is also higher for a contact angle of
1◦ compared to a water droplet. The capillary pressure caused the fluid to spread
further in all directions.

4.1.4 Surface tension

Closely related to the contact angle is the surface tension of the liquid-air interface.
For the simulation where the surface tension (between the fluid and gas phase) is
decreased, the contact angle is kept at the same value. However, this means that the
surface tension at the solid-gas and solid-liquid interface also have to change (see
Young-Dupré equation, eq. 1.2).

In contrast to changing the contact angle, where the change mostly reflects a
change in properties of the solid, the change in surface tension (while keeping con-
tact angle constant) shows the combined change in properties in the solid and liquid.
It should be noted that it is unlikely that a liquid with a different surface tension will
result in the same contact angle when the same coating is used. Nevertheless, this
simulation will provide extra information on the results of the ink-like liquid com-
pared to the infiltration of water.

Decreasing the surface tension will cause infiltration and spreading to slow down
significantly. This is expected behaviour, since a lower surface tension results in a
lower capillary pressure according to the Young-Laplace equation (eq. 1.1),. This
means that the wetting force is decreased, while the drag force (equation 1.3) is still
the same.

Koivula et al. (2012) reported the effect of the spreading of water and oil droplets
over calcium carbonate tablets with different size distributions. They noticed that
especially water droplets spread very different over the different tablets. They at-
tributed this effect to the especially high surface tension of water. This means that a
slight change in surface structure can strongly influence the spreading behaviour of a
droplet with a high surface tension. It would therefore be interesting to see whether
changing the surface tension has the same effect when the droplets are infiltrating at
another location on the coating layer.

4.1.5 Viscosity

The full plots of the water content inside the coating for droplets with an increasing
viscosity are shown in figureE.3 This graph illustrates that the viscosity of a fluid has
a large impact on the rate of spreading and infiltration; figure E.3 and 3.9a clearly
indicate that a more viscous fluid will infiltrate more slowly. The medium viscous
and high viscous fluid will take respectively 2 and 12 times longer to infiltrate com-
pared to water and 3 and 16 times longer to spread. This decrease in flow rate is very
predictable, as a higher viscosity will increase the viscous drag at the pore sides.

The infiltration depth is lowest for the intermediate viscosity fluid. However,
as already was discussed in the results section, the simulation of an intermediate
viscosity is terminated to early. This droplet might have infiltrated further if the
simulation had run for a longer time.

The high viscous fluid reaches a relatively high infiltration depth that is 0.1 µm
deeper than the infiltration of water. This is striking, as you would expect a low
infiltration depth for a high viscosity, because of the presence of high viscous forces
that counteract the capillary action.
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4.1.6 Density

An increase in density will result in a slightly slower infiltration (see figure E.4 and
3.10a). Eventually, the low and high density droplets reach the same infiltration
depth, but the simulation of the intermediate density droplet was already termi-
nated before this point. The infiltration depth of the intermediate density might
have eventually reached the same point, if the simulation had run for a longer time.

According to table 3.2, droplet with an intermediate density has a maximum
wetted surface area that is 0.02 µm2 lower than water (with a low density). However,
figure 3.10b illustrates that the maximum surface area for all three fluids are roughly
the same; the slightly lower maximum surface area is only because the curve for
intermediate density has less fluctuations.

Figure 3.10b shows that the initial spreading is not influenced at all by the den-
sity; all plots follow the same curve during the first microsecond. After that, the low
density droplet spreads out slightly further, but the simulations keep roughly the
same trend during the until t = 5 µs. The decrease in surface area of these droplets
show a more distinct difference. This decrease can only be caused by the infiltration
of fluid, so it can be postulated that only the infiltration is influenced by density,
whereas spreading is not influenced at all.

However, the differences between infiltration rates are very small compared to
most other simulations, which becomes clear from figure 3.7. It can be concluded
that an increasing density will have a very minor impact on the behaviour of small
droplets when they are infiltrating the paper coating layer.

According to the studies by Schoelkopf et al. (2000) and Ridgway and Gane
(2002), an increase in density may result in inertial delay, where the acceleration
of the liquid when it enters a new pore is counteracted by its inertia. However, these
studies found that this effect is most pronounced for infiltration into large pores. The
pore sizes in the coating that is used here are very fine; the mean pore size is 180 nm
(Aslannejad et al., 2017). Therefore, this effect of inertial delay is almost negligible
compared to for example viscous drag.

4.1.7 Impact velocity

When the droplet at the surface has a velocity of 5 m/s, the infiltration rate is slightly
higher and the time until the maximum surface area is reached is slightly lower com-
pared to a sessile (velocity = 0 m/s) droplet. A clear comparison between the infil-
tration rates of both droplets can be found in figure E.2. During the first moments,
the relative water content increases faster for the case with an impact velocity: after
the first timestep, at 0.5 µs, the water content is twice as high. After 2 µs, this droplet
starts to behave the same as the sessile droplet and the two plots remain parallel
until the droplets are fully imbibed. However, because the initial movement is faster
for the droplet with an impact velocity, the 5 m/s - droplet is slightly sooner infil-
trated. Therefore, the time for evaporation of the droplet at the surface is limited by
the impact velocity. This is undesirable since the ink fixation will improve when the
droplet resides longer at the paper surface and has more time to evaporate.

The exact same phenomenon occurs for the surface spreading. Figure 3.11b
shows that the initial spreading for the droplet with a velocity of 5 m/s is signifi-
cantly faster compared to a sessile droplet. However, after 1 µs, this effect tapers
off and the increase and decrease of the wetted surface area remains similar to that
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of a sessile droplet. The initial velocity was set in OpenFOAM in the direction per-
pendicular to the paper surface, hence it is interesting to see that this velocity also
influences the lateral spreading.

The effect of an impact velocity on the spreading rate also influences the maxi-
mum wetted surface area, which is 0.03 µm2 higher compared to that of water. This
is a considerably large effect compared to the other simulations in this parameter
study. On the contrary, the infiltration depth is exactly the same in the simulation
with a sessile water droplet and a droplet with an initial velocity.

The results show that velocity of the falling droplet will influence the initial rate
of spreading and infiltration, but this effect will be canceled out after a short period
due to forces that inhibit the fluid flow, like viscous drag or retardation due to sur-
face tension. These forces have a larger effect on the infiltration, compared to the
surface spreading, because surface spreading is a much faster process. This explains
why the wetted surface area of the droplet with an impact velocity is higher, but the
infiltration depth in both simulations is the same.

On a side note, in this simulation, the droplet did not fall onto the paper and
was assumed to be a perfect sphere at the moment that it touches the paper. In
reality however, the droplet may deform during its fall and not arrive as a sphere.
Moreover, the velocities upon arrival were also reported to be higher in some studies
(Desie et al., 2004; Daniel and Berg, 2006). To better understand the influence of a
falling droplet, the simulation should be repeated with other velocities.

4.2 Water and ink-like liquid

The main aim of this study is to distinguish in what way the fluid properties of an
aqueous ink influence the final print on a coated paper. The difference between the
final imprint of a water and ink-like liquid droplet is shown in figure 3.6, which il-
lustrates that a change in fluid properties has hardly any effect on the distribution of
fluid. However, it also shows that shape of the imprint of a droplet can still be dif-
ferent when the maximum distances in three directions are the same. For example,
the spread in x-direction for an ink-like droplet (the middle right image in figure 3.6)
more parabolic compared the the spread of a water droplet (middle left).

The previous sections clearly indicated that mainly the speed of the process is
influenced by the fluid properties. This is especially true for an aqueous ink; the
plot of an ink-like fluid in figure 3.7 shows the slowest infiltration rate except for the
infiltration of a highly viscous fluid. This slow imbibition is a desirable effect, since
it will mean that there is more time for the evaporation of the droplet at the surface.
The droplet will evaporate before it is fully infiltrated, so the dye or pigments within
the ink will be fixed closer to the surface, which will result in a more clear image.

It has been shown that the infiltration rate decreases for a lower surface tension,
higher viscosity and higher density. The ink-like droplet has a viscosity and density
that is lower compared to the intermediate viscosity and density simulations, but the
infiltration rate of an ink-like liquid is lower compared to the intermediate density
and viscosity simulations. Moreover, the surface tension of the ink-like liquid is
equal to the surface tension that is tested in a seperate simulation. Still, the ink-like
liquid infiltrates more slowly. This means that the effects that these fluid properties
have on the rates of infiltration will be combined.

As explained in the introduction of this thesis, the best results in inkjet printing
are achieved when there is little and slow spreading and infiltration. Much spread-
ing at the paper surface will result in resolution loss of the final image. Increased
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infiltration may cause the pigments or dye to move to far into the paper, so more ink
will be needed to create a clear image at the paper surface. Slower rates of infiltra-
tion and spreading will leave more time for evaporation at the surface and the pig-
ments/dye will also remain at the paper surface. The results of the parameter study
have shown that especially the higher viscosity and lower surface tension provide
desirable effect on the final ink imprint, since these properties decrease the infiltra-
tion rate. Moreover, an increase in contact angle will produce good results, because
the maximum infiltration and spreading area will decline and the infiltration rate
will decrease.

4.3 Technical discussion OpenFOAM

In this section, some shortcomings and possible improvements of the OpenFOAM
model will be discussed. There are some inaccuracies that should be noted, as they
might have influenced the results. First of all, the velocities close to the two-phase
interface are really high. These velocities are caused by numerical instabilities and
are called ’spurious currents’ (Deshpande et al., 2012). Related to this are the really
short times that are reported to reach complete droplet infiltration.

Besides, the model validation showed that the results will be influenced by the
local pore structure and that the final imprint at another location at the same coating
will be different. Therefore, the simulations should be repeated several times at
different locations to eliminate the effect of coating properties on the results.

Moreover, evaporation is not incorporated, but it could largely influence the be-
haviour of the impinging droplet. First of all, it will be interesting to know whether
evaporation starts to play a role after a droplet has infiltrated the paper coating, or
if evaporation will also reduce the volume that is available to spreading and infiltra-
tion. Both theories are discussed in literature; Markicevic and Navaz (2010) assume
that evaporation takes place after the droplet is fully infiltrated, although capillary
wetting inside the paper could still coexist with evaporation. This was also shown
in experiments with pL-sized droplets done by Oko et al. (2011). Experimental data
of Tåg et al. (2010) indicate that evaporation could start to play a role before the
droplet is fully imbibed, for example when a fast evaporating liquid is used, like al-
cohol. If evaporation immediately starts to compete with spreading and infiltration,
this could mean that final shape of the imprint of ink in this model will be altered.

The only parameter that has a significant impact on the imprint inside and on top
of the coating, was the contact angle. This was assumed to be a static value at every
point where the interface between water and air was in contact with a solid sur-
face. However, it is extensively discussed in literature that the contact angle changes
during movement of a liquid; e.g. the spreading and shrinking of a droplet on a
porous surface. (Gambaryan-Roisman, 2014; Brutin and Starov, 2018). To account
for this, a dynamic contact angle could be implemented, where both an advancing
and receding contact angle are used.

There are also some simplification made to the model to decrease the compu-
tational demand. However, these simplifications can lead to errors or unrealistic
results. To improve, the following alterations could be made:

• A larger droplet size. It has been shown that the movement of fluid of the
small droplet can be obstructed by the occurrence of a large pore (see figure
3.4), while the larger droplet is less influenced by pore structure. Moreover,
the droplet sizes that are generally used in inkjet printing are significantly
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larger; the smallest droplets that now could be created have a radius of 6 -
8 µm (Derby, 2010; Kettle et al., 2010).

• A finer mesh size. In this model, the largest cells are 60x60x60 nm, which
is still relatively coarse. A grid convergence study should be carried out to
determine whether the model output is independent on the grid size or if a
finer base mesh should be used.

• A full droplet, instead of a quarter droplet. In the section on droplet position
(section 4.1.1) it was already discussed that a droplet does not spread perfectly
radial and that the local pore structure influences whether fluid will spread in
a certain direction or not. This means that the behaviour in all other directions
might also be different and the assumption that a quarter droplet can be used
to define the behaviour of a full droplet is not realistic.

• A larger FIB-SEM image of the paper coating. The sample is now duplicated to
have infiltration far away from the model boundaries. This works well enough
in the case of 2 µm droplets, because the fluid does not reaches the ’seams’ of
the duplicated structure. However, when the droplet size becomes larger, it is
better to use a larger sample without duplication.

• Run the simulations for an even longer period. In this study, the simulation is
stopped shortly after the droplet was fully imbibed by the coating, to limit the
total runtime. It was assumed that the distribution of the fluid inside the coat-
ing was immobile at this moment. However, there are some indications that
this may not be the case. For example, the plot of infiltration depth over time
of the density simulations (figure 3.10a) show that the high and low density
runs reached the same infiltration depth, but the intermediate density simula-
tion is terminated before it reaches this point. Letting a simulation run for a
much longer period would solve this issue. However, that would also mean
that there is a longer period during which evaporation could take place.

4.4 HYDRUS

In this section, the results of the HYDRUS simulations will be discussed.

4.4.1 Experiments

The infiltration of a large droplet (r = 20 µm) will be compared with the experimental
data. The experiments are done on a coated paper, meaning that the fibrous layer
was also present. It would be best to use the simulation containing a coating and the
fibrous layer to compare the results to the experimental data. However, as explained
in section 2.3.2, the large difference in hydraulic properties of both layers results
in an initial high water content of the coating when both layers are present in the
same model. Therefore, the case where only a coating is present will also be used to
compare with the experimental data.

Figures 3.14 and 3.15b show that after 0.00024 seconds, the water has reached
the bottom of the coating (at 12 µm) in the simulation with the coating only. One
timestep later, at 0.00032, the area beneath the droplet is almost fully saturated. This
is different from the observations from the experiments. The maximum infiltration
depth in the experiments is in ranging between 5.5 - 11 µm (see table 2.2) and it does
not reach the fibrous layer. The lateral spread also differs from the experiments: 59
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µm in HYDRUS versus 15 - 25 µm in the experiments. Figure 3.13a shows an in-
crease in infiltration flux, around 0.0005 seconds, while the flux into the coating and
fibers keeps decreasing. The water balance error of the coating only simulation starts
to increase at the same time. Therefore, the results of this simulation are probably
incorrect and the infiltration into the coating and fibers is assumed to be more ac-
curate. However, the duration of droplet infiltration of both simulations is still very
similar, so the impact of a higher error is still low.

The simulation with the fibrous layer also shows that the coating below the
droplet becomes saturated quickly. Furthermore, the water content in the fibrous
layer below the droplet starts to slightly increase after 0.0012 seconds. Due to the
increase in water pressure inside the coating layer during droplet infiltration, the
capillary pressure (this is the macro-scale capillary pressure) decreases at the inter-
face such that the pressure ultimately becomes low enough that the water could
infiltrate the fibrous layer. The final wetted radius in this simulation (67 µm) is even
higher compared to the coating-only-simulation (59 µm). This is probably due to the
higher initial water content in the coating in this simulation. Since the lateral spread
according to the experiments should be low, this is an indication that the initial water
content in this simulation is too high.

It should be noted that evaporation is not taken into account in the HYDRUS
model. This could explain why the infiltration extent in vertical and lateral direc-
tion is higher compared to the experiments. During the experiments, the droplet
may have slightly evaporated when it was still at the paper surface. Also evapora-
tion from the coating could have started when the droplet was not fully imbibed,
although there are studies that report that evaporation only starts after the droplet
is fully inside the paper (Markicevic and Navaz, 2010; Rahimi et al., 2016).

Both simulations show that a large region of the total imprint is unsaturated.
This is due to the fact that Richards equation (equation 2.6) is a diffusive equation,
where the diffusivity increases when δh/δθ increases. This gradient is very high,
because the initial water content is very low, and the pressure differences close to
the constant head boundary is very large and thus the diffusivity is large. Since the
experiments do not show such high diffusivity, this indicates that Richards equation
may be not suitable to use for this process.

In the coating+fibers simulation, the interface between the two layers is straight,
with a coating layer of constant thickness. However, earlier study has shown that
the coating layer is actually varying in thickness and that often single fibers are em-
bedded in the coating (Aslannejad et al., 2018a). Moreover, fibers are found to be
highly hydrophilic, so when they get in contact with the wetting fluid, the water or
ink will start to flow through the fiber, while it will take longer before the pore space
in between the fibers starts to fill (Aslannejad and Hassanizadeh, 2017). Since the
simulation in HYDRUS does not account for the irregular interface and hydrophilic-
ity of single fibers, the results that infiltration as shown in section 3.2.3 are assumed
to be not representative of the expected behaviour.

4.4.2 Continuum-scale versus pore-scale modelling

The simulation with a wetted radius of 3 µm is used to compare the results of HY-
DRUS with the results of OpenFOAM. There are several differences. First of all, the
infiltration depth in HYDRUS (5.528 µm) is twice the the depth in OpenFOAM (2.776
µm). However, figure 3.17b shows that the saturation inside the HYDRUS model de-
creases from a depth of around 2 µm, so in this case, the diffusivity is also high. The
saturation in OpenFOAM cannot be derived directly, but the unsaturated area seems
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signifcantly less compared to the HYDRUS results. Also, the maximum infiltration
in OpenFOAM is the absolute distance measured from the paper surface, so even
if the imprint in OpenFOAM was also very unsaturated, the infiltration depth is
still much smaller than seen in HYDRUS. It can be concluded that the continuum-
scale model assumes the water to infiltrate much further compared to the pore-scale
model.

In lateral direction, the imprints in the OpenFOAM and HYDRUS runs are also
different. The maximum distance in HYDRUS is 8.148 µm, which occurs at the paper
surface. However, figure 3.17a indicates that the fully saturated part only slightly
exceeds the original droplet radius, but that the unsaturated section increases over
time. In OpenFOAM, the droplet first reaches a maximum radius of 4.2 µm at the
paper surface, after which the droplet base at the paper surface starts to decrease.
Inside the coating, the water reaches even further beyond the maximum droplet
base at the surface due to capillary action. As a result, the maximum extent in lateral
direction is 5.1 and 6.5 µm in x- and z-direction. The droplet base in HYDRUS is fixed
and therefore does not show the change in wetted surface area that is illustrated
in the OpenFOAM model, although the spread through the paper coating reaches
the furthest at the paper surface. Moreover, the capillary action that causes lateral
spread beyond the droplet radius is not reflected in the continuum-scale model.

The OpenFOAM results are influenced by local differences in pore structure. The
fine pores enhance the capillary action, but if they are too fine the flow could be in-
hibited by viscous drag. Infiltration in large pores is inhibited by inertia and slow
down the capillary action. In the previous section, it is shown that this could cause
the droplet to not spread perfectly radial over the paper surface. Also, the imprint
inside the coating is not symmetrical in every direction, but rather follows a path
of the most optimal pore sizes. This was also an important finding in the study of
Ridgway and Gane (2002) and Ridgway et al. (2002). The heterogeneity in spreading
through the coating is also shown with a pore-network model that used the same hy-
draulic properties that are used for the HYDRUS simulations (Yin et al., 2018). How-
ever, since there are no local heterogeneities incorporated in the the use of hydraulic
properties in HYDRUS, the effect of local differences in pore structure is lost.

HYDRUS may be suitable when regarding a relatively homogeneous porous
medium, because the pore structure may not have a large imprint on the final dis-
tribution of water. A disadvantage when using OpenFOAM is that it is not feasible
to repeat the droplet infiltration at many locations, since it will take a lot of time.
In that case the water distribution will be influenced when the droplet encounters a
heterogeneity in the pore structure, even if the structure is relatively homogeneous.
The results of HYDRUS will then provide a more generally applicable result.

To conclude, the imprint in vertical and lateral direction is further than seen in
the experiments and the result of OpenFOAM. The diffusivity of the results in HY-
DRUS and the absence of evaporation could be an explanation for this discrepancy.
The use of a straight interface between the coating layer and fibrous layer and a
constant thickness of the coating make HYDRUS unsuitable to use for infiltration in
a complete coated paper. However, the infiltration into the coating layer only was
also not comparable with the experimental data and results in OpenFOAM. Mainly
the lack of a description of local differences in pore structure and the incapability
to have a changing contact radius of the droplet at the surface causes the model in
HYDRUS be significantly less accurate than OpenFOAM. Especially the latter is an
important shortcoming of HYDRUS when regarding droplet infiltration for inkjet
printing: the behaviour at the surface will especially influence the final quality of
the printed image. Even though the results in OpenFOAM are very limited due to
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the high computational demand of one simulation, it can be concluded that the use
of a pore-scale model is significantly better than using a continuum-scale model.

4.5 Future research

Although this thesis has illustrated the effect of some fluid properties on the infiltra-
tion and spreading of small droplets in the paper coating layer, there are still parts
that need further research.

First of all, incorporating the effect of evaporation will vastly improve the results.
Evaporation is an important factor that determines the quality of the printed dot: it
could counteract the spreading over the surface and reduce the possibility of bleed-
ing. It also could prevent smearing of the drop, when the fluid does not infiltrate
quick enough.

Moreover, in this study, it is assumed that the colouring is applied at every con-
tact of the fluid with the coating. However, in a real ink, dye or pigments are added
to the ink, which are possibly not reaching the same parts as the solvents of the ink.
If this is the case, the coloured imprint will differ from the imprint as discussed in
this study. For both dye- and pigment based inks, there are studies that show that
the imprint will differ from the imprint of only the solvent part of an ink. Generally,
the colourant part will adhere to the paper surface, while the solvent moves further
into the coating. In the case of pigments, the particles can clog pores and are able
to significantly alter the spreading and infiltration behaviour of the rest of the fluid
(Desie et al., 2004; Kettle et al., 2010).

It would be interesting to compare the results of this study with the behaviour
of fluids on other type of coatings. Previous studies have shown numerically and
experimentally that parameters like the pore size distribution, porosity the coating
structure has a large impact on the rate of infiltration and shape of final imprint
(Schoelkopf et al., 2000; Ridgway and Gane, 2002; Koivula et al., 2012). Moreover,
the effect of the pore structure can be different when fluids with different properties
are used (Ridgway and Gane, 2002; Ridgway et al., 2002; Rahimi et al., 2016). This
indicates that research on the combination of changing fluid properties and changing
properties of the paper substrate is important.

Furthermore, adding a fibrous layer below the coating would be interesting. Ex-
periments by Liu et al. (2017) show that the fibers of uncoated paper show a differ-
ent infiltration pattern, as the water initially spreads along the surfaces of the fibers
before entering the fibers itself and the larger pores in between. Aslannejad et al.
(2018b) shows the results of a droplet infiltrating a fibrous layer, which indicates that
the movement of fluid inside a fibrous layer is different compared to the behaviour
in a calcite coating. Moreover, the interface between the coating layer and fibrous
layer is very irregular (see the FIB-SEM image in figure 1.2) and fibers could point
through the baseline of the coating layer (Aslannejad et al., 2018a). Although the
aim is to keep all liquid inside the paper coating to prevent undesirable situations
like the swelling of fibers, it is still possible that the ink reaches a fiber due to this
irregular interface (Aslannejad et al., 2018a). However, the pore structure of the two
layers is very different, so it will be a challenge to incorporate both into a pore-scale
model.
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5 Conclusion

In this study, the imbibition of small droplets into the thin coating layer of paper
is studied by using two types of numerical models. The first model is a pore-scale
model, in which FIB-SEM images of an actual paper coating layer are used to create
a domain that could be used in OpenFOAM. The other model is a continuum-scale
model, in which the hydraulic properties of the same coating layer and the prop-
erties of the fibrous layer of a coated paper are implemented (Aslannejad and Has-
sanizadeh, 2017; Aslannejad et al., 2017). The continuum-modelling is carried out
with the use of the software HYDRUS.

The results of both models are compared with measurements of droplets that
have infiltrated in the same coating. The droplet volume that was used in the exper-
iments was higher than the volume that was possible to use in OpenFOAM. How-
ever, some satellite droplets were formed due to the impact of the falling droplet in
the experiments. The infiltration depth and spreading extent of the droplet with a
radius of 3 µm in OpenFOAM was comparable with imprint of the satellite droplets.

The results of the simulations in HYDRUS were different from the experimen-
tal data and the results of OpenFOAM. The values of infiltration depth and maxi-
mum spreading of the HYDRUS cases were much higher than in the experiments
and OpenFOAM simulations. The use of Richards equation yields a highly diffuse
imprint, where a large unsaturated zone occurs around the saturated part of the
droplet imprint. This diffusivity, together with he inability to implement a dynamic
droplet base at the paper surface and the lack of a precise description of pore struc-
ture make the HYDRUS model unfit to use for the complex process of imbibition
of small droplets. Especially in the framework of inkjet printing, the behaviour of
droplets at the paper surface is very important. Therefore, it is concluded that pore-
scale modelling is a much better option to model these processes and a continuum
model is unable to produce acceptable results.

The results of the OpenFOAM simulations show that the fluid properties have
very little impact on the final distribution of ink on top and inside the paper coating.
The only cases that resulted in a significantly different imprint had different values
for the contact angle. Since the surface tension for these cases was kept the same, the
change in contact angle reflects a change in wettability of the coating.

The rates of spreading and infiltration are influenced by several fluid properties.
Increasing the viscosity resulted in the most pronounced retardation of spreading
and infiltration. Decreasing the surface tension by half (but keeping the same contact
angle) also resulted in a retardation of both processes. Increasing the density had a
very minor effect on the infiltration rate and did not influence the rate of spreading.

When the droplet had an initial velocity at the start of the simulation, the max-
imum wetted surface area increased somewhat, but the infiltration depth remained
the same. The rate of spreading increased slightly and the infiltration rate was only
increased during the first timesteps.

This study showed that the final distribution of fluid inside the paper coating
layer changed the most when comparing the simulations at different positions at the
coating layer and for different contact angles. This means that the properties and
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structure of the porous medium, have a large impact on the ink distribution inside a
paper coating. However, this was not explicitly studied in this research, so the exact
effect of the pore structure should be studied in other research.

During printing, the best quality is achieved when the ink spreads as little as
possible. Moreover, the ink should stay relatively close to the paper surface, to fix
the pigments and dye at the paper surface without needing too much ink and to
make sure that the ink does not reach the fibrous layer. To achieve this, infiltration
has to be slow to enhance evaporation so the ink pigments/dye will be fixed at
the paper surface. It can be concluded that decreasing the viscosity, increasing the
surface tension and increasing the contact angle will produce the best results with
regard to inkjet printing of small droplets. Moreover, decreasing the impact velocity
and increasing the density will have a minor, but favorable, effect.
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A OpenFOAM settings

A.1 ControlDict

Note that endTime will be changed according to the duration of the droplet infiltra-
tion and can differ for every simulation run.
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A.2 fvSolution
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A.3 fvSchemes
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B OpenFOAM mesh files

B.1 BlockMeshDict
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B.2 SnappyHexMeshDict
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C OpenFOAM boundary
conditions

In this appendix, the input for the files alpha.water, velocity and pressure is shown.
These files contain information on the boundary conditions that will be used and are
stored in the 0-folder of the OpenFOAM case. The dimensions are stored as SI units
in the following way: dimensions [kg m s K mol A cd]. For example, the dimensions
of velocity are stored as dimensions [0 1 -1 0 0 0 0], which corresponds to m/s.

C.1 Alpha.water
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C.2 Velocity
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C.3 Pressure (p_rgh)
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D HYDRUS settings

D.1 Spatial discretization

All mesh and geometry settings are specified in table D.1. To improve the stability of
the model, the cells at the paper surface should be small, therefore a relative size is
specified. This size is specified in the last column of table D.1. A value of 0.1 means
that the surface cells are ten times smaller than the cells at the bottom. The rest of
the cells are changed to get a gradual change in cell size from top to bottom.

TABLE D.1: Mesh and geometry information. Spatial discretization
describes the number of nodes in one direction

Length (x)
[µm]

Spatial
discretiza-
tion (x)

Depth (z)
[µm]

Spatial
discretiza-
tion (z)

Relative size
of top cells

Coating+fibers 300 360 Coating: 12 90 0.1
Fibers: 61

Coating only
3 µm droplet 20 55 12 120 0.2

20 µm droplet 100 200 12 45 0.1

D.2 Time discretization and iteration criteria

All settings regarding the time discretization and iteration process are listed in table
D.2.

TABLE D.2: Settings regarding time discretization and iteration

Coating + Coating + Coating +
fibers 3 µm droplet 19 µm droplet

Initial time step [s] 1e-7 1e-9 1e-9
Minimum time step [s] 1e-9 1e-11 1e-11
Maximum time step [s] 1 1 1
Maximum number of iterations 10 10 10
Water content tolerance 5e-7 5e-7 1e-6
Pressure head tolerance 0.0001 0.0001 0.001
Lower optimal iteration range 3 3 3
Upper optimal iteration range 7 7 7
Lower timestep multiplication factor 1.3 1.3 1.3
Upper timestep multiplication factor 0.7 0.7 0.7
Internal interpolation tables Disabled Disabled Disabled
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E Results OpenFOAM

E.1 Infiltration plots

Below, the relative water content plot showing all results of the parameter study (figure
3.7) is split into several plots to compare the effect of a change in a single property.

FIGURE E.1: Relative water content of water, ink, surface tension and both
contact angle simulations

FIGURE E.2: Relative water content of a sessile droplet (water) and a
droplet with velocity of 5 m/s
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FIGURE E.3: Relative water content of water, ink and both viscosity simulations

FIGURE E.4: Relative water content of density simulations. The graph of the ink-like liquid is cut off to zoom in
at the density simulations
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