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Chapter 1

Introduction

1.1 Fundamentals of ink-jet printing

In its essence, ink-jet printing consists of depositing a desired amount of liquid
(ink) directly according to a computer-generated image onto a desired location
of a substrate (usually paper, glass or polymers) by generating droplets of ink
from an ink reservoir [1–3]. The non-contact nature offers great flexibility in
terms of both the substrate and the ink, with virtually no limitations to the
type of the substrate that can be used. The substrate can be rigid (metals, glass)
or flexible (paper, polymers). Several types of inks are possible ranging from
solvent based inks with molecularly dissolved dyes or solvent based inks with
suspended pigments (rendering the ink as a colloidal suspension or emulsion)
to UV gel inks, with cross-linked polymer particles, that deposit materials
without the aid of a solvent. The ink-jet technology is now renowned for being
simple, silent, fast, versatile, non-contact and a process with a completely digital
control [1–5].

In the recent decades, there is a growing recognition that ink-jet technology
offers cost-effective solutions for micro and nano fabrication of functional ma-
terials due to its ability to generate high-speed and high-resolution large area
patterning, employing only a controlled and pre-determined amount of ink.
Consequently, apart from its traditional use in printing text and images onto
paper substrates, ink-jet printing has also become important for applications
such as plastic electronics, nanotechnology and tissue engineering, to name a
few [3]. The capability to fabricate functional features without the need for
masks (as in lithographic processes) is particularly attractive for the additive
manufacturing industry because of the reduction in the processing steps and
thus reduction in waste, time and space of the manufacturing process.

However, for developing applied ink-jet printing techniques, it is paramount
to attain an in-depth understanding of the fluid properties (such as surface
tension and viscosity), the hydrodynamics that govern the various stages of the
process, the (physico-chemical) interactions between the ink and the substrate
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Chapter 1 Introduction

and, vitally, how these parameters and phenomena determine the quality of the
deposition process. In general, the key challenges or areas requiring scientific
study are

• How to form the drops of ink (drop generation)

• How to generate the motion of the formed drops (drop emission)

• How to control the drop to land on the required spot of the substrate
(print control)

• How to cure (evaporation/UV curing) the deposited material to obtain
the required features (deposited solution/material processing).

1.1.1 Droplet generation and emission

Drop formation can be achieved in several ways, some of which are,

• Fig. 1.1(a) shows a schematic of the continuous ink-jet technology (CIJT).
In CIJT, the droplet is charged by an electrostatic field and passes through
a deflection field which determines the location of drop landing. The
unprinted drops are fed back for re-use. This method is suitable for
printing with large droplet sizes or high throughput. The downside is
however the low achievable resolution.

• Drop on demand (DoD) ink-jet printing offers higher effiencicy than the
CIJT method. Instead of continuously jetting drops, in the DoD method,
the drops are only generated if the information to be printed requires so.
Some types of DoD printing are as follows

• Fig. 1.1(b) shows a schematic of thermal ink-jet technology (TIJT). The
drops are generated by heating a resistive element in the ink-chamber,
causing vaporization of the ink leading to bubble formation and subse-
quently forcing a drop to be formed.

• Piezo-electric drop-on-demand ink-jet technology (PIJT) where a voltage
is applied (generating an electric field) to distort the piezo-crystal which
leads to a drop being formed.

• Electrostatic drop-on-demand ink-jet technology (EIJT) in which an
electrostatic force is applied between an electrode and the nozzle to form
drops.

2



1.1 Fundamentals of ink-jet printing

Figure 1.1: Schematic of (a) CJIT and DoD printing techniques (b) TJIT (c) PJIT and (d)
EIJT. Image inspired from [1]

In the piezo-electric process, there is no restriction on the type of ink. This
is in contrast to the thermal ink-jet technology where only inks that have
a volatile component and can also withstand high temperatures are suitable.
This limitation renders TIJT unsuitable for printing polymers. Moreover, water-
based inks, where the solvent is water, are now in wide-spread use for printing
onto various substrates, and especially onto porous substrates because of the
advantages they offer from an environmental stand-point. While TIJT is most
suitable for water-based inks, the fluid in the print-head undergoes thermal
stresses [6] due to the high temperatures. This is not the case with PIJT,
making it more versatile.

At the heart of all the above methods is the realization that the application
of a pressure wave (acoustic energy) will break-up a liquid stream into discrete
droplets of uniform size and shape (Rayleigh instability [1, 7]). Fig. 1.1(c)
shows a schematic of the working of a piezo-electric ink-jet process. The applied
voltage, the pulse duration (pulse-width) and the diameter of the nozzle control
the size of the generated drops. The role of the pressure wave will be to primarily
overcome the surface tension of the ink-air interface which tends to retain the
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Chapter 1 Introduction

Figure 1.2: Stroboscopic images of an Ethylene glycol drop formation process from a slender
liquid jet. The scale bar is 100µ m in length. Image source [1]

ink at the orifice. Upon setting a voltage, the piezo element expands and
a pressure wave propagates in two directions through the fluid, eventually
expelling a stream of liquid which breaks up into discrete droplets in order to
minimize the surface energy (again caused by the surface tension of the ink-air
interface).

Fig. 1.2(a)-(g) show stroboscopic images of the various stages of an ideal
droplet formation process from a slender column of ink. Initially, the ejected
jet begins to adapt into a spherical shape to minimize its surface energy
(figs. 1.2(a)-(c)).

During this time, the fluid is still attached to the nozzle through a filament. A
drop pinch-off point occurs leading to the formation of the secondary or satellite
drops inducing filament rupture, due to Laplace-pressure induced drainage
of the filament-thickness into the secondary drop (fig. 1.2(d)). After which,
coalescence of the primary and the secondary drops (fig. 1.2(e)) and thence
post-coalescence oscillation occur (fig. 1.2(f)). A stable operating mode is then
attained with the emitted drop hurtling towards the substrate (fig. 1.2(g)).
Typical speed of the ejected liquid at the nozzle exit is 1− 5 m/s. The formed
drop, however, impacts the substrate at considerably lower speeds. A drop
with a typical size of 50 µm reaches its terminal velocity in approximately
10 ms. The individual settings of the voltage, the pulse-width and frequency
of deposition control the droplet emission process and is not universal for all
liquids. Typically, the electrical signals are adjusted for each material system
until the stable operating mode is achieved. It is often the case that very high
voltages can cause large volumes of liquid being ejected (higher voltage however
is a requirement for liquids with a high viscosity), and a too low-surface tension
can cause the formation of several satellite drops leading to low resolution. In
the context of this work, an ejection mode is considered stable if:

• A single droplet is formed after the jet-breaks up

• A larger primary drop and a smaller secondary drop are initially formed,
but coalesce mid-air.
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1.1 Fundamentals of ink-jet printing

Figure 1.3: Schematic of variations in dot spacing (a) independent droplets are deposited due
to large spacings (b) formation of horizontal lines when dot spacing is reduced (c) formation
of transverse lines TJIT and (d) continuous structure when dot-spacing in both x and y
directions are reduced. Image source [1]

• The secondary drop and the primary drop do not coalesce, but the sec-
ondary drop lands on the pool of the larger primary drop. This may
cause fluctuations in the mass-flow rate as a function of the frequency of
the deposition, so this mode should be avoided as much as possible.

Hourly or bi-hourly monitoring of the drop formation and emission processes
can greatly enhance the accuracy, consistency and reproducibility of the ink-jet
deposition experiments.

1.1.2 Print-control

Print-control depends on the distance between the nozzle and the substrate and
on the speed of the ejected droplets. It also depends on the types of motion of
the substrate. Certain applications require linear motion of the substrate, some
others may require three dimensional motion with the help of precision (X-Y-Z)
stages. Usually a working distance of not more than 5 mm is preferred between
the nozzle apex and the substrate, because of antagonistic aerodynamic effects
on the drops that could arise leading to inaccurate drop positioning. Both the
thermal and the piezo-electric print-heads can be employed as side-shooters
(with an angled mounting) or as roof-shooters.

The behaviour of droplets on substrate surfaces forming lines or films is of
fundamental importance in ink-jet printing, because it determines the useful-
ness of the end product. Defect-free continuous structures are essential for many
applications with functional materials. A crucial parameter is dot-spacing, i.e.,
the centre to centre distance of two drops on the substrate. Fig. 1.3(a)-(d)
show the different types of structures that are formed depending on the way
in which either the print-head or the substrate moves. If the droplet spacing is
larger than the radius of the drops, discontinuous structures are formed. On
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Chapter 1 Introduction

Figure 1.4: Various stages of the emitted drop’s interaction with a porous substrate. Image
taken from https://www.imaging.org/site/IST/Resources

the other hand, for dot spacing smaller than the radius of the drops, continuous
features are produced. Moreover, for porous substrates, forming or printing
lines are a convenient way to study competing phenomena such as solvent
absorption and evaporation, as steady-state solvent distributions occur over
sufficiently long printing duration. In the subsequent chapters, we will study
the process of ink-jet deposition of lines in considerable detail as functions of
both the speed in which the substrate moves underneath the print-head and
the rate of droplet deposition.

1.1.3 Deposited solution/material processing

After drops are generated and emitted from the print-head, the final print-
quality crucially depends on the interactions between the ink drops and the
substrate. For porous substrates, the interplay of two simultaneous and compet-
ing phenomena of ink absorption and solvent evaporation governs the quality
of the final print. When employing ink-jet to perform experiments, it is sought
to first attain the stable operating mode (similar to fig. 1.2(g)) for different
material systems. After the attainment of the stable mode, emphasis lies on
gaining insights onto the transport processes that occur as ink-drops get re-
distributed into the paper substrate (imbibition). Fig. 1.4 shows a schematic
of the different transport processes that occur after a drop impacts a porous
substrate. Upon impact, depending on the type of coatings on the substrate
and the nature of the additives present in the ink-drops, a wetting delay can
be caused. The delay manifests as a slow rate of absorption. This delay is often
detrimental as it leads to poor resolution and color density. Coated papers are
therefore popular as they promote wetting. Typical aqueous inks also contain
surface-active solutes (surfactants) which are well-known wetting agents. After
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1.1 Fundamentals of ink-jet printing

the droplet reaches its maximum extension, retraction begins with the droplet
rapidly losing its mass [8]. Liquid is then re-distributed into the paper (in
the lateral as well as in the vertical direction) under the driving influence of
a pressure gradient between the wet and the dry zones (absorption/Darcy’s
law), with simultaneous evaporation of the solvent. Other added solutes, such
as dyes or pigments, then bind to the substrate.

The goal of the research presented in this dissertation is to study the dynam-
ics associated with spreading, imbibition and subsequent drying of water-based
printing inks onto thin porous substrates (paper). We will disregard the impact
process that occur on very short (ms) time-scales and focus rather on the ab-
sorption and evaporation regimes that occur on time-scales between 100 − 103

seconds. Developing (experimental) methods to quantify and monitor solvent
imbibition and evaporation on these time-scales is another important goal of
this work. To this end, we will consider heat-transfer effects associated with the
transport and evaporation of the solvent. Fig. 1.5 shows a scenario where a thin
strand of paper is placed few centimetres away from a cup containing water.
The water in the cup is colder than the ambient due to evaporative cooling.
Despite no direct contact between the paper and the liquid, the end of the pa-
per that is closest to the surface of the liquid shows an increase in temperature.
Thus, we realize that insights on water- water vapor-paper interactions can be
obtained by measuring and interpreting the temperature changes of the paper
substrate. Both liquid imbibition (front-motion) and phase change effects such
as evaporation and condensation translate into changes in the temperature of
the paper, and can be exploited for robust process control, due to the poor
heat capacity of paper leading to a measurable rise in temperature. In the
subsequent chapters, we will delve deep, amongst other things, into the causes
that lead to such interesting phenomena shown in Fig. 1.5.

Fig 1.6 shows a scanning electron microscope image of the internal structure
of a typical printing paper. Paper is a porous material made up of cellulose
fibres that are themselves permeable to varying degrees [9–11]. The fate of even
a certain amount of solvent is to imbibe into the interior of the fibres leading to
what is known as the residual liquid content. Thus, there is an internal transport
mechanism that drives the solvent into the fibres, owing to the permeability
of the fibres. The capacity of the paper fibres to imbibe moisture is important
for the study of hygro-expansion of paper sheets and is also a chief factor in
causing swelling or shrinkage of the media. While, imbibition facilitates drying
of the solvent to impart the final features, it is only the beginning of the story.
The final feature size can also be controlled by regulating the distribution
of the solute (dyes, pigments, surfactants or their combination [12]) on the
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Chapter 1 Introduction

Figure 1.5: Potential of infrared thermography to monitor solvent-substrate (paper) inter-
actions. The color bar on the left shows the temperature range iin 0C. Image taken from
http://energy.concord.org/ir/

substrate surface. It is beneficial to confine the distribution of the colorant to a
narrow zone on the surface to obtain a smaller, more regular and intense print.
Thus, adsorption of the solute onto the solid matrix (fibres) of the substrate,
independently of the solvent distribution, becomes central to the quality of
the deposition process. An effective color fixation occurs when the substrate
has an opposite ionic charge to that of the ink-colorant [13]. In case of an
anionic ink, a cationic substrate charge is required and vice-versa. Coatings
on the paper substrate typically also aid in color fixation. In the forthcoming
chapters, we will investigate the mechanisms by which the colorant fixes onto
the substrate, along with quantifying the retardation of the solute (due to
adsorption onto the fibres) behind the advancing solvent front. Furthermore,
we will unravel the role of surface-active solutes (surfactants) on the moisture

8



1.2 Outline

Figure 1.6: Scanning electron microscope image of the cellulose structures in printing pa-
pers. Image source https://www.sciencephoto.com/media/874491/view/cellulose-fibres-print-
paper-sem

distribution profile. Due to the smaller sizes of the fibres in relation to the
void-spaces (see fig. 1.6), the characteristic length scale that determines the
visible light scattering or transmission efficiency through the paper becomes
the pore-size. We will first understand how to employ optical light transmission
signals to measure the moisture or solvent content and then it will be elucidated
how the presence of surfactants alter the light-transmission intensities, and
finally, how the altered signal can be used to interpret the role of surfactants in
inducing moisture migration within the wet-zone. This migration occurs from
zones of high surfactant concentration to purer zones of low or zero surfactant
concentration.

1.2 Outline

Chapter 2 studies the problem of liquid imbibition into a porous medium and
the thermal aspects accompanying this process. Infrared (IR) thermography
is used to measure the temperature field of moving sheets of paper with a
stationary wet-zone. Unraveling the response of the temperature field to the
different speeds in which dry paper moves into the wet-zone, and the influence
of the gas phase surrounding the paper on the temperature field are the key
objectives. We will also develop a theoretical model which will enhance our
interpretation of the measured data.

Subsequently, piezo-electric drop-on-demand ink-jet deposition of lines onto
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Chapter 1 Introduction

thin porous media at various deposition parameters such as speed of the sub-
strate and frequency of droplet deposition is studied. Optical transmission
imaging is developed to measure the 2-D moisture content and IR thermogra-
phy is applied to measure the ensuing temperature field of the paper. Another
goal is also to develop a theoretical model to reproduce and rationalize the
measured data (Chapter 3).

Chapter 4 extends the methods to study surfactant-laden material systems.
Experiments with drop-casting and ink-jet deposition in transmission and
reflection modes describe the light-media interaction that are crucially altered
by the presence of surfactants. The experiments offer invaluable support to the
dual-porosity model developed by the theoretical counterpart of this work.

Chapter 5 studies the problem of chromatographic separation of molecularly
mixed dye-water solutions. Here the chief goal is to measure the lag of the dye
behind the advancing solvent front in the context of ink-jet printing. Finally,
some conclusions are drawn in the last chapter.

Each of the four main chapters (Chapter 2- Chapter 5) are divided into
six main sections. Every chapter contains a local introduction (Section 1)
which is followed by the description of experimental set-up or materials and
methods (Section 2). Section 3 presents and describes the experimental results.
Section 4 either develops (as in Chapter 2 and Chapter 3) or briefly introduces
and outlines the theoretical model (as in Chapter 4 and Chapter 5) used to
compare with and interpret the experimental results. The penultimate section
discusses the results with particular emphasis on comparing the model and
the experiments. Other relevant experimental phenomena are also discussed.
In the last section, the results are summarized.

10



Chapter 2

Infrared thermography of sorptive
heating of thin porous media

In this chapter, the imbibition of water from a stationary nozzle into thin,
moving porous media that are suspended in air, as well as the accompanying
evaporation and condensation processes are studied by means of systematic
experiments and numerical simulations. Due to sorptive heating and the latent
heat associated with the phase change processes, the temperature of the porous
medium becomes non-uniform. We have measured the temperature distributions
using infrared thermography as a function of substrate speed. Moreover, a nu-
merical model coupling Darcy flow and heat transfer in the thin porous medium
with gas flow, heat and water vapor transport in the surrounding gas phase is
developed. The numerical simulations reproduce the measurements very well
and point at an intricate buoyancy-induced gas-phase convection pattern.

2.1 Introduction

Imbibition and drying processes of thin porous media are of paramount im-
portance in technological applications such as paper making, [14–21] print-
ing [22–41] and coating. [42–50] Owing to the strong absorption bands of water
in the near infrared (NIR) spectral region, NIR spectroscopy has been used for
moisture content analysis during paper making and drying processes. [51–61]
Similarly, infrared (IR) thermography has been used as an indirect method for
the determination of moisture distributions in paper. [62–71]

Aslannejad et al. have used IR thermography to characterize the temperature
rise at the wetting front accompanying the vertical imbibition of water into a
sheet of dry paper driven by capillary rise. [71] Evaporation and condensation
processes were eliminated by means of impermeable plastic sheetsf- that were
contacting the paper on both sides. They measured temperature amplitudes
for a single sheet of paper up to approximately 1oC. The authors concluded
from their results that evaporation/condensation processes do not significantly

11



Chapter 2 Infrared thermography of sorptive heating of thin porous media

contribute to temperature changes in bulk porous media.

Using IR thermography, we have studied temperature changes accompanying
aqueous imbibition into thin porous media that are in direct contact with
the ambient atmosphere. Our motivation is to gain insight into the thermal
aspects of solvent imbibition and subsequent drying of inkjet printed sheets.
For paper initially equilibrated to an ambient relative humidity of about 40%,
we measured temperature increases up to 3oC. As we show, the recondensation
of evaporated water by far exceeds the sorptive heating at low substrate speeds
and cannot be disregarded.

The geometry of our setup resembles that of an automatic scanning absorp-
tometer. [72, 73] The important differences are that the paper is suspended
in air and that the constant substrate speed is slow. Thus, imbibition in the
thickness direction of the paper sheets can be considered instantaneous com-
pared to the time required for attaining a quasi-steady moisture distribution
in the horizontal direction. An IR camera captures the temperature field of
the moving porous substrate. Besides conducting systematic experiments we
also developed a numerical model for one-dimensional flow and heat transfer
in the substrate coupled to a two-dimensional model for flow as well as heat
and vapor transport in the adjacent gas phase.

The following section contains a detailed description of the experimental
setup and the material properties of the paper samples. In Section 2.3 we
describe the experimental results, which are compared with and serve as a
validation for the numerical results that are discussed in Section 2.5. In Section
2.4 we present the theoretical model based on 1D unsaturated single-phase
flow and heat transfer in a thin porous medium, the 2D equations for gas flow,
water vapor and heat convection and diffusion in the adjacent gas phases as
well as the relevant boundary and interfacial conditions.

2.2 Experimental

Figure 2.1(a,b) shows a schematic and a photograph of the experimental set-up.
It consists of a sheet of paper mounted 6 mm above an aluminum base plate
fastened onto a motorized translation stage (Newport, model UTS 100CC). A
stationary brass injector with 3 supply holes of diameter 1 mm is connected to
a motorized syringe pump (KD Scientific, model Gemini 88 plus) and supplies
water onto the suspended sheet of paper. The gap-distance between the bottom
surface of the injector and the paper surface was maintained at approximately
0.5 mm. The constant speed of motion Usub of the substrate is varied in the
range 0.2− 3 mm/s. The dimensions of the substrates are on the order of 80×
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Figure 2.1: (a) Sketch and (b) photograph of the experimental setup. (c) A typical temper-
ature distribution for a substrate speed of Usub = 1 mm/s.

30×0.1 mm. A long-wave infrared camera (FLIR, model A35sc, 320×256 pixels,
spectral sensitivity range 7.5− 13.5µm) is used to determine the temperature
field T (x, z, t) of the substrate upon injection of water. We calibrated the
temperature data by placing paper on a hotplate maintained at a defined
temperature. We could not detect a significant effect of the moisture content
on the emissivity of the porous medium.

The volume of water on the paper is kept approximately constant in time
by adjusting a constant flow rate using the syringe pump, which depends on

13



Chapter 2 Infrared thermography of sorptive heating of thin porous media

the substrate speed and which compensates for the loss due to absorption and
evaporation and helps maintain stationary boundary conditions. The water
was kept at room temperature, i.e. approximately (23 ± 1)oC. The position
x = 0 corresponds to the apex of the nozzle, y = 0 denotes the horizontal plane
of the paper substrate and t = 0 corresponds to the time when the imbibition
front has become approximately steady.

Figure 2.1(c) shows a typical temperature map acquired approximately 10 s
after injection of water. The ambient temperature and the relative humidity
(RH) are measured during the experiments (General Electric, model RH2350
plus). Experiments have been performed at ambient conditions with room
temperature varying in the range 23 − 27◦C and RH varying in the range
40− 60%.

The paper types studied comprise typical coated and calendered (Mondi,
DNS HSI CF, porosity 41.3%) and uncoated, uncalendered (Mondi, DNS HSI
NF, porosity 35.8%) printing papers. We used demineralized water for our
experiments (BWT Ministil P-12, electrical conductivity 1.0µS/cm).

2.3 Experimental results

Figure 2.2(a,b) shows measured temperature distributions T (x, t) for the un-
coated paper type and with the substrate moving at 0.2 and 1 mm/s, respec-
tively, along the negative x-axis. Far away from the nozzle the temperature
remains at ambient level. Close to the nozzle, T falls below ambient tempera-
ture due to evaporative cooling from a region where a liquid water meniscus
resides on top of and is in contact with the porous substrate. Its precise ex-
tension depends on the wetting properties of the paper, the volume of water
underneath the nozzle prior to commencing the substrate motion, the vertical
gap separation of the nozzle from the paper and the settings of the syringe
pump. Generally it ranges between about 0.5 − 3 mm. At a certain distance
from the nozzle, a temperature maximum occurs that exceeds ambient level
by 2− 3 K, which is caused by recondensation of water vapor on dry regions
of the substrate as well as sorptive heating due to moving a dry substrate into
a stationary wet zone.

It can be seen from both figures that the position of the maximum of the
temperature curve does not change strongly in time implying that the system is
in a quasi-steady state. The differences in amplitude and width of the observed
T (x, t) profile are caused by the different substrate speeds. For a higher value
of Usub, the T (x, t) profile becomes narrower. We quantify the shape of the
curves by the two parameters ∆Tmax and ∆xmax, which correspond to the
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Figure 2.2: Measured temperature profiles T (x, t) for two values of Usub = −0.2 and−1 mm/s
at a relative humidity rh = 0.47 for uncoated paper.

maximum temperature rise above ambient and its full width at half maximum
relative to ambient conditions.

Figure 2.3(a) shows the variation of ∆Tmax with substrate speed Usub for
two different types of paper along with the result of the model introduced in
section 2.4. A maximum is observed for a speed of Usub ≈ 1 mm/s. At much
lower or higher substrate speeds, ∆Tmax seems to approach a constant. There
is good agreement between the experiments and the model within experimental
scatter. In Fig. 2.3(b) the width ∆xmax of the temperature peaks is plotted as a
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sub and ∼ U−1
sub of the numerical data,

respectively.

function of substrate speed Usub. The symbols represent experimental data, the
solid and dashed lines correspond to powerlaw relations ∆xmax ∼ |Usub|−0.7

and | ∼ Usub|−1, respectively. The simulations reproduce the trend of the
measurements very well.
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2.4 Theoretical model

2.4 Theoretical model

We have developed a continuum scale model for one-dimensional (1D) water im-
bibition into unsaturated thin porous media including evaporation/condensation
and heat transfer effects that is coupled to a two-dimensional (2D) model for
gas-phase convection, vapor transport and heat transfer in the ambient at-
mosphere above. These fully-coupled set of equations are solved using the
finite-element software Comsol Multiphysics 5.3a.

2.4.1 Transport in the thin porous medium domain

Our starting point is the single-phase transport equation for liquids in unsatu-
rated porous media [74]

φρw
∂Sw
∂t

+∇ · (ρw〈~u〉) = 0 , (2.1)

where φ is the porosity, Sw = Vliq/(φV ) is the degree of saturation, i.e. the
ratio of the liquid volume Vliq contained in a volume element V of the porous
medium and the volume available to fluid φV . Moreover, ρw is the mass density
of liquid water and 〈~u〉 the Darcy velocity

〈~u〉 = −KsKrw(Sw)

µw

dpc
dSw
∇Sw , (2.2)

where Krw(Sw) is the relative permeability of water, Ks is the intrinsic perme-
ability of the porous medium, µw is the dynamic viscosity of water and pc is
the capillary pressure. We assume that pc varies with Sw according to the Van
Genuchten relation [75,76]

pc(Sw) = pg(S
(−1/mg)
w − 1)(1/ng) , (2.3)

where pg, mg and ng are adjustable parameters that depend on the average
pore size and the pore size distribution. Since we only consider imbibition
with a monotonic water distribution, we need not take hysteretic effects into
account. As is commonly assumed, we set mg = 1 − 1/ng. Aslannejad et
al. [77,78] determined typical values of pg, mg and ng for coated and uncoated
printing paper. We assumed that the relative permeability is given by the Van
Genuchten relation [75,76]

Krw(Sw) = Skcw

[
1−

(
1− S

1
mg
w

)mg
]2

, (2.4)
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Chapter 2 Infrared thermography of sorptive heating of thin porous media

where kc = −0.4 is a connectivity factor, which we treated as a fitting param-
eter.

In using Eq. (2.1) as the transport equation for the imbibition of water into
the porous medium, the presence of air is neglected. This is justified by the large
viscosity ratio µw/µair ≈ 50 and the small thickness of the porous medium.
Equation (2.1) applies to systems without mass loss. In our case, evaporation
and condensation effects will induce changes in the local saturation, which
depend on the local temperature. This requires addition of a source and sink
term J in Eq. (2.1) and to simultaneously solve for heat transfer [79]

φρw
∂Sw
∂t

+∇ · (ρw〈~u〉) = J , (2.5)

(ρcp)av
∂T

∂t
+ ρwcp,w〈~u〉 · ∇T = ∇·(kav∇T ) + Q̇ , (2.6)

where Q̇ accounts for heat generation processes in the bulk (unit W/m3). The
average of the product of mass density and specific heat capacity at constant
pressure is defined as [79]

(ρcp)av ≡ φSwρwcp,w + φ(1−Sw)ρaircp,air + (1−φ)ρscp,s. (2.7)

Similarly, the average thermal conductivity is assumed to be

kav ≡ φSwkw + φ(1− Sw)kair + (1− φ)ks . (2.8)

Here the subscripts ‘s’ and ‘air’ refer to the intrinsic properties of the solid
[80–82] (not including the pore space) and air, respectively. In practice, the
terms containing properties of air can be neglected, owing to the low numerical
values of kair and ρair.

We now transform Eqs. (2.5,2.6) into a coordinate system moving with speed
Usub into the negative x-direction and perform an average in the y-direction
across the thickness tp of the porous medium, which yields the one-dimensional
evolution equations

φρw
∂Sw
∂t

+
∂

∂x
(ρw〈u〉 − φρwSwUsub) = j , (2.9)

(ρcp)av
∂T

∂t
+ [ρwcp,w〈u〉 − (ρcp)avUsub]

∂T

∂x
=

=
∂

∂x

[
kav

∂T

∂x

]
+ q̇ . (2.10)

Information on the source and sink terms j and q̇ will be provided in Section
2.4.3.
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2.4.2 Gas-phase domain

In the gas-phase domain, the incompressible Navier-Stokes equation

ρgas

(
∂~u

∂t
+ ~u · ∇~u

)
= −∇p+ ρgas~g + µgas∇2~u (2.11)

is solved, as the relevant speeds are much smaller than the speed of sound.
Here, ρgas is the mass density of water vapor-air mixtures, ~u the velocity, p
is the pressure and ~g is the gravitational acceleration. We assumed that the
viscosity of the gas phase µgas is unaffected by the water vapor concentration
and substituted µair = 1.84 · 10−5 Pa-s. Gas flow is driven by the motion of
the translation stage and by buoyancy effects, both as water vapor is lighter
than air and the temperature is non-uniform. Consequently, we need to solve
a coupled system of equations for gas flow, heat transfer and mass transfer.

For the time evolution of the water vapor density ρH2O in the gas phase, the
convection-diffusion equation

∂ρH2O

∂t
+ ~u · ∇ρH2O = ∇ · (DH2O∇ρH2O) (2.12)

is solved. Here, DH2O = 2.8 · 10−5m2/s is the diffusivity of water vapor in air
at room temperature (T = 25oC). For the dynamics of the gas temperature
distribution, we solve the heat transfer equation

(ρcp)air
∂Tgas

∂t
+ (ρcp)air~u · ∇Tgas = ∇·(kair∇Tgas) , (2.13)

where we have substituted thermal properties of dry air [ρair = 1.18 kg/m3,
cp,air = 1.005 kJ/(kg-K), kair = 0.0253 W/(m-K)], as the ones for humid air do
not differ appreciably.

We treat the mixtures of water vapor and air as an ideal gas. The dependence
of the saturated vapor pressure on temperature is determined from the following
empirical relation [83]

psat(Pa) = 610.78 exp

(
17.2694

T (◦C)

T (◦C) + 238.3

)
. (2.14)

Using the ideal gas law, the mass density of water vapor is determined as

ρH2O = pH2OMW /(RT ) , (2.15)

where R ≡ 8.314472 J/(mol-K) is the universal gas constant and pH2O the
partial pressure of water vapor. The density of water vapor-air mixtures are
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determined using Dalton’s law as

ρgas =
pdry air

Rdry airT
+

pH2O

RH2OT

=
pamb

Rdry airT

[
1− pH2O

pamb

(
1−

Rdry air

RH2O

)]
, (2.16)

where pamb = 101300 Pa is the ambient pressure,Rdry air = R/MW = 287.04 J/(kg-
K) and RH2O = 461.5 J/(kg-K) are the specific gas constants of dry air and
water vapor, respectively.

2.4.3 Evaporation rate, sorptive heating and evaporative cooling

We assume that the evaporation process is diffusion-limited, which is appro-
priate for near-ambient conditions. Consequently, the rate of mass loss j from
the paper is given by

j =
DH2O

tp

∂ρH2O

∂y
. (2.17)

where tp ≈ 100µm is the paper thickness. The heat source/sink term q̇ is given
by [84–88]

q̇ = j
Lw
Mw

+
kair

tp

∂Tgas

∂y
(y = 0)− hN

tp
(T − Tamb)

− ρwφ
(
∂Sw
∂t
− Usub

∂Sw
∂x

)
∆Hs , (2.18)

where Lw = 44.203 kJ/mol is the enthalpy of evaporation of water and hN =
kair/d = 4.33 W/m2 is a heat transfer coefficient, where d = 6 mm is the height
of the suspended paper sheet above the Al base plate.

The first term in Eq. (2.18) proportional to j describes heat removal or
addition due to water evaporation or condensation. The second and third
terms represent Newtonian cooling due to the Al baseplate and the conductive
thermal coupling with the 2D domain. The last term refers to sorptive heating
effects due to dynamic changes in Sw as well as the motion of dry paper into
a wet zone. We represent the differential heat of wetting [89–95] ∆Hs by the
empirical equation

∆Hs = C1 exp(−C2[MC]) (2.19)

with fitparameters C1 = 1500 kJ/kg and C2 = 25. Here,

[MC] =
φρw

(1− φ)ρs
Sw (2.20)
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is the moisture content (units: kg water per kg dry paper).

The coupling of the paper domain to the gas domain is done by assuming
continuity of temperature, i.e. Tgas(x, y = 0, t) = T (x, t) as well as assuming
a vapor density ρH2O(x, y = 0, t) determined by the relevant vapor sorption
isotherm (VSI) of paper. We assume that the VSI is given by a Guggenheim-
Anderson-de Boer (GAB) isotherm, which can reproduce the sorption behavior
of cellulose-based materials well [96–100]

[MC] =
M0Cgkaw

(1− kaw)(1 + (Cg − 1)kaw)
. (2.21)

Here aw is the water activity and M0 = 0.061, Cg = 18.647 and k = 0.85 are
typical fit-parameters for paper. [96–100] In local thermodynamic equilibrium,
the water activity is equal to the local relative humidity rh

aw = rh ≡
ρH2O(x, y = 0, t)

ρsat[T (x, y = 0, t)]
, (2.22)

where ρsat is defined by Eqs. (2.14,2.15). Equations (2.20,2.21) couple ρH2O

with Sw, which closes our set of equations.

2.4.4 Initial and boundary conditions

In this section, the relevant initial and boundary conditions for the coupled
domains are described. Figure 2.4 shows a schematic of the computational
domains and the relevant boundary conditions (BCs).

Paper domain

We assume that at t = 0 the moisture content of the paper is in equilibrium with
ambient conditions, i.e. the initial value of saturation Sw(t = 0) is determined
by Eq. (2.20) and the sorption isotherm Eq. (2.21)

Sw(t = 0) =
(1− φ)ρs
φρw

[MC](aw = rh) . (2.23)

The initial temperature is Tamb. The BCs are assumed to be Sw(x = 0) = Sl,
which is close to 1, and Sw(x = L2) = Sr, which is set equal to Sw(t = 0).
The thermal BCs are T (x = L1) = T (x = 0) = Tamb. Here, x = 0 and L1 are
the position of the left and right domain boundaries in Fig 2.4. The latter is
sufficiently remote from the nozzle such that it does not affect the temperature
distribution for small x.
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Figure 2.4: Schematic of the computational domains and the boundary conditions for the
2D gas-phase and the 1D porous medium domains.

Gas-phase domain

The initial gas velocity is set to zero. The initial vapor concentration and
temperature correspond to ambient conditions

~u(x, y, t = 0) = 0, (2.24)

p(x, y, t = 0) = pamb (2.25)

ρgas(x, y, t = 0) = rhρsat(Tamb), (2.26)

Tgas(x, y, t = 0) = Tamb . (2.27)

The BCs for the top boundary (y = L2) represent ambient conditions

p(x, y = L2, t) = pamb, (2.28)

ρgas(x, y = L2, t) = rhρsat(Tamb), (2.29)

Tgas(x, y = L2, t) = Tamb . (2.30)
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The BCs for the lateral boundaries are

ux(x, y, t) = 0 = ∂uy/∂x = 0 (left), (2.31)

ux(x, y, t) = 0 = uy (right), (2.32)

~n · ∇ρgas = 0, (2.33)

Tgas(x, y, t) = Tamb , (2.34)

i.e. no-slip and no-penetration BCs for the velocity and no-adsorption BCs for
the water vapor.

2.5 Discussion

2.5.1 Moisture transport in the paper substrate

Figure 2.5(a) shows numerical simulations of the degree of saturation Sw(x)
for three values of Usub and the same conditions as in Fig. 2.3. The position
x = 0 corresponds to the apex of the nozzle (or, more precisely, the extension
of the water meniscus ahead of the nozzle). For higher substrate speeds, the
penetration distance xd of the wetting front decreases and the spatial satu-
ration gradients max(|∂Sw/∂x|) increase. The parameter xd is defined as the
x-coordinate where Sw = 0.4. The inset shows xd as a function of Usub, which is
well-represented by a powerlaw xd ∼ |Usub|−1 (solid line) for |Usub| > 0.1 mm/s.
In other words, Usub controls how far ahead of the nozzle the wetting front can
propagate for high substrate speeds. There is a second regime for very slow
speeds |Usub| < 0.1 mm/s, where evaporative mass loss rather than convection
controls the position of the wetting front and where xd becomes independent
of Usub.

Figure 2.5(b) shows the temperature change ∆T∞(x) ≡ T (x, t→∞)−Tamb

at steady state for the same conditions as in Figs. 2.5(a) and 2.3. The curves
look qualitatively similar to the experimental temperature profiles in Fig. 2.2.
Close to the nozzle, there is a colder zone ∆T < 0 due to evaporative cooling.
Further ahead there is a local temperature maximum ∆Tmax > 0, after which
∆T diminishes to zero. The position of the temperature maximum occurs at
relatively low values of Sw, i.e. close to the wetting front. Its presence is caused
by two separate effects:

• Recondensation of water vapor that evaporated from the more saturated
region closer to the nozzle. The condensation is accompanied by the
liberation of latent heat. It is affected by the convective and diffusive
transport of water vapor in the gas-phase domain.
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Figure 2.5: (a) Degree of saturation Sw and (b) temperature change ∆T∞ as a function of
position x for different values of Usub at quasi-steady state. Inset: location of the imbibition
front xd defined as the x-coordinate where Sw = 0.4 as a function of Usub. The solid line is a
powerlaw fit xd ∼ |Usub|−1.

• The heat of wetting ∆Hs due to the steady motion of dry substrate
material into the stationary wet zone, which becomes more pronounced
at lower values of Sw [see Eq. (2.19)].

According to Eq. (2.18), the position of the maximum of q̇ is determined by the
product of ∂S/∂x and ∆Hs, as far as sorption is concerned. Since ∆Hs decays
with increasing Sw, the maximum is located close to the wetting front rather
than at the inflection point of S(x). The contribution from vapor condensation
is contained in the term proportional to j(x), which is controlled by the vapor
convection and diffusion. Interestingly, the non-uniformity of the saturation
curve Sw in Fig. 2.5(a) induces a built-in horizontal gradient in ρH2O via the
interfacial condition Eq. (2.22). One expects also the condensation-induced heat
flux to reach a maximum close to the wetting front, because it is the position
closest to the source where substantial condensation can occur. However, the
spatial distribution will be broader due to the diffusive and convective vapor
transport mechanisms. The superposition of the two contributions results in
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different values of the absolute permeability Ks.

a peak close to the wetting front with a relatively slow decay in the positive
x-direction, consistent with Figs. 2.2 and 2.5(b).

Figure 2.6 illustrates the influence of the substrate permeability parameter
Ks on the temperature profiles. A larger value of Ks implies that the wetting
front extends further, i.e. leads to a larger value of xd. As both ∂Sw/∂x de-
creases and the gas-phase transport becomes impaired because it has to cover
a larger distance, the temperature profile becomes broader and decreases in
amplitude for large Ks.

Figure 2.7 shows the effect of the ambient humidity on the maximum tem-
perature change ∆Tmax. Since ∆Hs diminishes for higher values of [MC] and
since less water can condense on more saturated paper, ∆Tmax goes to zero
for rh approaching 1. For the same reason, ∆Tmax increases significantly for
dry paper equilibrated with a low humidity atmosphere in the limit rh −→ 0.

2.5.2 Convection-diffusion in the gas phase

In the gas-phase, convection is induced by the motion of the substrate and by
buoyancy, as water vapor is lighter than air and the temperature is non-uniform.
The convection influences the water vapor distribution and thus the diffusion-
limited evaporative mass transfer into and out of the 2D domain. Consequently,
it affects both the amplitude and the width of the temperature profile of the
porous domain. Figure 2.8 shows contour plots of the concentration of water
vapor in air for four different values of Usub. The lateral extent of the region
with enhanced vapor concentration is determined primarily by the width of
the wet zone xd and decreases for increasing |Usub|.
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Figure 2.7: ∆Tmax as a function of the ambient relative humidity rh for Usub = −1 mm/s.
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Figure 2.8: Contour plots of the water vapor concentration ρH2O in the gas phase for four
different values of Usub. The vertical red arrows indicate the values of xd.

Figure 2.9 presents contour plots of the x-coordinate of the gas-phase veloc-
ity ux(x, y). Close to the substrate, the convection velocity is determined by
the BC ux = Usub < 0. Above the substrate, a convection roll is observed. Sur-
prisingly, the speed of convection in the gas phase by far exceeds the substrate
speed. Moreover, while the gas velocity is aligned with the direction of substrate
motion in the region immediately above the substrate for |Usub| ≥ 0.4 mm/s,
a change of direction is visible in Fig. 2.9(a,b) close to the nozzle exit for
|Usub| ≤ 0.4 mm/s. This flip is due to the antagonistic effects of the thermally-

26



2.5 Discussion

0
2
4
6
8

10

-7

-6

-5

-4

-3

-2

-1

0

1

2

0 5 100
2
4
6
8

10

0 5 10

(a) (b)

(c) (d)

x (cm)x (cm)

y 
(c

m
)

y 
(c

m
)

Usub = - 1 mm/sUsub = - 0.5 mm/s

Usub = - 0.1 mm/s Usub = - 0.2 mm/s

u x
 (m

m
/s

)

Figure 2.9: Contour plots of the horizontal gas velocity component ux for four different
values of Usub.

induced and water-vapor-concentration-induced buoyancy terms. A high water
vapor concentration occurs primarily near the nozzle exit, which favors a rising
velocity. Together with the leftwards substrate motion, a convection roll rotat-
ing clock-wise is induced. The same holds for the thermal buoyancy induced
by the temperature maximum. For low speeds, however, both the extension
of the wet zone xd and the degree of evaporative cooling significantly increase.
The corresponding thermally-induced buoyancy now favors a falling velocity
and thus a locally counter-clockwise rotation.

2.5.3 Scaling analysis

The scaling analysis of this problem is challenging, as five coupled partial differ-
ential equations belonging to two different domains are involved. Nevertheless
it is possible to rationalize the behavior of the temperature distribution in the
limits of very high and very low substrate speeds.

For high |Usub|, the convection induced by the substrate motion in the nega-
tive x-direction balances the Darcy flow in the positive x-direction. Evaporative
mass loss is negligible, because the spatial extent of the wet zone quantified
by xd is very short. In steady state the balance of Darcy flow and substrate
motion yields

〈u〉 ∼ φSwUsub .

Using Eq. (2.2) and xd as the relevant lateral lengthscale, this leads to the
scaling relation xd ∼ U−1

sub, in perfect agreement with the numerical results
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shown in the inset in Fig. 2.5(a).

In the limit of small |Usub|, the extension of the wet zone is not controlled
by the substrate motion, but rather by the evaporative mass loss. This ex-
plains why xd approaches a constant for decreasing |Usub| → 0 in the inset in
Fig. 2.5(a). The extension of the wet zone becomes considerably large, which
implies that a wide zone is subjected to evaporative cooling and thus a reduced
temperature T < Tamb. The evaporatively cooled substrate temperature satu-
rates for small |Usub|, because the sorption term proportional to Usub becomes
negligible and the thermal coupling with the base plate becomes dominant.
This cold zone induces a thermal-buoyancy-induced flow in the gas phase that
is driven by the temperature difference between the nozzle and the substrate.
This flow is locally in the positive x-direction consistent with the finding e.g. in
Fig. 2.9(a). Consequently, in the limit of small |Usub|, the horizontal gas flow
speed and the gas temperature distribution in the vicinity of the nozzle goes
approximately constant and so does the evaporation rate j. Thus, all terms
in Eq. (2.10) are small for steady state and small |Usub| and thus large xd,
except q̇. The wetting term in q̇ is negligible and the remaining terms indicate
a scaling of ∆Tmax that is independent of Usub in perfect agreement with the
trend observed in Fig. 2.3(a).

For high |Usub|, the heat released by wetting becomes significantly higher than
the heat released by vapor recondensation. In this regime, the flow speed in the
gas phase is determined by Usub rather than buoyancy effects. All horizontal
gradient terms scale as x−1

d ∼ Usub. As the typical values of the Peclet number
Pe = Usubxd/DH2O ≈ 0.1 are both small and approximately constant, the
typical lengthscales in the x- and y-directions in the gas phase are equal.
Therefore, the mass flux j is expected to scale approximately linearly with
Usub, which implies that the term jLw/Mw in Eq. (2.18) is negligible compared
to the wetting term proportional to U2

sub in the recondensation region. The
same holds for the heat conduction term and the term proportional to hN in
Eq. (2.18). Consequently, all non-negligible terms in Eq. (2.10) scale as U2

sub,
which means that again ∆Tmax should become constant. This is visible in
Fig. 2.3(a) only approximately, as ∆Tmax decreases by only about 30% upon
an increase in speed from 1 mm/s to 10 mm/s. At speeds higher than 10 mm/s
the trend of ∆Tmax approaching a constant becomes more apparent (data not
shown), however, the validity of our 1D model becomes somewhat questionable
in this regime.

At Usub ≈ 1 mm/s, the heat released due to wetting and recondensation are
of similar magnitude and the locations of the maximum heat release for both
effects essentially coincide, leading to a global maximum of ∆Tmax.
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2.5.4 Limitations of our model

1. We consider a one-dimensional model in the paper domain, i.e. the T and
Sw distributions are assumed to be independent of z. This is permissible
for thin substrates but places an upper limit Uc on the substrate speed
|Usub|. A suitable criterion may be that xd should remain larger than the
substrate thickness tp, which indicates that Uc > 10 mm/s according to
the inset of Fig. 2.5(a).

2. The air phase is explicitly disregarded in the paper domain, only the
liquid-phase saturation is considered. This is permissible as there is no
net airflow in the thickness direction of the paper that could enhance
evaporation or condensation. Moreover, pushing away of air by the liquid-
filled zone does not induce any pressure drop, as the air escapes essentially
without resistance in the vertical direction owing to the thinness of the
paper. Moreover, the heat capacity of the displaced air is negligible com-
pared to that of water or paper.

3. We neglected the hysteretic behavior of the capillary pressure. This does
not restrict the validity of our model, as we only consider (quasi-) steady
state wetting of a substrate, i.e. hysteretic behavior cannot manifest itself.

4. We assume laminar flow in the gas phase, which is appropriate for the
relatively low Reynolds numbers . 50 resulting from the simulations.

5. We assume the temperature of the nozzle to be ambient, whereas evapo-
rative cooling can reduce it slightly.

6. We do not explicitly account for the exchange of liquid between the pore
space and the interior of the paper fibers, neither for the water transport
inside the fibers.

7. We neglected evaporation from the underside of the paper. This is per-
missible as the space underneath is narrow, closed and cannot take up
much humidity. Moreover, for the same reason there is no significant gas
convection in this region.

2.6 Summary and conclusions

We have studied the temperature increase of paper substrates when they come
in contact with liquid water by means of infrared thermography. The heating
is due to the release of latent heat upon water vapor condensation on the dry
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regions and the release of the heat of wetting. We have conducted systematic
experiments using both coated and uncoated paper types. Moreover, we de-
veloped a coupled numerical model taking into account vapor convection and
diffusion in the gas phase as well as liquid flow in the thin porous medium
coupled with heat transfer. The numerical results reproduce the experimental
results well.

The results are relevant to inkjet printing, where infrared thermography
can be used to monitor the imbibition of water into paper substrates and its
subsequent evaporation. The simulations point at a complex buoyancy-induced
gas-phase convection pattern, that changes qualitatively as the substrate speed
is altered. This suggests that an external flow should be applied to facilitate a
robust process control.
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2.6 Summary and conclusions

Table 2.1: List of symbols and parameters.

Symbol Name Value Units

aw Water activity - -
cg GAB Isotherm constant 18.647 -
cp,air Specific heat capacity of air 1000 J/kgK
cp,av Volume averaged specific heat capacity - J/kgK
cp,s Specific heat capacity of solid 1400 J/kgK
cp,w Specific heat capacity of water 4180 J/kgK
C1 Prefactor of heat of wetting 1.2 · 106 J/kg
C2 Exponential prefactor of heat of wetting 25 -
DH2O Water vapour diffusivity in air 0.28 · 10−4 m2/s
hn Convective heat transfer coefficient 5 W/m2K
∆Hs Heat of wetting - J/kg
j Mass flux of water vapor - kg/m3s
k GAB Isotherm constant 0.85 -
kair Thermal conductivity of air 0.025 W/mK
kav Volume averaged thermal conductivity - W/mK
kc Relative permeability parameter −0.4 -
Krw Relative permeability - -
ks Thermal conductivity of solid 0.4 W/mK
Ks Absolute permeability 1.2 · 10−12 m2

kw Thermal conductivity of water 0.6 W/mK
Lw Latent heat of water 2.44 · 106 J/kg
M0 GAB isotherm parameter 0.061 -
mg Van Genuchten exponent 1-1/ng -
Mw Molar mass of water 18 · 10−3 kg/mol
ng Capillary pressure exponent 14 -
p Pressure of the gas - Pa
pamb Ambient pressure 1 · 105 Pa
pc Capillary pressure - Pa
pg Pressure scaling parameter -2800 Pa
psat Saturation vapor pressure - Pa
q̇ Heat source - W/m3

rh Relative humidity - -
Rdryair Specific gas constant of dry air 287 J/kgK
RH2O Specific gas constant of water vapor 461.5 J/kgK
Sra Residual air saturation 0.1 -
Srw Residual water saturation - -
Sw Degree of saturation - -
T Temperature of the porous medium - K
Tamb Ambient temperature 298.15 K
Tgas Temperature of the gas - K
tp Paper thickness 0.1 mm
〈~u〉 Darcy velocity - m/s
~u Velocity of the gas phase - m/s
Usub Speed of the substrate - m/s
x Horizontal coordinate - m
xd Horizontal extension of wetting front - m
y Vertical coordinate - m
µair Dynamic viscosity of air 1.81 · 10−5 Pa-s
µw Dynamic viscosity of water 8.9 · 10−4 Pa-s
ρav Volume averaged density - kg/m3

ρgas Mass density of air-vapor mixture - -
ρH2O Concentration of water vapor - kg/m3

ρs Mass density of solid 1500 kg/m3

ρsat Saturation conc. of water vapor in air 0.02287 kg/m3

ρw Mass density of water 1000 kg/m3

φ Porosity - -

31





Chapter 3

Inkjet deposition of lines onto thin
moving porous media

The deposition of lines of water onto a thin porous medium by means of a
droplet-on-demand, single-nozzle inkjet system is studied. The substrate speed
and the droplet frequency are systematically varied. Optical transmission imag-
ing was used to measure the dynamic moisture distribution in the substrate in
conjunction with infrared thermography to determine the in-plane temperature
distribution of the paper. The temperature of the paper becomes non-uniform
mainly due to evaporative cooling. Furthermore, a numerical model coupling
Richards’equation for moisture transport in unsaturated porous media with evap-
orative mass-loss and heat transfer. The results of the numerical simulation
agree qualitatively well with the experiments.

3.1 Introduction

Inkjet printing consists of the ejection and deposition of ink droplets on sub-
strates that are moving underneath the printhead [7,101–103]. The contactless
nature of the process provides great flexibility regarding the compositions of
both the ink and the substrate. For printing on paper, water-based inks have
been developed that are beneficial from an environmental standpoint.

The printing of a long or semi-infinite line on a moving paper substrate
gives rise to steady-state distributions of moisture and temperature, which are
a convenient way to study the interplay of heat and mass transfer in inkjet
printing. Fabie et al., Ubal et al. and Friedrich and Begley have studied the
continuous deposition of a liquid thread onto a partially-wetting, impermeable
substrate [104–106]. Karyappa et al. showed that the line deposition on im-
permeable substrates can benefit from immersion in a pool of an immiscible
liquid [107]. The deposition of extruded threads of ceramic slurries [108,109] or
molten polymers [110,111] onto impermeable substrates has been studied in the
context of additive manufacturing. Li et al. reviewed technological applications
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of pen-based writing as a method of rapid prototyping [112]. Kim et al. studied
the deposition of continuous lines of ink on impermeable but topographically
patterned surfaces that exhibit surface wicking [113,114]. Duineveld, Thomp-
son et al. and Zhou et al. studied the intermittent deposition of lines using an
ink-jet on impermeable surfaces, which can give rise to a bulge instability on
surfaces with zero receding contact angle [115–117]. Franke and Rose studied
pen writing on paper [118].

In this chapter we study the heat and mass transfer aspects governing inkjet
printing on paper. The main contributions to mass transfer arise from lateral
wicking inside the paper and solvent evaporation. Regarding heat transfer,
evaporative cooling reduces the paper temperature by up to approximately
6 K, which has a measurable impact on the evaporation rate. Moreover, the
heat of wetting [119] and the temperature of the incoming droplets need to be
taken into account. We disregard the impact process of the deposited droplets,
which occurs on a millisecond timescale. In the experiments to follow emphasis
is on the regime in which the substrate speeds are sufficiently slow, such that
transport in the thickness direction of paper can be considered instantaneous.
This allows us to focus on the lateral imbibition dynamics on a timescale of
seconds or longer.

Our goals were to develop an experimental setup and procedure to system-
atically and quantitatively measure the moisture distribution and temperature
field of moving sheets of paper and to develop a theoretical model with which
the heat and mass transfer dynamics can be rationalized and reproduced. We
use light transmission [120] to characterize the moisture content and infrared
thermography [119] to determine the temperature of the paper. The speed
of motion of the substrate and the frequency of droplet deposition will be
systematically varied. Moreover, a theoretical model is developed that couples
Richards’ equation [121], evaporative mass transfer and heat transfer that re-
produces many features of the experiments very well. It is to be noted that the
difference between the experiments to follow and the experiments detailed in
chapter 2 is not merely the introduction of the ink-jet deposition, but also the
changes to the geometry of the deposited wet-zone which permits visualization
and quantification of its entirety. In contrast, chapter 2 focused entirely on the
heat and mass transfer processes occurring at the front of the wet-zone.

Section 3.2 contains a description of the experimental setup and procedures.
Section 3.3 details the experimental results and section 3.4 the theoretical
model. Section 3.5 presents the numerical results including a comparison with
the experimental results.
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3.2 Materials and methods

3.2.1 Experimental set-up, inkjet operation and dual-visualization

Figure 3.1(a) shows a schematic of the experimental set-up for printing lines
of water onto a horizontal paper substrate. It consists of a sheet of uncoated,
uncalendered paper (Mondi, DNS HSI NF) mounted 12 mm above an area light
source (Advanced Illumination, wavelength 660 nm) that is placed on a motor-
ized translation stage (Newport, model UTS 100CC). The constant substrate
speed UIJ is directed in the positive x-direction and varied between 0.05 and
5 mm/s. The length, width and thickness of the substrate were approximately
60, 45 and 0.1 mm, respectively. Figure 3.1(b) shows a top-view photograph of
a line being printed on a paper substrate.

A stationary printhead (Microdrop, model MDK-140-020) is mounted ap-
proximately 5 mm above the surface of the paper at an angle of approximately
45o with respect to the vertical z-direction. The printhead is operated with a
typical applied voltage of 65 V, a pulse width of 80µs and a constant droplet
ejection frequency f ranging between 10 and 1000 Hz. The emitted droplets
have a diameter D ≈ 40µm. Figure 3.2 shows emitted drops in flight for a
few instances of the strobe delay time, after attainment of the stable operating
mode (see, fig. 1.2(g)). The time-averaged mass flow rate ṁ was measured by
jetting liquid into a tall bottle with a narrow mouth to minimize evaporative
mass loss and subsequent weighing, resulting in 26µg/s for f = 1000 Hz. We
used ultrapure water for our experiments (Millipore, model Direct-Q3 R). The
fate of hundreds of thousands of such drops shown in fig 3.2 after a time xd/UIJ ,
with xd the horizontal printing distance, become, as shown in fig 3.1(b). For
more details on the physics governing drop emission or piezo-electric actuation,
the reader is referred to [7].

A long-wave infrared (IR) camera (FLIR, model A35sc, 320 × 256 pixels,
spectral sensitivity range 7.5− 13.5µm) is used to determine the temperature
field T (x, y, t) of the substrate upon deposition of liquid. Due to its fibrous
nature, printing paper is non-transparent to long-wave IR radiation [119]. The
area light source underneath the paper does not significantly heat up during
operation and hence does not alter the temperature distribution. The moisture
distribution is determined from the intensity I(x, y, t) of optical transmission
through the paper by means of a CCD camera.

Figure 3.1(c) shows a typical optical transmission image for UIJ = 0.1 mm/s
and f = 1000 Hz, at a time t = 300 s after commencing both the substrate
motion and the ink-jet deposition. The optical transmission intensity of the
wet zone is not uniform in space. The moisture content is highest close to the
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Figure 3.1: (a) Sketch of the experimental setup. A stationary printhead periodically deposits
drops of ultrapure water onto a moving paper substrate. The moisture content is evaluated
by means of the transmitted light intensity. The substrate temperature is monitored by
an IR camera. (b) Top-view photograph of a line being printed on a paper substrate. (c)
Optical transmission image for UIJ = 0.1 mm/s and f = 1000 Hz at a time t = 300 s after
commencement of deposition. (d) Corresponding temperature map. The color bar on the
right illustrates the temperature of the paper in centigrade.

impingement point of the inkjet droplets. A higher moisture content leads to a
reduction in scattering of light, because the refractive index of water is closer to
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Figure 3.2: Photograph of droplets being emitted for two instances of the strobe delay time.
The blue-elliptical box marks the ink-jet nozzle.

the one of cellulose than that of air, corresponding to a higher light transmission
than for dry paper [122]. Figure 3.1(d) shows the temperature distribution for
the same experiment as shown in Figure 3.1(c). In both Figs. 3.1(c) and (d),
the red diamond marks the impingement point, which defines x = 0.

3.2.2 Calibration of intensity vs. moisture content

To correlate the transmitted intensity with the moisture content in the paper
substrate, we performed calibration experiments. We submerged a piece of
paper with dimensions 50 × 55 mm into a water bath. After retraction, the
porous paper was completely saturated with water and excess liquid adhered to
both surfaces. Subsequently, we removed the excess liquid using a combination
of evaporative mass loss and repeated contact with a dry metallic surface. Using
a combination of optical microscopy and observation of specular light reflection
from the wet surface, we determined the maximum moisture content, when
water only resides inside the paper and no excess liquid remains on its surface.

Figure 3.3 show reflection microscopy images of different stages of this process.
Figure 3.3(a) shows a rather uniform intensity, corresponding to a thick layer of
entrained excess liquid directly after removal from the bath. Figure 3.3(b) was
recorded some time later, after some of the excess liquid had been removed. Wa-
ter puddles are still clearly visible. Figure 3.3(c) corresponds to the maximum
moisture content inside the paper, after the excess liquid is gone. Subsequently,
the wet paper is placed between two plastic sheets of known weight to prevent
further evaporation. The mass of the contained water is obtained by weigh-
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Figure 3.3: (a-c) Reflection microscopy images of a paper sheet with different amounts of
excess liquid. (a) A thick uniform liquid layer resides on the top giving rise to a uniform
reflected intensity. (b) Some time later, a discontinuous liquid film is visible on top of the
paper. In (c) all the excess liquid is gone and water resides only inside the paper bulk. (d)
Dependence of transmitted intensity on the mass of added liquid.

ing. The wet paper with a known mass of added liquid is then placed in the
setup to obtain the transmitted intensity I. To obtain additional calibration
points between the fully wet and the fully dry configurations, the liquid in
the paper is allowed to evaporate by temporarily removing the plastic sheets
and repeating the procedure. Figure 3.3 (d) shows the dependence of I/I0 on
the residual mass of liquid per unit area of the paper. Here, I0 corresponds to
the maximum grayscale intensity, i.e. the intensity obtained when there is no
paper placed between the camera and the light source. The integration time
of the CCD camera was adjusted to provide a grayscale level of I0 = 245 to
prevent oversaturation.

3.2.3 The maximum liquid holding capacity of paper

The maximum holding capacity was determined in the previous subsection
to be Θw,max = 94 g/m2 for water. The mass of paper equilibrated with the
ambient humidity level RH ≈ 30 % is Θs = 77 g/m2, which we consider an
approximation for dry paper. The maximum possible value of the moisture
content θw ≡ Θw/Θs (kg water/kg dry paper) is thus 1.21. Table 3.1 lists the
measured values of θl,max for three different liquids. Polar liquids such as water
and ethylene glycol (EG) give rise to a significantly higher value of θw,max than
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Figure 3.4: (a-c) Optical transmission images for UIJ = 0.05 mm/s, t = 600 s and (a)
f = 1000 Hz, (b) 300 Hz and (c) 100 Hz. (d-f) Corresponding temperature distributions. The
red diamond in each image indicates the impingement point (x, y) = (0, 0).

non-polar liquids like hexadecane. This difference is attributed to the swelling
of cellulose fibers induced by polar liquids [123–125].

Table 3.1: Maximum holding capacity of Mondi DNS HSI NF printing paper for different
liquids.

Liquid θl,max γ (mN/m)

Water 1.21 72
Ethylene glycol (EG) 1.11 47
Hexadecane 0.46 27

3.3 Experimental results

In the experiments, we systematically varied the frequency of droplet deposition
f and the substrate speed UIJ .

3.3.1 Variation of the deposition frequency

Figure 3.4(a-c) show optical transmission images for UIJ = 0.05 mm/s and
three different values of f . Figures 3.4(d-f) show the corresponding IR images.
The red diamonds denote the location of the impingement point (x, y) =
(0, 0). All images were recorded at t = 600 s after commencement of injection.
Figure 3.5(a,b) shows longitudinal cross-sections of both the moisture content
θw(x, y= 0, t= 600 s) and the temperature distribution ∆T ≡ T (x, y= 0, t=
600 s)− Tamb. The fluctuations in Fig. 3.5(a) are not measurement noise, but
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Figure 3.5: (a) Moisture content distribution θw(x, y = 0, t = 600 s) for UIJ = 0.05 mm/s
and different values of f . (b) Corresponding temperature distributions ∆T ≡ T (x, y=0, t=
600 s)− Tamb. All data shown correspond to a time t = 600 s.

rather reflect heterogeneities of the material properties and the conformation
of the paper sheet.

The length and width of the wet zone increase with frequency. For the two
highest frequencies f = 500 and 1000 Hz, the moisture content θw is equal to
θw,max close to the impingement point x = 0. For lower frequencies, θw(x = 0)
drops below θw,max and decreases. As f increases, the longitudinal gradients
∂θw
∂x decrease in the wet zone. This is because at higher f more liquid is added

per unit length and evaporation has a relatively weaker effect on θw at a fixed
position and time.

We define the length of the wet zone lwet as the x-position where θw(x, y =
0) − θamb has decreased to a value of 0.1 again, measured relative to the
impingement point x = 0 along the positive x-direction. The blue asterisks
in Fig. 3.6(b) represent the experimental values of lwet, which are plotted as
a function of f . For values of UIJ = 0.05 mm/s and t = 600 s, the length of
the printed line is UIJ t = 30 mm. For low values of f , lwet is shorter than UIJ t,
whereas for f = 1000 Hz, lwet > UIJ t. The value of lwet can exceed UIJ t due
to Darcy flow in the x-direction, especially at low UIJ . It can also be shorter
than UIJ t due to evaporation (especially at low frequencies f) and Darcy flow
in the y-direction (especially at high speeds UIJ , see Section 3.3.2).

Figure 3.5(b) shows that the entire wet zone is colder than Tamb due to
evaporative cooling. For high values of f ≥ 500 Hz, the temperature is rather
uniform in the region 0 ≤ x ≤ UIJ t. As shown in Fig. 3.6(c), the amplitude
of cooling increases with increasing frequency, as more liquid gets added and
is subsequently distributed over a wider and longer zone. The length of the
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cold zone exceeds lwet, because it takes a finite time for the paper to reach
Tamb again, once it has dried, due to heat exchange with the ambient. For
low values of f = 30 and 100 Hz, T returns to Tamb at a distance well before
UIJ t. Moreover, for low frequencies f = 30 and 100 Hz, the minimum of the
temperature distribution occurs at x ≈ lwet. In contrast, for high frequencies the
coldest point is located close to the impingement point x = 0. The blue asterisk
in Fig. 3.6(c) represent the experimental data of the maximum temperature
difference ∆Tmax(t) ≡ max |T (x, y, t)−Tamb|, which is plotted as a function of
f for t = 600 s.

3.3.2 Variation of the substrate speed

Figure 3.7(a-e) shows optical transmission images and the corresponding tem-
perature distributions for a constant frequency f = 1000 Hz and different values
of UIJ spanning two decades from 0.05 to 5 mm/s. The labels in Fig. 3.7(a)
and (f) illustrate the definitions of the transverse widths [full width at half
maximum/minimum (FWHM)] of the moisture distribution ∆yw and of the
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Figure 3.6: (a) Maximum moisture content max(θw) as a function of droplet frequency for
UIJ = 0.05 mm/s and a printed length of UIJ t = 30 mm. (b) Length of the wet zone lwet as
a function of f for UIJ = 0.05 mm/s and a printed length of UIJ t = 30 mm. (c) Maximum
temperature difference ∆Tmax as a function of f for UIJ = 0.05 mm/s and a printed length
of UIJ t = 30 mm. In (a-c) the blue asterisks represent experimental data, the red diamonds
numerical simulations.
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Figure 3.7: Optical transmission maps (a-e) and temperature distributions (f-j) for f =
1000 Hz and different values of the substrate speed (a,f) UIJ = 0.05 mm/s, (b,g) 0.1 mm/s,
(c,h) 0.5 mm/s, (d,i) 1 mm/s and (e,j) 5 mm/s. The maps were recorded at different times
corresponding to a constant value of UIJ t = 3 cm. The red diamonds denote the impingement
point x = 0.

temperature distribution ∆yh. Figure 3.8(a) shows longitudinal cross-sections
θw(x, y = 0) of the 2D-maps shown in Fig. 3.7(a-e). The data were extracted
for printed line lengths UIJ t = 3 cm, i.e. the variation of UIJ implies different
printing times. For low values of UIJ < 0.5 mm/s, the moisture content θw
reaches θw,max close to the impingement point x = 0, similarly to the high
frequency data shown in Fig. 3.5(a). The width of this fully saturated zone de-
creases with increasing UIJ . For UIJ > 0.5 mm/s, θw(0, 0) is no longer saturated
and decreases with increasing UIJ .

The temperature distributions ∆T (x, y = 0) for low speeds UIJ ≤ 0.2 mm/s
in Fig. 3.8(b) are also qualitatively similar to the high frequency data in
Fig. 3.5(b) in the sense that the temperature is rather uniform in the region
0 ≤ x ≤ UIJ t. For high speeds UIJ ≥ 0.5 mm/s, the coldest point is close to
the end of the wet zone x ≈ lwet.

Figures 3.9(a,b) present ∆yw and ∆yh as functions of UIJ at position x =
20 mm for a printing distance of UIJ t = 30 mm. The solid lines represent pow-
erlaw fits with ∆yw ∼ U−0.7

IJ , and ∆yh ∼ U−0.3
IJ , which are excellent approxima-

tions to the measured data (blue asterisks). Figure 3.9(c) shows measurements
of the maximum cooling amplitude ∆Tmax ≡ max |T − Tamb|, which are well
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represented by the powerlaw ∆Tmax ∼ U−0.27
IJ .
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(b) the corresponding temperature distribution T (x, y = 0) for UIJ = 0.05 mm/s, f = 300 Hz
and different times. The insets in (a) are optical transmission maps for t = 10, 100, and 300 s.
The red diamonds represent the impingement point x = 0.

3.3.3 Transient evolution of a deposited line

Figures 3.10(a,b) show longitudinal cross-sections of the moisture content
θw(x, y = 0) and the corresponding temperature distribution T (x, y = 0)
for UIJ = 0.05 mm/s, f = 300 Hz and different times after the commencement
of deposition. The inset in (a) shows the corresponding optical transmission
maps obtained at t = 10, 100 and 300 s. With increasing times, θw(x = 0, y = 0)
increases until it reaches a value of about 1 and remains steady for t ≥ 100 s.
The length of the wet zone lwet increases until t ≈ 300 s and remains constant
thereafter. For the early times, lwet is slightly larger than UIJ t, indicating the
effect of wicking. For later times (t ≥ 300 s), the liquid distribution profile
becomes linear. According to Fig. 3.10 the moisture content becomes steady
at t ≈ 300 s, whereas the temperature distribution becomes steady only after
600 s. The maximum temperature difference ∆Tmax initially increases with
time before saturating at t ≈ 100 s.

Figures 3.11(a,b) present the time evolution of the length of the wet zone
lwet(t) and of the maximum temperature amplitude ∆Tmax(t) for two different
printing frequencies f = 300 and 500 Hz. For t ≤ 100 s, lwet increases mono-
tonically and - in the case of f = 300 Hz - saturates for t ≥ 300 s. The triangle
represents a powerlaw relation lwet ∼ tα with exponent α = 1, i.e. if a powerlaw
were fitted to the experimental data, the exponent α would be smaller than 1.
For t ≤ 100 s, ∆Tmax increases approximately according to t0.5 and saturates
for t ≥ 100 s, i.e. ∆Tmax saturates sooner than lwet.
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3.4 Theoretical model

3.4.1 Moisture transport

Our starting point is the continuity equation for moisture transport in a porous
medium [126]

∂Θw,3D

∂t
+∇ · (ρw~vw) = 0 , (3.1)

where Θw,3D is the mass of water contained in a unit volume of porous medium,
ρw = 1000 kg/m3 the mass density of liquid water, and ~vw the volumetric water
flux given by the Darcy equation

~vw = −kw
µw
∇pw . (3.2)

Here, kw is the permeability, µw = 1 mPas the viscosity of liquid water, and
pw the pressure in the liquid phase. Because the paper is oriented horizontally
in our experiments and has a very small thickness tp, there is no gravity term
in Eq. (3.2). We assume that evaporation occurs at the surface only, i.e. there
is no gas flow through the paper, such that there is no sink term in Eq. (3.1).
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Chapter 3 Inkjet deposition of lines onto thin moving porous media

Due to the small thickness of paper, we assume that the moisture content
is uniform in the z-direction. This neglects the short transient effects corre-
sponding to vertical imbibition upon deposition of a droplet (typical timescale
≤ 1s), which is appropriate for the description of lateral imbibition processes
governed by longer timescales. Our next step is to integrate Eq. (3.1) in the
thickness direction

tp/2∫
−tp/2

[
∂Θw,3D

∂t
+∇ · (ρw~vw)

]
dz = 0 , (3.3)

which yields

∂Θw

∂t
− j + ρw

tp/2∫
−tp/2

(
∂vw,x
∂x

+
∂vw,y
∂y

)
dz = 0 . (3.4)

Here, we introduced the mass of water per unit area of paper

Θw ≡
tp/2∫
−tp/2

Θw,3Ddz (3.5)

and the influx or loss of water due to droplet deposition and evaporation

j ≡ ρwvw,z (z = −tp/2)− ρwvw,z (z = tp/2)

= jIJ − k∞ (ρs − ρ∞) , (3.6)

where k∞ is a mass transfer coefficient, ρ∞ is the ambient water vapor concen-
tration and ρs is the water vapor concentration at the paper top surface. The
term jIJ denotes the mass influx due to the inkjet-deposited droplets, which
is described in Section 3.4.4.

Evaluating the integral in Eq. (3.4) we get

∂Θw

∂t
− ρw
µw
∇2D · [tpkw∇2Dpw] = j , (3.7)

where ∇2D ≡ ( ∂
∂x ,

∂
∂y ) is the in-plane gradient operator.

As the paper is translating relative to the inkjet printhead, we transform the
above equation into a moving reference frame defined by the new coordinates
(x′, y′, t′) = (x+UIJ t, y, t). After dropping the primes, this effectively yields an
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3.4 Theoretical model

extra term UIJ
∂Θw
∂x on the left side of Eq. (3.7). In the new coordinate system,

the inkjet impingement location is stationary and jIJ is a function of position
only, but independent of time for t > 0.

For the permeability kw(Θw) and the capillary pressure pw(Θw) we adopt
the van Genuchten relations [75] [127]

kw = ks

[
Θw

Θw,max

]kc [
1−

[
1−

[
Θw

Θw,max

]1/mg
]mg

]2

(3.8)

pw = pg

((
Θw

Θw,max

)−1/mg

− 1

)(1/ng)

, (3.9)

where mg = 1−1/ng. Here, ks = 1·10−13m2, kc = 0.3, ng = 4 and pg = 2000 Pa
and were treated as fit parameters. We neglect effects due to hygroexpansion.

3.4.2 Heat transfer

The equation for heat transfer inside a porous medium is [128]

(ρcp)av

∂T

∂t
+ ρwcp,w~vw · ∇T = ∇ · (kav∇T ) + φs . (3.10)

The thermal material properties are assumed to be given by the following
weighted averages

kav =
Θwkw + Θsks

Θw + Θs
(3.11)

(ρcp)av =
Θw (ρcp)w + Θs (ρcp)s

Θw + Θs
, (3.12)

where kw and ks are the thermal conductivities and cp,w and cp,s are the specific
heat capacities of liquid water and cellulose, respectively. In Eqs. (3.11,3.12)
we have neglected the contributions of air for an unsaturated medium, because
the thermal conductivity and mass density of air are negligible compared to
those of water and cellulose.

The source term in Eq. (3.10) φs = ∆Hs
∂Θw,3D

∂t accounts for sorptive heating.
[119] Here, ∆Hs is the differential heat of wetting, [129–135] which we represent
by the empirical equation

∆Hs = C1 exp(−C2θw) (3.13)

with fit parameters C1 = 1500 kJ/kg and C2 = 40.
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Assuming all quantities are vertically uniform, we get

(ρcp)av

∂T

∂t
− cp,w

jIJ
tp

(TIJ − T ) + ρwcp,w~v2D · ∇2DT =

=
q2D

tp
+ Φs +∇2D · (kav∇2DT ) . (3.14)

The second term on the left of Eq. (3.14) accounts for the thermal mass of the
inkjet deposited droplets. The transformation to the moving reference frame
effectively adds an extra term (ρcp)av UIJ

∂T
∂x on the left hand side of Eq. (3.14).

Similarly, the sorption term becomes

Φs =
1

tp

(
∂Θw

∂t
+ UIJ

∂Θw

∂x

)
∆Hs . (3.15)

The heat flux
q2D ≡ −hN (T − T∞)− k∞ (ρs − ρ∞)Eev (3.16)

accounts for Newtonian heat exchange with the ambient with corresponding
heat transfer coefficient hN =9W/(m2K), mass transfer with the ambient with
the corresponding mass transfer coefficient k∞=2.8·10−3m/s and evaporative
cooling, where Eev = 2441.7 kJ/kg is the enthalpy of evaporation of water.

The parameter ρs (Θw) is determined by the moisture sorption isotherm of
the paper substrate, which we assume to be given by a Guggenheim-Anderson-
de Boer (GAB) isotherm, which can reproduce the behavior of cellulosic mate-
rials very well [134,136–139]

θw =
M0Cgkaw

(1− kaw)(1 + (Cg − 1)kaw)
. (3.17)

Here, aw the water activity and M0 = 0.061, Cg = 18.647 and k = 0.85
are typical fit-parameters for paper. [134, 136–139] In local thermodynamic
equilibrium, the water activity is equal to the local relative humidity

aw = ρs/ρsat(T ) , (3.18)

where the saturated water vapor density ρsat is determined by the following
empirical relation for the saturated vapor pressure [140]

psat(Pa) = 610.78 exp

(
17.2694

T (◦C)

T (◦C) + 238.3

)
(3.19)

and the ideal gas law ρsat = psatMw/(RT ). Here, Mw = 18 g/mol is the molec-
ular weight of water and R = 8.314 J/(mol K) is the universal gas constant.
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Figure 3.12: Sketch of the two-dimensional computational domain and the applicable bound-
ary conditions.

3.4.3 Boundary conditions

The two-dimensional computational domain and the applicable boundary con-
ditions are sketched in Fig. 3.12. The blue circle of radius Rc centered around
the impingement point (x, y) = (0, 0) is the moisture source region. The dimen-
sions L1, L2 and L3 are chosen sufficiently large such that neither the moisture
front nor the temperature changes can reach the lateral or the top boundaries.
Correspondingly, Dirichlet boundary conditions corresponding to a sheet of
paper maintained at ambient conditions apply

T (x=−L3) = Tamb = T (y=L2) = T (x=L1−L3) , (3.20)

θw(x=−L3) = θamb = θw(y=L2) = θw(x=L1−L3) . (3.21)

The bottom boundary y = 0 is the centerline of the printed line, where sym-
metry conditions hold

~n ·∇T (x, y=0) = 0 and ~n ·∇θw(x, y=0) = 0 , (3.22)

where ~n is the outward unit normal vector of the computational domain.

3.4.4 The inkjet deposition term jIJ

An important aspect of the simulations is the implementation of the inkjet
deposition. For a given drop frequency f , the droplet density per unit length of
paper substrate is the smaller, the higher UIJ . Therefore, for speeds UIJ higher
than a critical value Uc(f), the moisture content will not reach the saturation
value. In this regime, we implemented the droplet deposition as a flux function

jIJ(x, y) = C0flc2hs
(
Rc −

√
x2 + y2, Rc/100

)
(3.23)

that is different from zero only in the blue circle sketched in Fig. 3.12. Here,
the function flc2hs(x, ε) is a smoothed Heaviside function with transition width
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ε. The prefactor C0 is adjusted such that the area integral
∫∫

jIJdA equals
the total mass deposition rate ρwVdropf . We neglect the discrete nature of the
individual droplets and assume that jIJ is constant in time, i.e. it is effectively
a time-averaged quantity.

For speeds UIJ < Uc(f), the water content will reach saturation. In this
regime a Dirichlet boundary condition

θw

(√
x2 + y2 ≤ Rc

)
= 0.99θw,max (3.24)

was applied. The dimension of the sub-domain where the water content was
kept constant (i.e. the radius Rc of the blue circle in Fig. 3.12) was adjusted
such that the line integral of the Darcy flux over the circular arc∫

ρw~v · ~ndl = ρwVdropf −
∫∫

k∞ (ρs − ρ∞) dA (3.25)

was equal the mass deposition rate of the inkjet corrected for evaporative losses
over the source region.

The initial condition for temperature was T (x, y, t = 0) = Tamb. Depending
on whether UIJ is smaller or larger than Uc(f) and the moisture content reaches
the maximum holding capacity, the initial condition for the moisture content
was either θw(x, y, t = 0) = θw,amb uniformly or

θw(x, y, t = 0) = 0.99θw,max if
√
x2 + y2 ≤ Rc (3.26)

θw(x, y, t = 0) = θw,amb if
√
x2 + y2 > Rc (3.27)

3.5 Discussion

In this section, the numerical results and some comparison with experimental
results presented in 3.3 will be discussed for the cases of changing substrate
speed, changing frequency of deposition and transient evolution of an inlkjet
deposited line.

3.5.1 The effect of the frequency of deposition

In this subsection we discuss the effect of the frequency of deposition for a con-
stant substrate speed UIJ = 0.05 mm/s. Figures 3.13(a,b) show two computed
moisture content maps for frequencies of 100 and 500 Hz. In Fig. 3.13(c,d)
we present longitudinal cross-sections of the moisture content distribution
θw(x, y = 0) and the temperature distribution ∆T (x, y = 0) for different
frequencies f .
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Figure 3.13: (a,b) Two-dimensional numerical simulations of the moisture distribution θw
for UIJ = 0.05 mm/s and two values of the deposition frequency f = 500 and 100 Hz. The
data correspond to a printed length UIJ t = 3 cm. The red circles represent the impingement
point. (c,d) Longitudinal cross-sections of (c) the moisture content θw(x, y = 0) and (d) the
temperature distribution ∆T (x, y = 0) for UIJ = 0.05 mm/s and different frequencies f . The
data correspond to a printed length UIJ t = 3 cm.

Lower frequencies induce shorter and narrower moisture distributions, be-
cause a smaller quantity of water is deposited per unit length. For small f ,
the length of the wet zone lwet can become significantly shorter than the print-
ing distance UIJ t. This is visible in Fig. 3.13(c) for f ≤ 100 Hz, as well as in
Fig. 3.6(b), where lwet is plotted as a function of f . This also forces the mini-
mum in temperature to occur closer to the impingement point as f decreases,
consistent with Fig. 3.13(d).

In Fig. 3.6(a) we show the maximum moisture content max(θw)−θamb, which
occurs close to the impingement point, as a function of droplet frequency f
for UIJ = 0.05 mm/s and a printed length of UIJ t = 30 mm. The numerical
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simulations (red diamonds) agree well with the experimental data (blue as-
terisks) . Also the numerical simulations (red diamonds) for the length of the
wet zone lwet as a function of f in Fig. 3.6(b) agree qualitatively well with
the experimental data (blue asterisks), but appear to be displaced along the
abscissa by a constant factor of 3. For large f , lwet tends to saturate at a
value that slightly exceeds the printed length UIJ t, owing to wicking in the
x-direction.

In Fig. 3.6(c) we present the maximum temperature difference ∆Tmax as
a function of frequency f . For large f , ∆Tmax tends to saturate at a value
determined by q2D = 0, i.e. the balance of evaporative cooling and heat input
from the ambient environment, see Eq. (3.16). In steady state, all other terms
in Eq. (3.14) become negligible in the limit of large f , because the spatial tem-
perature derivatives vanish, as a large zone of approximately uniform moisture
content forms. In the limit of f → 0, ∆Tmax decreases. This is because the
maximum moisture difference ∆θmax ≡ θw − θamb at the impingement point
decreases with decreasing f (smaller liquid influx). Consequently, the term ρs
in Eq. (3.16) stays closer to ρ∞, thus reducing the evaporative cooling.

3.5.2 The effects of the substrate velocity

In Fig. 3.14, we present two-dimensional numerical simulations of the moisture
content θw and the corresponding temperature distributions ∆T for UIJ = 0.2
mm/s and f = 1000 Hz at a time t = 150 s after commencement of deposition.
The solid lines in Fig. 3.14(c,d) represent longitudinal cross-sections of the
moisture content θw(x, y = 0) and the corresponding temperature distribution
∆T (x, y = 0) for a printed length UIJ t = 3 cm and different values of UIJ . The
general shape of the curves closely resembles that of the experimental data in
Fig. 3.8.

For low speeds, the moisture distribution is fully saturated near the impinge-
ment point x = 0, i.e. θw(x ≈ 0) = θw,max. The length of this zone decreases as
UIJ increases, as in the experiments in Fig. 3.8. For low speeds, the temperature
distribution in the wet zone becomes uniform, whereas for high speeds ∆T
decreases with increasing x and exhibits a minimum near the end of the printed
line x = UIJ t. The temperature profiles reveal an interesting feature near the
impingement point x = 0: a peak for high speed which resembles a shoulder
for low UIJ . It is caused by a combination of the heat of sorption described
by Eq. (3.13) as well as the thermal mass of the deposited droplets described
by the second term in Eq. (3.14). We have assumed that the inkjet-deposited
droplets reach a temperature of TIJ = Tamb − 0.5 K due to evaporative cooling
along their flight path of 5− 10 mm length. In the region close to x = 0, the
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thermal influence of the liquid deposition from the printhead is felt strongest.
The liquid in the printhead is at ambient temperature Tamb. According to the
manufacturer, the initial ejection velocity of the drops at the nozzle is 2 m/s.
Their flight distance is about 5 − 10 mm, during which in-flight evaporative
cooling reduces the drop temperature. Droplets with a diameter of 40µm reach
their terminal velocity in the order of 5 cm/s within approximately 10 ms, [141]
therefore a rough estimate of their flight time is 5 − 10 ms. Based on the re-
sults of Gonzalez Pedraza et al., a reasonable estimate for the reduction of the
droplet temperature is TIJ = Tamb−0.5 K. [142] Although this is below ambient
temperature, it is still significantly warmer than the temperature induced by
evaporative cooling at the low speed values (typically 6 K below Tamb), and
thus causes local heating. The sorptive heating term is more pronounced at
high speeds, because the term UIJ

∂θw
∂x increases, whereas the thermal droplet

mass effect dominates at low speeds when the term TIJ − T in Eq. (3.14) is
highest. For a direct comparison of experiments and simulation we also plot-
ted the measured data for UIJ = 0.05 mm/s (dotted lines), which shows good
agreement. Figure 3.9(a,b) shows the transverse widths (FWHM) of the mois-
ture and the temperature distributions as a function of UIJ , respectively. The
data were extracted from two-dimensional maps of θw and ∆T as shown in
Fig. 3.8(a,b) at a position x = 2 cm at different times when the printed line
length was UIJ t = 3 cm. Blue stars correspond to experimental data, red open
diamond to numerical simulations with fixed Hp = 1 cm. The numerical results
for yw scale with substrate speed as U−0.7

IJ , in perfect agreement with the ex-
periments. The scaling of yh, however, is stronger in the simulations compared
to the experimental observations. A possible reason for the deviation is that
we have assumed the heat transfer coefficient hN to be constant. In Fig. 3.9(c)
we present the maximum temperature drop ∆Tmax extracted from Fig. 3.8(d)
as a function of UIJ . Blue stars represent experimental data. Red open di-
amonds represent numerical simulations with a fixed mass transfer distance
Hp = 10 mm. Violet and green symbols correspond to Hp = 5 mm and 2 mm,
respectively. The simulations match the experimental data very well up to a
speed of approximately 1 mm/s. For higher speeds the simulations significantly
underestimate the temperature amplitude. We attribute this discrepancy to a
reduction of the mass transfer distance Hp that is induced by the progressively
swifter substrate motion. Reducing Hp for the two highest speeds and thus
increasing the evaporation rate, improves the agreement with the experiments.
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Figure 3.14: (a,b) Numerical simulations of (a) the moisture content θw and (b) the tem-
perature distribution ∆T for UIJ = 0.2 mm/s and f = 1000 Hz at a time t = 150 s after
commencement of deposition. (c,d) Longitudinal cross-sections of (c) the moisture content
θw(x, y = 0) and (d) the corresponding temperature distribution ∆T (x, y = 0) for a printed
length UIJ t = 3 cm and different values of UIJ . Solid lines correspond to numerical simulations,
the dotted lines are measured data for UIJ = 0.05 mm/s.

3.5.3 Transient evolution

The temporal evolution of the moisture distribution and the temperature is
illustrated in Fig. 3.15 for the case of f = 500 Hz and UIJ = 0.05 mm/s. Near the
origin, the deposition process causes the moisture content to quickly increase
with time. At a time of t ≈ 2Rc/UIJ ≈ 10 s, θw(0, 0) begins to saturate, whereas
the length of the wet zone keeps increasing, until lwet reaches a steady-state
value that depends on deposition frequency and substrate velocity as visible
in Fig. 3.16(a). The temperature distribution develops a bell-shaped antipeak
with the temperature minimum located initially near the impingement point.
As time increases, the antipeak deepens until ∆Tmax reaches a steady value.
Due to the low substrate speed, an effect of the heat of wetting is not noticeable.
The shoulder at x = 0 is induced by the thermal mass of the deposited droplets
with temperature TIJ .
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Figure 3.15: Longitudinal cross-sections of (a) the moisture content θw(x, y = 0) and (b) the
temperature distribution ∆T (x, y = 0) for different times after commencement of printing.
The data correspond to f = 500 Hz and UIJ = 0.05 mm/s.

The slope of the curves in the double-logarithmic plot in Fig. 3.16(a) is
sublinear prior to saturation, due to the low substrate speed. This is perfectly
consistent with the experimental behavior seen in Fig. 3.11(a). There is no
saturation visible in Fig. 3.16(b) owing to the high drop frequency of f =
1000 Hz. For high substrate speeds such as UIJ = 2 mm/s, lwet increases linearly
in time. In contrast, for low speeds and primarily for early times a powerlaw
exponent of 0.5 is a better match, which is due to the effect of wicking. The
maximum temperature amplitudes ∆Tmax(t) in Fig. 3.16(c,d) are lower for
lower frequencies and higher substrate speeds, as in both limits the moisture
content is lower, which corresponds to a lower vapor pressure and thus reduced
evaporative cooling. The fact that the curves for UIJ ≤ 0.5 mm/s approximately
collapse in Fig. 3.16(d) in the interval 10 ≤ t ≤ 50 s can be understood
from a Lagrangian viewpoint. An area element of the paper substrate receives
an identical initial moisture content of θw,max at the impingement point [see
Fig. 3.8(a) or Fig. 3.14(a)] and subsequently undergoes approximately the same
temperature change in the same time. The collapse is not perfect due to the
different degree with which wicking affects the moisture redistribution.

3.5.4 Scaling behavior

The numerical data in Fig. 3.9(c) suggest that ∆Tmax ∼ U−1
IJ for large UIJ and

a constant value of Hp. This can be rationalized by considering the fact that
the spatial gradients of θw in the x-direction decrease for increasing UIJ (high
Peclet numbers), as can be seen clearly in Fig. 3.14(c). This means that the
term ρs in Eq. (3.16) becomes constant and thus a uniform cooling heat flux
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Figure 3.16: Temporal evolution of (a,c) the length of the wet zone lwet(t) and (b,d) the
maximum temperature amplitude ∆Tmax(t) for different values of (a,b) the drop frequency
f and (c,d) the substrate speed UIJ . The substrate speed in (a,c) was UIJ = 0.05 mm/s and
the drop frequency in (b,d) was f = 1000 Hz.

results along the wet zone. For increasing UIJ the temperature drop |∆T | at a
fixed value of x decreases. Consequently, the maximum temperature amplitude
remains below saturation and the heat exchange term with the ambient can
be neglected in Eq. (3.16) in the limit of large UIJ . In Eq. (3.14) the sorptive
term is negligible for a uniform θw, the conduction term is negligible in the
limit of high thermal Peclet numbers and the second term does not play a role
at the end of the printed line x ≈ lwet, because jIJ is zero there. The balance
of the remaining terms in Eq. (3.14) indeed yields a temperature amplitude
inversely proportional to UIJ .

3.5.5 Including the gas phase – 3D simulations

Murali et al. explicitely incorporated the gas phase in their model and found an
intricate interplay of buoyancy effects and substrate-motion induced convection
regarding moisture transport. [119] The incorporation of the gas phase on top
of the paper into the present 2D model of the paper domain would require 3D
simulations with a large gas domain to reproduce buoyancy effects. This turned
out to be computationally too expensive. Moreover, the stream of inkjetted
droplets induces gas phase convection (typical speed 1 m/s, which may suppress
or overshadow the buoyancy-induced flows that would be present in a stagnant
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atmosphere (on order 5 mm/s [119,143]).

Therefore, we accounted for heat and mass exchange with the ambient at-
mosphere via the heat- and mass transfer coefficients hN and k∞. This implies
that our model does not take recondensation effects into account, which would
induce extra heating in the vicinity of the wet-dry boundaries. [119] However,
such recondensation effects are not prominently visible in the infrared data.
Our model reproduces evaporative cooling to the extent that the linear mass
transfer law with constant k∞ is realistic. The values of k∞ and hN are, how-
ever, expected to increase with increasing UIJ and f , because both factors
increase convection in the ambient atmosphere.

3.6 Summary and conclusions

We have systematically studied the deposition of lines of water by means of
inkjet printing onto paper substrates. Water is used because it is the main
constituent of eco-friendly aqueous-based inks. We used optical transmission
imaging to determine the moisture distribution and infrared thermography to
obtain the temperature distribution as well as their time-dependencies. More-
over, we have developed a numerical model coupling unsaturated flow in thin
porous media with evaporative mass loss and heat transfer. The numerical
simulations could reproduce most of the experimental results well. This combi-
nation of experiments and numerical simulations gives comprehensive insight
into the water penetration dynamics in the paper substrate. The latter deter-
mines the coalescence time scale of latex-based ink patterns [144] and is thus
at the heart of achieving high resolution and pattern fidelity.
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Table 3.2: List of symbols and parameters

Symbol Name Value Units

aw Water activity - -
cg GAB Isotherm constant 18.647 -
cp,av Average specific heat capacity - J/kgK
cp,s Specific heat capacity of solid 1400 J/kgK
cp,w Specific heat capacity of water 4180 J/kgK
C1 Prefactor of heat of wetting 1.5 · 106 J/kg
C2 Coefficient of heat of wetting 40 -
DH2O Water vapour diffusivity in air 2.8 · 10−5 m2/s
∆Hs Heat of wetting - J/kg
Eevap Enthalphy of evaporation of water 2.44 · 106 J/kg
f Deposition frequency - Hz
hN Heat transfer coefficient 9 W/m2K
Hp Convection length scale - m
I Transmitted light intensity - -
I0 Primary light intensity - -
j Total mass flux of water vapor - kg/m3s
jIJ Mass influx of deposited droplets - kg/m3s
k GAB isotherm constant 0.85 -
kair Thermal conductivity of air 0.025 W/mK
kav Average thermal conductivity - W/mK
kc Relative permeability parameter 0.3 -
Krw Relative permeability - -
ks Thermal conductivity of solid 0.4 W/mK
Ks Absolute permeability 1.2 · 10−12 m2

kw Thermal conductivity of water 0.6 W/mK
k∞ Mass transfer coefficient 2.8 · 10−3 m/s
lwet Length of the wet zone. - m/s
M0 GAB isotherm parameter 0.061 -
mg Van Genuchten exponent 1-1/ng -
Mw Molar mass of water 18 · 10−3 kg/mol
ng Capillary pressure exponent 4 -
pamb Ambient pressure 1 · 105 Pa
pg Pressure scaling parameter -2000 Pa
psat Saturation vapor pressure - Pa
pw Pressure of water phase - Pa
q2D Heat source - W/m3

R Gas constant 8.314 J/(Kmol)
Rc Radius of deposition zone - m
RH Ambient relative humidity 0.3 -
T Temperature of porous medium - K
Tamb Ambient temperature 298.15 K
Tij Droplet temperature 297.65 K
tp Paper thickness 0.1 mm
〈~u〉 Darcy velocity - m/s
UIJ Speed of the substrate - m/s
x Longitudinal coordinate - m
y Transverse coordinate - m
µw Dynamic viscosity of water 8.9 · 10−4 Pa-s
ρav Volume averaged density - kg/m3

ρs Mass density of solid 1500 kg/m3

ρsat Saturation conc. of water vapor 0.02287 kg/m3

ρw Mass density of water 1000 kg/m3

φ Porosity - -
θamb Equil. moisture content @ RH=0.3 - kg/kg
θw Moisture content - kg/kg
θw,max Maximum moisture content 1.21 kg/kg
Θs Area mass density of dry paper 77 g/m2

Θw Area mass density of water - g/m2

Θw,max Maximum water holding capacity 94 g/m2
59





Chapter 4

Inkjet deposition of lines of surfactant
solutions onto thin moving porous
media

In this chapter, the role of surfactants in inkjet printing is explored. The com-
bined imbibition and evaporation of surfactant solutions into thin porous media
are studied by means of experiments and numerical simulations. Solutions of
anionic and non-ionic surfactants were deposited onto moving sheets of paper
by a droplet-on-demand inkjet system. Drop casting experiments, where a drop
of surfactant solutions, cast onto a stationary substrate guide the interpretation
of the inkjet deposition experiments. Optical transmission imaging and infrared
thermography were used to monitor the lateral transport and evaporation of
the surfactant-laden solutions. The description of the experimental procedure,
the discussion of the results obtained and some comparison with the numerical
model developed by the theoretical counterpart of this work form the crux of
this chapter.

4.1 Introduction

Surfactants are added to inkjet inks for a number of reasons [146]. They tend
to affect the contact angle on partially wetting substrates [147–157] and thus
control the ink wettability and the degree of droplet spreading [158,159]. Sur-
factants can be used also as a dispersion agents that improve the colloidal
suspension stability of colorant pigment particles [160]. Surfactants can serve
as emulsifiers [161], desizing or anti-foaming agents [162] or promote the solubi-
lization of dyes. Surfactants can reduce inter-color bleed [163,164] and improve
the ejection stability of ink droplets [165]. Usually more than one surfactant
species is present in a commercial ink formulation, and typically concentrations
above the critical micelle concentration (cmc) are used.

Tschapek and Boggio showed that inhomogeneous surfactant distributions
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cause moisture migration in unsaturated porous media [166]. Zartman and
Bartsch used anionic, cationic, and non-ionic surfactants in dewatering ex-
periments of unsaturated sand columns and found no significant performance
difference between the different classes of surfactants [167]. In contrast, Karkare
et al. found considerable differences in the water displacement efficiencies of a
large number of long-chain ionic and non-ionic surfactant species [168]. They
showed that there is a strong correlation between water displacement and the
equilibrium spreading pressure for a subset of surfactants, but not all species
adhered to it. Karkare and Fort showed that the water displacement showed a
strong correlation with the capillary pressure differences induced by the inho-
mogeneous surfactant distribution [169]. Smith and Gillham [170] and Henry
et al. [171] considered the effect of soluble surface-active species. Brown et
al. [172], Henry et al. [173,174] and Rathfelder et al. [175] performed two- and
three-dimensional simulations of surfactant-induced flows in bulk porous media
in the context of contaminant transport and aquifer remediation. Hodgson and
Berg [176] studied the wicking of surfactant solutions into paper sheets by
means of systematic experiments using anionic, cationic and non-ionic surfac-
tants. In all cases, a Washburn-like scaling of the front position h ∼ kt1/2 was
found. The variation of the prefactor k with surfactant concentration indicated
the importance of surfactant depletion near the wetting front due to adsorption
on the fiber walls.

Several authors have studied the simultaneous spreading and imbibition of
droplets on porous substrates [8, 26, 149,177–187]. However, the ambition and
focus of these studies was primarily on an accurate and in-depth description of
the dynamics of the liquid films and droplets on top of the substrate and less
on the details of solvent loss due to imbibition and evaporation. In contrast,
the ambition and focus of this manuscript is on an in-depth description of the
moisture and multi-component transport inside the porous medium. We study
the deposition of lines of inkjet-deposited droplets of an aqueous surfactant
solution on a moving paper substrate by means of experiments and numerical
simulations. We use light transmission [120] and infrared thermography [119]
to characterize the moisture and temperature distributions due to wicking and
evaporative cooling. In our model, we disregard the presence of liquid on top
of the paper and thus effectively focus on the late stage of the simultaneous
processes of imbibition of a surfactant solution into a paper substrate and
evaporation of the solvent. We use a dual-porosity model of unsaturated flow
based on the Richards equation, which explicitly accounts for the exchange
between liquid residing in the pores and in the paper fibers. Moreover, we solve
for surfactant adsorption on the fibers as well as for heat transfer to compare
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with the thermography measurements.

4.2 Materials and methods

We have used the same experimental setup and procedures for inkjet printing
onto a horizontal, moving sheet of paper at a constant droplet frequency as
described in detail in Ref. [145] ( see also previous chaper). The horizontal
speed of motion UIJ was varied between 0.05−5 mm/s. The paper types studied
are Mondi DNS HSI CF (calendered, thickness tp = 93µm) and Mondi DNS
HSI NF (thickness tp = 104µm) printing papers, which both contain CaCl2 to
aid the inkjet print quality.

4.2.1 Surfactant properties

As surfactants we have used sodium dodecyl sulfate (SDS, Sigma-Aldrich,
product number 436143, molecular weight (MW) 288.38 g/mol) and Triton
X-100 (Sigma-Aldrich, product number T9284, average MW 625 g/mol), which
are anionic and non-ionic, respectively.

The surface tension of solutions of soluble surfactants depends sensitively on
the surfactant bulk concentration c. It starts from the surface tension of pure
water for c = 0 and decreases to an asymptotic value γ∞ for c exceeding the
so-called critical micelle concentration (cmc). The cmc of SDS is 8.1 mM or
0.234 wt%, that of Triton X-100 is 0.24 mM or 0.019 wt% [188,189]. The value
of γ∞ of SDS depends on the purity of the material - literature values range
between 34 and 38 mN/m. [188,190,191] A comparable variation is observed
for Triton X-100 [189,192,193].

The viscosity of SDS solutions is only a very weak function of concentration.
Up to 15 cmc the viscosity increases only by 30% compared to the value of
pure water [194]. The following linear fit is an accurate representation of the
data in Ref. [194]

µSDS = µH2O(0.003002 c[mM] + 0.9756) . (4.1)

For Triton X-100, Pal has measured the viscosity up to a weight fraction of
26% [195]. We used the following fit/extrapolation to the data in Ref. [195]

µTX100 = µH2O exp
(

0.03791
c

cmc

)
. (4.2)

The molecular diffusion coefficientDm of SDS varies between (2−8)·10−10 m2/s
for concentrations up to 13.5 wt% [196]. That of Triton X-100 drops from Dm =
3 · 10−10m2/s for values below the cmc to 0.8 · 10−10m2/s for concentrations
up to 1 wt% [197].
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(a) (b) (c)

(d) (e) (f)

Figure 4.1: Optical transmission images of wet zones in stationary NF paper substrates 300 s
after deposition of 5µl droplets of (a) pure water and (b,c) SDS solutions of concentration
c = 1 and 10 cmc, respectively. (d-f) Same for Triton X-100 solutions of concentration c = 2,
5 and 10 cmc, respectively, but non-constant droplet volumes.

4.2.2 Surfactant adsorption

Paria et al. measured the adsorption of Triton X-100 and sodiumdodecyl-
benzenesulfonate (SDBS) onto filter paper [198]. The best-fit values for the
sorption capacity are C∞ = 0.75 mg/(g cellulose) for Triton X-100 and C∞ =
0.3 mg/g for SDBS, respectively. We expect that the corresponding value for
SDS is slightly lower than that of SDBS.

Hodgson and Berg [176] reported on depletion of surfactant at the spreading
front due to its adsorption on the paper fibers during wicking. Only for concen-
trations exceeding the cmc could this depletion be overcome. They quantified
this effect by determining the wicking-equivalent surface tension [176], but did
not provide any direct visualization or measurement of the surfactant distri-
bution. Figure 4.1 shows optical transmission images of wet zones in a paper
substrate after deposition of droplets of pure water and surfactant solutions
of various concentrations. The wet zone for pure water [Fig. 4.1(a)] is charac-
terized by a relatively homogeneous grayscale value. In contrast, the presence
of surfactants induces the formation of sharp grayscale transitions, which we
attribute to the presence of well-defined fronts in the surfactant distribution,
beyond which surfactant is essentially not present. For a 1 cmc SDS solution
[Fig. 4.1(b)] the extension of the dark region coincides with the maximum
footprint area of the droplet deposited on top of the paper. For a 10 cmc SDS
solution [Fig. 4.1(c)] a dark ring is visible close to the perimeter of the wet
zone, i.e. the SDS front has reached much further distances from the point of
deposition, consistent with the observations of Hodgson and Berg [176]. The
equivalent behavior is observed for Triton X-100 solutions of increasing con-
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Figure 4.2: Maximum holding capacity θmax for CF and NF paper as a function of initial
surfactant concentration c0 for both SDS and Triton X-100 solutions.

centration in Fig. 4.1(d-f). The physical origin of the darkening is discussed in
Section 4.2.5.

4.2.3 Evaporation of surfactant solutions

It is well known that surfactants can retard the evaporation of water by up
to 65% [199–202]. This, however, holds for insoluble surfactants that form a
closed monolayer at the liquid-air interface at sufficiently high surface pressures.
Soluble surfactants do not produce a measurable reduction of evaporation
[203, 204]. This is consistent with the water vapor pressure pvap of aqueous
solutions of soluble surfactants being only a very weak function of concentration
c up to several mol/kg. In this manuscript we are primarily interested in the
moisture penetration dynamics, rather than the ink-solidification phase (i.e. the
complete dry-out). Therefore, we neglect any dependence of pvap on c [205–207]
and assume that the moisture sorption isotherm of pure water [119] also applies
to the drying of paper containing an imbibed surfactant solution.

4.2.4 Maximum holding capacity of paper

Figure 4.2 shows measurements of the dimensionless maximum holding capacity
θmax (units: kg of water per kg of dry paper) of CF and NF paper types as a
function of the surfactant concentration for both SDS and Triton X-100. The
quantity θmax is determined by the ratio of the maximum amount of liquid
that can be contained in the paper

Θtot,max ≡ Θw,max + Θf,max
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Figure 4.3: Normalized transmitted intensity I/I0 of NF paper as a function of the residual
mass of liquid for an SDS solution (c0 = 10 cmc), a Triton X-100 solution (c0 = 10 cmc) and
pure water. Inset: snapshot corresponding to 300 s after commencement of deposition of a
Triton X-100 solution (c0 = 70 cmc) printed at UIJ = 0.05 mm/s and with ṁ = 0.78µg/s on
CF paper.

(units kg/m2) and the mass of the dry paper sample initially in equilibrium
with the ambient atmosphere Θs ≈ 77 g/m2. Here, Θw,max and Θf,max are the
maximum holding capacities of the pores and the permeable fibers, respec-
tively. The measurement procedure is described in detail in Ref. [145]. For an
initial surfactant concentration c0 exceeding 1 cmc, the value of θmax remains
approximately constant for both SDS and Triton X-100 and is is approximately
(12±3)% higher than for pure water (c = 0). Shepherd and Xiao [208] and Kim
and Hsieh [209] observed a comparable increase of the absorption capacity of
paper towels and cotton fabrics upon addition of certain surfactants. Shepherd
and Xiao [208] attribute this effect to an increased debonding of the fiber
network, that allows individual fibers to swell more.

4.2.5 Calibration of transmitted intensity vs. moisture content

Figure 4.3 shows quasi-equilibrium values of the transmitted intensity normal-
ized by the incident intensity I/I0 as a function of the mass of the residual
liquid. The calibration procedure relies on the slow evaporation of the aqueous
phase to attain different values of moisture content and is described in detail
in Ref. [145]. The shape of the curve and the span of the data on the ordinate
closely resemble results for Whatman filter paper by Forughi et al. [120]. The
normalized intensity obtained with SDS and Triton X-100 solutions is slightly
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lower compared to that of pure water. The origin of this reduction is unclear.
Possible hypotheses are listed in Section. 4.2.6. It is, however, evident that the
variation of the moisture content has a far greater influence on I/I0 than the
presence of SDS or Triton X-100 surfactants, even at concentrations exceeding
10 cmc.

The maximum attained transmission intensity is approximately the same
for pure water and the surfactant solutions. At very low moisture contents,
the transmission signal becomes darker than that of dry paper. The inset in
Fig. 4.3 shows a contrast-enhanced transmission image of a line printed at
UIJ = 0.05 mm/s with a rather high Triton X-100 surfactant concentration of
c0 = 70 cmc. To the right of the wet zone, a dark line is visible as indicated by
the bluish-green rectangle. We ascribe it to the reduction of light transmission
caused by residual surfactant after the water has evaporated.

Surprisingly, during inkjet printing, the transmission intensities for surfactant
solutions were routinely observed to be significantly higher than the calibrated
quasi-equilibrium values shown in Fig. 4.3, especially for large deposition rates
per unit length. This intensity overshoot is most pronounced close to the
impingement point. We verified that it is not caused by residual liquid on
top of the papersheet that has not been imbibed, yet. Fig. 4.4 shows optical
reflection images of lines being printed at UIJ = 0.05 mm/s for different values
of the mass-deposition rate ṁ for a solution of SDS with a concentration
c0 = 10 cmc. It is clearly seen that only for ṁ values greater than 50µg/s the
pooling of liquid on top of the substrate occurs. The systematic results that
will be discussed in the forthcoming sections are performed at an ṁ equal to
26µg/s, which negates the formation of the liquid pool on top of the substrate.

The overshoot unfortunately precludes a conversion of I/I0 to θw for surfac-
tant solutions, which was possible for inkjet printing of pure water [145]. We
conclude that SDS and Triton X-100 solutions require a substantially longer
time for quasi-equilibration in a paper matrix than pure water. We suspect
that the rate limiting step may be the transfer of surfactants from the pores
to the interior of the fibers [210].

4.2.6 Possible reasons for surfactant-induced reduction of light
transmission

A higher degree of swelling induced by the presence of surfactants, which would
be consistent with the increased holding capacity described in section 4.2.4.
More swelling implies a larger paper thickness, which according to the Beer-
Lambert law would result in an exponentially lower transmission. Shepherd
and Xiao [208] concluded that the presence of most surfactants increases the
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(a) (b)

(c) (d)

Figure 4.4: Top-view reflection images of the wet zone after printing an SDS solution
(c0 = 10 cmc) on coated paper for a deposition time td ≈ 150 s and different mass deposition
rates ṁ of (a) 26, (b) 52, (c) 78 and (d) 104µg/s. Image width approx. 24 mm.

fraction of water residing in the fibers compared to that in the pores. Since light
scattering is determined by the material interfaces with the highest refractive
index contrast (the cellulose-air interface in the case of paper), shifting water
from the pores to the interior of the fibers will tend to reduce transmission.

4.3 Experimental results

In our experiments we systematically varied the substrate speed UIJ , the de-
position rate ṁ (proportional to droplet frequency), the initial surfactant con-
centration c0 and the paper type.

4.3.1 Variation of substrate speed

Figure 4.5 shows optical transmission images and corresponding temperature
distributions of lines of SDS and Triton X-100 surfactant solutions printed at a
constant mass deposition rate ṁ = 26µg/s and different values of the substrate
speed UIJ ranging from 0.05 to 5 mm/s. In Fig. 4.6 we present longitudinal
cross-sections of the optical transmission signal I(x, y = 0, td)/I0 and the
temperature change ∆T (x, y = 0, td) ≡ T (x, y = 0, td) − Tamb for SDS and
Triton X-100 solutions of initial concentration c = 10 cmc for a constant mass
deposition rate ṁ = 26µg/s and different values of the substrate speed ranging
from UIJ = 0.05 to 5 mm/s. The deposition time td was varied to maintain
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Figure 4.5: Optical transmission images of lines printed with (a-d) SDS and (e-h) Triton
X-100 solutions of concentration c = 10 cmc. (i-p) Corresponding temperature distributions
for SDS (i-l) and Triton X-100 (m-p). The red diamonds indicate the position of the jet
impingement point (x, y) = (0, 0). The mass deposition rate ṁ was 26µg/s. The scalebars in
(e) and (l) correspond to 2 cm and apply to all transmission and IR images. The substrate
speeds were UIJ = 0.05 (a,r,i,m), 0.1 (b,f,j,n), 0.5 (c,g,k,o) and 5 mm/s (d,h,l,p). All images
were obtained with CF paper.

a constant printing distance UIJ td = 4 cm. We note that the fluctuations
in Fig. 4.6(a,b) are not noise, but rather reflect random heterogeneities of
paper. SDS exhibits a noticeably higher intensity overshoot than Triton X-
100 in Fig. 4.6(a,b), which is also reflected in the higher brightness levels of
Figs. 4.5(a,b) compared to (e,f).

Figure 4.7 shows the dependence of the transverse full-width at half-maximum
values (FWHMs) of the moisture and temperature distributions, ∆yw and
∆yh, as well as the maximum cooling amplitude along the centerline i.e.
|∆T |max ≡ max(|∆T (x, y = 0, td)|) as a function of the substrate speed UIJ .
The dashed line in Fig. 4.11 represents a powerlaw relation ∆yw ∼ U0.0.75

IJ ,
which is a good approximation to the data. There appears to be no systematic
difference in ∆yw or ∆yh between experiments with SDS or Triton X-100. How-
ever, SDS systematically induces lower cooling amplitudes than Triton X-100
at c0 = 10 cmc for substrate speeds UIJ ≥ 0.5 mm/s. SDS is an ionic surfactant
that essentially completely dissociates in water, whereas Triton X-100 is a non-
ionic surfactant which does not dissociate. Moreover, the cmc of SDS (8 mM) is
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Figure 4.8: Optical transmission images of lines printed with (a-c) SDS and (d-f) Triton
X-100 solutions of concentration c0 = 10 cmc. (g-l) Corresponding temperature distributions
for SDS (g-i) and Triton X-100 (j-l). The red diamonds indicate the position of the jet
impingement point (x, y) = (0, 0). The scalebars correspond to 2 cm. The substrate speed
was UIJ = 0.05 mm/s and the printed length UIJ td = 3 cm. The mass deposition rates were
2.6 (a,d,g,j), 7.8 (b,e,h,k) and 13µg/s (c,f,i,l). All SDS experiments were performed with NF
paper and all Triton X-100 experiments with CF paper. The scalebars in (f) and (l) represent
1 cm.

much higher than that of Triton X-100 (0.23 mM). For both reasons one would
expect a stronger reduction of the vapor pressure pvap for SDS according to
Raoult’s law. Nevertheless this is not the reason for the observed difference
in |∆T |max, because pvap of SDS solutions decreases by less than 1% up to
concentrations of 1.8 M [211].

4.3.2 Variation of deposition rate

Figure 4.8 shows optical transmission images and corresponding temperature
distributions of lines of SDS and Triton X-100 solutions of initial concentra-
tion c0 = 10 cmc printed with a constant substrate speed UIJ = 0.05 mm/s
and different values of the mass deposition rate ṁ. It is apparent that the
transverse width of lines printed with the Triton X-100 solution on CF paper
is systematically larger than for the SDS solution on NF paper, for all values
of ṁ shown. At the same time, the transmitted intensity in the vicinity of
the impingement point is again systematically higher for SDS than for Triton
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X-100 at high values of ṁ.

Figures 4.9(a,b) show longitudinal cross-sections of the normalized transmis-
sion intensity I(x, y = 0, td)/I0 along the centerline, while Figs. 4.9(c,d) show
the corresponding temperature distribution ∆T (x, y = 0, td).

Figure 4.10 presents the dependence of the maximum cooling amplitude
|∆T |max and the length of the wet zone lwet on the mass deposition rate
ṁ. The parameter lwet is defined as the distance along which I/I0 remains
above a level of 0.3. The values of |∆T |max and lwet are rather similar for SDS
and Triton X-100 for c0 = 10 cmc. The horizontal green line in Fig. 4.10(b)
corresponds to the printing distance UIJ td = 30 mm. The length of the wet
zone can exceed UIJ td especially for small UIJ and large ṁ due to wicking in
the longitudinal direction. The horizontal line in Fig. 4.10(a) indicates that
the cooling amplitude seems to approach a constant for large ṁ and thus high
moisture content, as the water vapor pressure approaches its maximum value
in this regime.

4.3.3 Variation of surfactant concentration

Figure 4.10 shows |∆T |max and lwet for lines printed with Triton X-100 solutions
of different initial concentrations c0 = 0 (pure water), 1, 10 and 70 cmc as a
function of the deposition rate ṁ. There is little difference in the values of
|∆T |max except for the lowest deposition rate. In contrast, surfactant solutions
induce systematically higher values of lwet compared to pure water, especially
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Figure 4.10: Experimental data for (a) the maximum cooling amplitude |∆T |max and (b)
the length of the wet zone lwet as a function of the deposition rate ṁ. The horizontal green
line corresponds to the printing distance UIJ td = 30 mm. Data for SDS (c0 = 10 cmc, NF
paper) are represented by filled red squares, and for pure water (NF paper) by filled black
circles. Data for Triton X-100 solutions (CF paper) are represented by open asterisks for
c0 = 1 cmc, by open diamonds for c0 = 10 cmc, and by open triangles for c0 = 70 cmc. The
substrate speed was kept constant at UIJ = 0.05 mm/s.

for c0 = 70 cmc. Figure 4.11 shows the variation of ∆yw, ∆yh and |∆T |max as
a function of UIJ for Triton X-100 solutions of different initial concentration
c0 and a constant deposition rate ṁ. Again there is little systematic variation
in ∆yw, ∆yh and |∆T |max with surfactant concentrations. This is consistent
with the findings of Hodgson and Berg for Whatman No. 40 filter paper [176].
As in Fig. 4.10(b), the exception is again the highest value of c0 = 70 cmc,
which induces systematically higher values of ∆yw. The dashed line in Fig. 4.11
represents a powerlaw relation ∆yw ∼ U0.8

IJ , which is a good approximation to
the data. The exponent of 0.8 is close to the value of 0.75 in Fig. 4.7 (a).

4.3.4 Effect of paper type

From our experiments, we find the differences in the behavior of the two studied
paper types to be minimal. Figure 4.2 indicates that the maximum holding
capacity of both paper types are very close. Figure 4.7(a) illustrates that the
widths of the wet zones in both paper types are within 10% for the same
printing parameters and the same surfactant solution composition.
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Figure 4.11: Experimental data for (a) the FWHM of the wet zone ∆yw at a location 2 cm
behind the impingement point, (b) ∆yh and (c) the maximum cooling amplitude |∆T |max

as a function of UIJ for Triton X-100 solutions with c0 = 0 (pure water on NF paper, filled
circles), 1 cmc (open asterisks), 10 cmc (open diamonds) and 70 cmc (open triangles) on CF
paper. The deposition rate and the printed distance were kept constant at ṁ = 26µg/s and
UIJ td = 4 cm, respectively.

4.4 Theoretical model

The description of the transport of moisture and heat is based on the model
and notation introduced in Ref. [145]. This model has been extended to ac-
count for the presence of a surface-active solute as well as for the exchange
of liquid between the pore space and the interior of the paper fibers. Detailed
description of the model and the development of the equations governing the
transport mechanisms are presented in [145, 212]. The governing equations
(to be introduced in the forthcoming subsections) are solved numerically us-
ing the finite-element software Comsol Multiphysics 5.6. A droplet radius of
18µm is assumed in the simulations, i.e. a deposition frequency f = 1000 Hz
corresponds to a mass deposition rate of ṁ = 24.4µg/s. For the deposition
frequencies f ≤ 1000 Hz studied, the width of the temperature distribution
is always larger than that of the moisture distribution. A typical maximum
temperature change |∆T |max due to evaporative cooling is in the range of
several Kelvin.

In the forthcoming sub-sections, the key equations and parameters are in-
troduced which are used in the discussion section.
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4.4.1 Modified Darcy velocity

The key quantity in the moisture transport equation is the Darcy velocity
~vw = −Kw

µ ∇pw, which is proportional to the permeability Kw and the gra-
dient in capillary pressure pw of the pore space. The latter depends not only
on the moisture content, but also on the temperature T and the surfactant
concentration c in the aqueous phase (i.e. the mass of solute per unit volume
of liquid phase, with units kg/m3). Thus, we can write

~vw = −Kw

µ

(
∂pw
∂Θw

∇Θw +
∂pw
∂c
∇c+

∂pw
∂T
∇T
)
. (4.3)

Here, Θw is the pore moisture content per area of paper with units of kg/m2.
The third term on the right represents thermocapillary pumping [213] of a
meniscus by temperature non-uniformities. The second term on the right is
its solutocapillary analog and couples the equations for moisture and solute
transport. We shall neglect the third term, because for concentrated surfactant
solutions pw is a strong function of c, but only a very weak function of T .
For pw and Kw we adopt the Van Genuchten relations [75,127]. The value of
the maximum holding capacity of the pore space is assumed to be Θw,max =
58 g/m2. We assume that the permeability Kw is unaffected by the presence
of the surfactant.

4.4.2 Dual-porosity description of pore-fiber exchange

Paper is a porous material made up of fibers that are themselves permeable.
Upon imbibition, a fraction of the water being transported along the pores
is lost into the fibers, where its mobility is greatly reduced. Therefore, we
adapted models introduced by Barenblatt et al., Bandyopadhyay et al. and
Zapata et al. to our case of moisture transport in paper [9–11]. We assume
that the absolute magnitude of the capillary pressure in the fibers pf is higher
owing to the smaller effective pore size

pf = afpg(cf )

((
Θf

Θf,max

)−1/mg

− 1

)(1/ng)

. (4.4)

Here, the maximum moisture holding capacity of the fibers is set to Θf,max ≡
bfΘw,max and the dimensionless parameters were chosen to be af = 1.5 and
bf = 1. For simplicity we assume that the moisture content Θf inside the fibers
is immobile [11]. Consequently, the dynamic equation, integrated along the
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thickness direction of the paper substrate [145], for the moisture content in the
fibers Θf

∂Θf

∂t
= spf − jev,f (4.5)

contains only source and sink terms, but no transport terms. Evaporation-
induced losses are described by the flux term jev,f . Following Ref. [9], we
assume the pore-fiber moisture exchange rate to be governed by the difference
in capillary pressure

spf =
Kpf

µ
[pw (Θw)− pf (Θf )] . (4.6)

The coefficient Kpf (typical value 1 ·10−8 kg/m2) determines the time constant
of the exchange process. In an equilibrium configuration, characterized by
spf = 0, the pore-fiber distribution is determined by the equality of the capillary
pressures, which biases the system towards higher saturation values in the
fibers than in the pores. Correspondingly, the Richards equation for the time
evolution of the pore moisture content, integrated along the thickness direction
of the paper substrate [145], now also contains a corresponding extra flux term

∂Θw

∂t
+ UIJ

∂Θw

∂x
− ρw

µ
∇2D (tpKw∇2Dpw) =

jIJ − jev,w − spf . (4.7)

Here, tp is the thickness of the paper substrate, jIJ is the time-averaged mass
flux representing the inkjet droplet deposition, jev,w is the mass flux corre-

sponding to solvent evaporation from the pore space and ∇2D ≡
(
∂
∂x ,

∂
∂y

)
.

The total evaporative flux jev

jev ≡ jev,w + jev,f = k∞ (ρv − ρamb) (4.8)

is split between pores and fibers according to the ratio of the local moisture
contents

jev,w = jev
Θw

Θw + Θf
and jev,f = jev

Θf

Θw + Θf
. (4.9)

The heat transfer is developed in the same fashion as discussed in the previous
chapter.

4.4.3 Solute transport in unsaturated porous media

Starting from 3-D transport equations for solute transport, performing verti-
cal integration and introducing substrate motion, the 3-D equations can be
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transformed into thickness averaged 2-D version leading to

∂

∂t
(cΘw) + UIJ

∂

∂x
(cΘw) + ρw∇2D · (tpc~vw)− jIJc0 =

= ∇2D ·
[
ΘwD2D

·∇2Dc
]
− epf − SadρwΘs , (4.10)

∂

∂t
(cfΘf ) + UIJ

∂

∂x
(cfΘf ) = epf , (4.11)

∂Cad

∂t
+ UIJ

∂Cad

∂x
= Sad . (4.12)

The pore-fiber exchange term epf is the 2D equivalent of the expressions in [212].
i.e. Spf is replaced with spf . The right hand side of Eq. (4.12)

Sad ≡ kadc

[
1− Cad

C∞

]
− kdeccmc

Cad

C∞
(4.13)

corresponds to a Langmuir adsorption isotherm [214] with adsorption and
desorption rate constants kad and kde. The adsorption process described by
Eq. (4.13) is completely reversible, i.e. flushing with pure water will eventually
desorb the surfactant completely. We assumed a sorption capacity C∞ =
0.5 g/kg, which is a typical value for surfactants on paper, and a ratio kad/kde =
10. For a thorough treatment leading to the 2-D system of equations from the
3-D equations and for an in-depth description of the governing equations, the
reader is directed to [212].

4.4.4 Initial and boundary conditions

A detailed description of initial and boundary conditions are presented in [212].

4.5 Discussion

In the following subsections we will systematically investigate the influence of
key parameters such as the deposition frequency f , the substrate speed UIJ , the
initial surfactant concentration c0 as well as the effect of surfactant adsorption
with the goal of comparing the numerical results with the experimental results.
Furthermore, we discuss the phenomena of intensity overshoot and surfactant
precipitation.

4.5.1 Variation of the droplet deposition frequency

In this section we focus on the effect of the droplet deposition frequency,
while keeping the substrate speed and the surfactant concentration constant
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Figure 4.12: (a-c) Longitudinal cross-sections of (a) the total moisture content θtot(x, y =
0)−θamb, (b) the temperature distribution ∆T (x, y = 0) and (c) the surfactant concentration
in the pores c(x, y = 0) for different values of f . (d-f) Transverse cross-sections of (d) θtot(x =
2 cm, y)−θamb, (e) ∆T (x = 2 cm, y) and (f) c(x = 2 cm, y) at x = 2 cm from the impingement
point for different values of f . All simulations were performed with UIJ = 0.2 mm/s, c0 = 1 cmc
and a printed length UIJ td = 3 cm.

at values of UIJ = 0.2 mm/s and c0 = 1 cmc. We consider a printed line length
of ∆x ≡ UIJ td = 3 cm and thus a deposition time td = ∆x/UIJ = 150 s. We
assume that no surfactant adsorption occurs, Sad = 0.

In Fig. 4.12(a) and (d) we show longitudinal and transverse profiles of the
total moisture content θtot − θamb along the centerline y = 0 and at a fixed
distance from the deposition point x = 2 cm. It is evident that the maximum
moisture content and width of the printed lines both grow with increasing
frequency f . Figure 4.12(b) and 4.12(e) show the temperature decrease ∆T
along the centerline y = 0 and in the y-direction at x = 2 cm, respectively.
Higher deposition frequencies induce a higher maximum temperature amplitude
|∆T |max due to the larger quantity of water that can evaporate. Along the
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centerline, the temperature minima are located near the end of the printed
line, i.e. near the point x = UIJ td = 3 cm for high frequencies. Regarding the
transverse profiles in Fig. 4.12(d,e) we note that the maximum extensions of
the wet zones coincide with the location of inflection points in the temperature
distributions, as indicated by the vertical dashed lines. In other words, the
width of the wet zone can also be inferred from thermography data alone.
Overall it is seen that the simulation results qualitatively resemble the data
presented in fig. 4.9. The surfactant concentration in the pores is plotted in
Fig. 4.12(c,f) along the centerline and in the transverse direction at x = 2 cm,
respectively. Far away from the impingement point the surfactant concentration
exceeds c0 = 1 cmc, because some of the water has evaporated, whereas the
surfactant is not volatile. Since relatively more water evaporates for lower
deposition rates, the increase in c is more pronounced for lower frequencies.
In the transverse direction and in the absence of adsorption, the surfactant
distribution in Fig. 4.12(f) is rather uniform until the perimeter of the wet
zone, at which point it goes to zero rather abruptly. A detailed description
about the origins of such abrupt transitions are presented in [212].

4.5.2 Variation of the substrate speed

In this subsection we study the effect of the substrate speed UIJ for constant
values of the deposition frequency f = 1000 Hz, the surfactant concentration
c0 = 1 cmc and the printed line length ∆x = UIJ td = 3 cm, which corresponds
to varying deposition times of td = ∆x/UIJ . We assume that no surfactant
ad-/absorption occurs, Sad = 0.

For increasing substrate speeds, the moisture distribution tends to be lower
in amplitude but progressively more uniform, because both evaporation and
lateral wicking have less time to cause removal or redistribution of liquid away
from the centerline. Regarding the temperature profiles, for high speeds, a
localized increase in temperature occurs in the vicinity of the impingement
point at x = 0 (similar to the results discussed in previous chapter), which
is due to the sorptive heating term proportional to UIJ . The minima of the
temperature distribution are located near x = UIJ td = 3 cm for all values of
UIJ .

The surfactant concentration increases towards larger values of x most promi-
nently for the slower speeds, because evaporation has more time to remove
part of the water. For high speeds, the level of c near the injection point x = 0
falls below c0. This is because less water is deposited per unit length for higher
speeds and the initially present moisture content θamb serves to slightly dilute c
to a value below c0. The transverse cross-sections of the moisture distributions

79



Chapter 4 Inkjet deposition of lines of surfactant solutions

0.5

1FW
H

M
  (

m
m

)

0.1 1UIJ  (mm/s)

1

|∆
T|

m
ax

  (
K

)

f = 1000 Hz2

4

0.5

2

5

500

2Rc 

0.68 ∆yh

∆yw

∆ys
(a)

(b)

f = 1000 Hz
500

0.2 2

0.92

Figure 4.13: (a) FWHM of the total moisture-, temperature- and surfactant concentration
distributions ∆yw, ∆yh and ∆ys at x = 2 cm as a function of the substrate speed UIJ for
f = 1000 Hz. (b) Maximum cooling amplitude |∆T |max as a function of UIJ for two values
of the droplet frequency f = 500 and 1000 Hz. In both (a,b) we assumed a constant printed
length UIJ td = 3 cm, c0 = 1 cmc, and that no surfactant adsorption occurs, Sad = 0.

and surfactant concentrations at x = 2 cm resemble those in Fig. 4.12(d,f). Es-
pecially for the slowest speed considered, the surfactant concentration slightly
increases towards the perimeter of the wet zone. The lower moisture content
near the perimeter leads to a larger relative water loss due to evaporation and
thus a higher concentration.

In the absence of solid adsorption, the values of ∆yw and ∆ys are again quite
close. In the limit of high speeds, ∆yw, ∆ys and ∆yh all approach the limit
2Rc, because less time is available for transverse spreading. Since the thermal
diffusivity is a weak function, but the permeability and thus the effective
moisture diffusivity a strong function of θtot, ∆yh exceeds ∆yw in the range of
speeds shown. In the range where ∆yw is much larger than 2Rc, a powerlaw
relation ∆yw ∼ U0.68

IJ is a reasonable approximation to the numerical data. The
exponent 0.68 is close to the experimental value of 0.75 observed in Fig. 4.7(a).
Moreover, the magnitude of ∆yw closely matches the experimental data in
Fig. 4.7(a)

Figure 4.13(b) presents the maximum cooling amplitude |∆T |max as func-
tions of the substrate speed. |∆T |max increases with decreasing speed and
increasing f , because more water is then deposited per unit length. If a pow-
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erlaw relation |∆T |max ∼ U εIJ were fitted through the datapoints for the 2
highest values of UIJ , the exponent would have a value of -0.92. This is close
to the experimental value of -0.82 in Fig. 4.7(c). Moreover, the magnitude of
|∆T |max agrees well with the data in Fig. 4.7(c).

4.5.3 Variation of the surfactant concentration

In this subsection, we study the effect of variations in the initial surfactant
concentration c0 for constant values of UIJ = 5 mm/s and f = 500 Hz. We
assume that no surfactant ad-/absorption occurs, Sad = 0.

For high speeds that are simualted, it is the case that the transverse moisture-
distributions collapse for increasing surfactant concentration, which might ap-
pear to indicate that the surfactant concentration level c0 has no effect on the
dynamics of the moisture and thus surfactant redistribution. The actual reason
is that due to the high speed, the moisture and surfactant distributions have
not had a chance, yet, to spread beyond the initial value of Rc. However, since
the capillary pressure ceases to depend on c for concentrations exceeding the
cmc, we do not expect qualitative differences as a function of c0 even at lower
speeds for c0 > 1 cmc, as in the absence of adsorption the surfactant is not
depleted.

4.5.4 Effect of surfactant adsorption

In this subsection, we study the effect of surfactant adsorption Sad 6= 0. Fig-
ure 4.14(a) compares the centerline profiles of the surfactant concentration
c(x, y = 0, td) for two 2D simulations with and without surfactant adsorp-
tion. While without adsorption the concentration slowly increases away from
the deposition point due to evaporation, it quickly decreases to a level of
about 0.3 cmc for an absorption capacity of C∞ = 0.5 g/kg and rate constants
kad = 1 ·10−4m3/kg s = 10kde. Similarly, the transverse profile c(x = 2 cm, y, td)
in Fig. 4.14(b) is rather uniform at a concentration close to c0 = 1 cmc and
drops rather abruptly to zero at the perimeter of the wet zone in the absence
of adsorption. In the presence of adsorption, c(x = 2 cm, y, td) approaches zero
in a smooth and continuous fashion at the boundary of the wet zone.

We have also performed one-dimensional simulations of the lateral imbibition
of surfactant solutions in paper substrates. For this case we assumed a sorption
capacity C∞ = 0.5 g/kg and rate constants of kad = 1 · 10−4m3/(kg s) = 10kde.
In spirit, these simulations describe the broadening dynamics of a line printed
at high speed, for which longitudinal gradients of all quantities are negligible,
sufficiently far from the deposition point. The dashed lines in Fig. 4.15(a,b)
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2D numerical simulations of the surfactant concentration in the pores c for UIJ = 1 mm/s,
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represent the ICs of the total moisture distribution θtot(x, t = 0) − θamb and
the surfactant concentration c(x, t = 0) for four different values of c0 = 0, 1, 5
and 10 cmc. The solid lines in Fig. 4.15 correspond to the solutions at t = 300 s.
Within that time, the wet zone spread by approximately 2 mm for c0 = 1 and
5 cmc, but by only about 1.6 mm for c0 = 0 and 10 cmc.

Figure 4.15(b) shows that the surfactant essentially does not spread beyond
the initially wet region for c0 = 1 cmc, whereas it spreads further for c0 = 10 cmc.
However, the surfactant front lags significantly behind the moisture front, even
for c0 = 10 cmc. This behavior is qualitatively equivalent with the one seen
in Fig. 4.1. The IC for the adsorbed concentration was Cad(y, t = 0) = 0.
Figure 4.15(c) shows that for c0 = 1 cmc, Cad stays far below C∞, whereas for
c0 = 10 cmc, it reaches the maximum adsorption capacity and drops rather
abruptly to zero at y ≈ 1.9 mm.

The total moisture content in Fig. 4.15(a) exhibits local maxima and min-
ima close to the surfactant concentration front at t = 300 s, which are most
pronounced for c0 = 1 and 5 cmc. These are caused by capillary pressure gra-
dients induced by the surfactant concentration gradients. They have not been
observed in our previous simulations without adsorption, because there the
surfactant front coincided with the moisture front. Analogous local maxima
and minima in moisture content near the surfactant front have been observed
in [169,171,215–217]. Since a higher moisture content gives rise to an increased
light transmission, these curves are consistent with Fig. 4.1 and the inset in
Fig. 4.15(a), where a dark zone is visible at the centerline. Filenkova et al.
observed a very similar solvent content distribution with a depression along
the centerline of a printed line of an aqueous solution of a non-ionic surfactant
- see Fig. 4(a) in Ref. [33].
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Figure 4.15: 1D numerical simulations of (a) the total moisture distribution θtot − θamb,
(b) the surfactant concentration c and (c) the adsorbed concentration Cad for four different
values of c0 = 0, 1, 5 and 10 cmc. Solid and dashed lines correspond to solutions at t = 0 and
t = 300 s, respectively. Inset: optical transmission image of a printed line of a Triton X-100
solution of initial concentration c0 = 1 cmc (UIJ = 0.1 mm/s, ṁ = 26µg/s).

4.5.5 Intensity overshoot

SDS is an ionic surfactant that stabilizes foam lamellae [218], whereas Triton
X-100 as a non-ionic surfactant does not. The geometry of an unsaturated
moisture distribution where water in the pores is sucked into the surrounding
fibers resembles the geometry of the so-called thin film balance that is used
to stabilize and study foam layers by means of a porous ring-shaped support
[219, 220]. During the transition of liquid from the pores to the fibers, the
area of the air-water interface is likely increasing, which implies that surface
elasticity effects could play a role.

The process of imbibition of a surfactant solution into a porous medium
under unsaturated conditions also shares common aspects with the flow of
foams in porous media. Aranda et al. have studied the injection of foam into an
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Chapter 4 Inkjet deposition of lines of surfactant solutions

unsaturated bulk porous medium partially filled with a surfactant solution [221].
They observed the formation of a ‘weak’ and a ‘strong’ foam zone separated
by a sharp boundary. Foam flow in porous media has been studied primarily
for systems with essentially impermeable pore walls such as sand columns and
rocks. Even then it can take a long time to approach a steady state [222–225].

We visualized the imbibition of surfactant solutions into paper using optical
reflection microscopy. In contrast to the case of pure water, we observed a large
number of small, abrupt changes in grayscale on a lengthscale comparable to
the size of the large pores. We interpret them as the disintegration of menisci
and lamellae. These events were more numerous and longer lasting for SDS
than for Triton X-100, which correlates with the larger intensity overshoot for
SDS than for Triton X-100.

When liquid enters a porous medium, the pores are filled first, due to their
higher permeability. Due to the higher absolute magnitude of the capillary
pressure of liquid inside the fibers, liquid is subsequently transferred into the
fibers [210]. Since the spatial dimensions of the pores are comparable to the
wavelength of light λ and the dominant lengthscales inside the fibers are much
smaller than λ, the presence of air-filled pores is the dominant scattering mech-
anism that determines the light transmission intensity. When air is replaced
by water, the scattering efficiency decreases and the transmitted intensity first
increases and later decreases due to pore-fiber redistribution. We believe the
origin of the observed intensity overshoot to be the surfactant-induced delay
of the pore-fiber redistribution effect.

4.5.6 Surfactant precipitation

Hodgson and Berg [176] reported that the imbibition rate of an SDS solution
with c0 ≈ 0.6 cmc into Whatman No. 40 filter paper is less than 70% of
that of pure water, whereas the imbibition rate of a Triton X-100 solution
with c0 ≈ 0.6 cmc is only 5% slower compared to pure water. The imbibition
rate thus does not correlate with c0/cmc, i.e. the surface activity. Rather,
the key property is the adsorption capacity. The value of C∞ of Triton X-
100 is approximately three times higher than that of SDS, which is in part
related to its higher MW. Moreover, the cmc of Triton X-100 in molar units
is substantially lower than that of SDS. Consequently, compared to SDS a
0.6 cmc solution of Triton X-100 contains substantially fewer molecules, which
in addition have a higher tendency to get adsorbed.

In our experiments, however, we often do not observe a significant difference
in the imbibition rates between SDS and Triton X-100. The two paper types
we studied are both loaded with CaCl2 in order to accelerate and improve ink
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fixation [226–229]. It is well known that Ca2+ ions also induce the precipitation
of anionic surfactants [230–234]. Paria et al. measured a strong increase of C∞
of SDBS on cellulose upon addition of Ca2+ ions [198]. We therefore conclude
that in our experiments the presence of Ca2+ ions induces precipitation of
the anionic surfactant SDS, which in turn substantially increases its tendency
to get adsorbed. Interesting visualization of the effect of precipitation can be
better observed with dyes (to be discussed in the next chapter)

4.6 Summary and conclusions

We have conducted systematic experiments regarding the effect of surfactants
on the inkjet deposition of long lines in paper substrates. We have used both
anionic and non-ionic surfactants and varied the substrate speed, deposition
frequency and surfactant concentration.

Moreover we have constructed a corresponding numerical model that ac-
counts for the presence of permeable fibers, solvent evaporation, surfactant
transport and adsorption as well as evaporative cooling. The presence of per-
meable fibers renders the moisture distributions more abrupt and reduces the
imbibition rate compared to a porous medium comprising impermeable fibers
of equal holding capacity.

We found that the imbibition dynamics of surfactant solutions in the two
paper types studied were virtually identical. However, both paper types we used
were optimized by the manufacturer for inkjet printing applications using water-
based inks. Preliminary investigations into a larger range of paper types hint
towards a much stronger material dependence, especially for more hydrophobic
paper types. This is the subject of ongoing investigations.

For the case of deposition of pure water, the moisture distribution tends
to monotonically decrease away from the impingement point. In contrast, the
presence of surfactants can induce non-monotonic moisture distributions. This
occurs especially when the surfactant front lags behind the moisture front as a
consequence of adsorption, because surfactant concentration gradients induce
capillary pressure gradients. At low concentrations, the surfactant remains
essentially localized to the deposition area due to adsorption. Only above a
threshold concentration that depends on the adsorption capacity of the paper
and is of order of 1-2 cmc for SDS and Triton X-100 can the surfactant spread
beyond the deposition area.
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Table 4.1: List of symbols and parameters.

Symbol Name Value Units

af Fiber pressure scaling factor 1.5 -
bf Water fraction fibers 0.5 -
bp Water fraction pores 0.5 -
c Surfactant concentration (pores) - kg/m3

Cad Adsorbed surfactant concentra-
tion

- g/kg

cf Surfactant concentration (fibers) - kg/m3

cp,av Average specific heat capacity - J/(kg K)
cp,w Specific heat capacity of water 4180 J/(kg K)
ccmc Critical micelle concentration 150 mg/l
C∞ Sorption capacity of paper 0.5 g/kg
epf 2D pore-fiber surfactant flux - kg2/(m5s)
f Deposition frequency - Hz
jev Total evaporative mass flux - kg/m2s
jIJ Mass influx of deposited droplets - kg/m2s
kad Adsorption rate coefficient 10−4 m3/(kg s)
kav Average thermal conductivity - W/mK
kc Van Genuchten parameter 0.3 -
kde Desorption rate coefficient 0.1·kad m3/(kg s)
Kpf Pore-fiber exchange coefficient 2.6·10−9 kg/m2

Ks Absolute permeability 1.2·10−12 m2

Kw Permeability - m2

k∞ Mass transfer coefficient 2.8 · 10−3 m/s
lwet Length of the wet zone - m
ṁ Mass deposition rate - g/s
mg Van Genuchten exponent 1-1/ng -
MW Molecular weight - g/mol
pg Pressure scaling parameter - Pa
psat Saturation vapor pressure - Pa
pf Capillary pressure (fibers) - Pa
pw Capillary pressure (pores) - Pa
q2D 2D heat flux - W/m2

Sad Wall adsorption flux - 1/s
spf 2D pore-fiber moisture flux - kg/(m2s)
Spf 3D pore-fiber moisture flux - kg/(m3s)
T Temperature of porous medium - K
TIJ Droplet temperature 297.65 K
~vw Darcy velocity - m/s
α Contact angle - deg.
β Surfactant affinity coefficient 1 -
γls Liquid-solid interfacial tension - N/m
γlv Liquid-vapor interfacial tension - N/m
γsv Solid-vapor interfacial tension - N/m
Θf Areal density moisture in fibres - g/m2

Θf,3D Volumetric fiber moisture con-
tent

- g/m3

Θf,amb Ambient fiber moisture content - g/m2

Θf,max Maximum holding capacity
(fibers)

58 g/m2

θmax Non-dim. max. moisture content - kg/kg
Θs Area mass density of dry paper 77 g/m2

Θs,3D Mass density of dry paper - g/m3

Θtot Total areal moisture density - g/m2

Θw Areal density moisture in pores - g/m2

Θw,3D Volumetric pore moisture con-
tent

- g/m3

Θw,amb Ambient pore moisture content - g/m2

Θw,max Maximum holding capacity
(pores)

58 g/m2

ζc Surfactant scaling factor 0.0047 l/mg
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Chapter 5

Chromatograhic effects in inkjet
printing

We have studied the chromatographic separation of solvents and dyes after depo-
sition of a dye solution on a paper substrate. Due to their larger molecular size,
dyes exhibit a stronger interaction with the paper constituents. Consequently,
the imbibition process of the dye is delayed compared to that of the solvent.
This has impact on the achievable resolution and color homogeneity in inkjet
printing. We present experiments and a comprehensive numerical model to
illustrate and quantify these effects. The model accounts for the solvent evapo-
ration, heat transfer, multicomponent unsaturated flow, dye adsorption as well
as the presence of permeable fibers in the paper substrate.

5.1 Introduction

Chromatography is an analytical technique for the separation of a multicom-
ponent liquid or gaseous sample during flow through a polymeric or porous
matrix based on the different molecular interactions of the individual compo-
nents with the host matrix [235]. The individual components move at smaller
average speeds than the solvent and accumulate into bands or peaks. The
shape of the peaks and the speed of propagation contains information on the
specific interactions. In thin-layer chromatography, paper substrates are fre-
quently used [236,237]. In corresponding paper-based microfluidic devices, the
flow mechanism is usually based on spontaneous capillary imbibition [238,239].

Printing inks are typically multicomponent solutions of colorants, surfactants,
humectants and numerous other additives in aqueous or organic solvents [12].
Upon contact with paper, capillary imbibition causes flow of the solution. While
progressive absorption of the solvent into the paper is usually desirable, it is
generally undesirable if the ink colorants are transported significant distances
from the ink deposition zone, as this diminishes the achievable resolution of
the printing process. Similarly undesirable are a chromatographic separation
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Chapter 5 Chromatograhic effects in inkjet printing

of dye mixtures or non-homogeneous dye concentration profiles, because these
degrade the color uniformity and contribute to edge mottle.

Donigian et al. studied the chromatographic retention of dyes on thin coating
layers as frequently used as topcoats on high-quality paper types optimized
for inkjet printing [240]. They studied the effect of binder concentration for
coatings containing either silica or calcium carbonate nanoparticles. Sodhi et
al. and Filenkova et al. applied secondary ion mass spectroscopy (SIMS) to
characterize the spatial distributions of various ink components after inkjet
printing of a long line with an approximate width of 200µm [241,242]. For a
coated paper the line width is homogeneous, whereas for an uncoated paper,
the line edges are ragged. In both cases, however, the dye front clearly lags
behind the ink vehicle front.

Lamminmäki et al. studied the chromatographic separation of an anionic
dye in thin porous layers composed of porous CaCO3 microparticles and either
anionic or cationic binders [13]. These materials are commonly used as coating
top layers in photo-quality papers optimized for inkjet printing. The porous
layer was oriented vertically and dipped into a horizontal reservoir filled with
an aqueous solution of an anionic dye. Depending on whether the charges of
the dye and the host matrix were of equal or opposite polarity, the retention
of the dye molecules was either weak or very strong during the propagation of
the water front up the porous layer.

The purpose of this study is to present a numerical model for the imbibition
and evaporation of a dye-based model ink containing a molecularly dissolved
colorant in a solvent into and from paper substrates. The presence of fibers in
the paper substrate is explicitly taken into account. The dye-paper interaction is
described by a Langmuir-type rate equation for adsorption and desorption. The
experimental goals are to complement the numerical simulations. Experiments
are performed using anionic and cationic fluorescent dyes deposited either by
drop-casting or inkjet printing.

5.2 Materials and methods

The paper type we used was Mondi DNS HSI NF with a thickness tp = 104µm,
which contains CaCl2 to aid the inkjet print quality. We used two different
fluorescent dyes: the cationic red dye Rhodamine B (Sigma-Aldrich, product
number R6626, molecular weight (MW) 479.02) and the anionic green dye
Fluorescein sodium salt (FSS, Sigma-Aldrich, product number 46960, MW
376.27). Their molecular structures are shown in Fig. 5.1. Solutions of various
initial concentrations c0 were prepared with demineralized water.
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(a)

Rhodamine B

(b)

Fluorescein 
sodium salt

Figure 5.1: Molecular structures of (a) Rhodamine B and (b) Fluorescein sodium salt (FSS).
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Figure 5.2: (a) Sketch of the drop casting setup. (b) Definitions of relevant positions. (c)
Sketch of inkjet deposition setup (d,e) Top-view photographs after (d) drop-casting of an FSS
solution (c0 = 0.025 wt%) and (e) inkjet printing an FSS line (c0 = 0.05 wt%,UIJ = 0.5 mm/s).
The water and dye fronts are indicated.

For our experiments we used two different deposition methods: drop cast-
ing using a digital syringe (Hamilton, product number 80065, capacity 10µl)
and inkjet deposition using a droplet-on-demand printhead (Microdrop, model
MDK-140-020). The corresponding experimental setups are sketched in Fig. 5.2(a,c).
In both cases the paper substrates are mounted about 6 mm above a solid sur-
face, i.e. both sides of the paper are surrounded by air rather than being in
contact with a solid surface. In the inkjet setup the paper is mounted on a
motorized translation stage, which allows moving the paper substrate later-
ally with a speed UIJ ranging from 0.05 to 5 mm/s. The inkjet setup and
corresponding experimental procedures are described in detail in Ref. [145]. In
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the drop casting experiments, a droplet of approximate volume 5µl was first
formed at the nozzle of a syringe. Subsequently, the syringe was lowered using
a labjack (Thorlabs, product number L490) until the drop made contact with
the horizontal paper substrate. The syringe was maintained in this position
for the entire duration of the experiment. Since it was not oriented exactly ver-
tically, the drop footprint shape deviated from an exact circle, which explains
the slightly oblong proportions of the water and dye fronts in Fig. 5.2(d).

Fig. 5.2(d,e) present typical results of the drop-casting and inkjet-deposition
experiments using FSS solutions. It is clearly visible that the dye front fell
behind the water front. For drop-casting experiments, we quantify this separa-
tion of the water and dye fronts by means of the retardation factor Rf defined
as the ratio of the maximum propagation distances of the dye front and the
water front

Rf ≡
max(Rd)−max(R0)

max(Rw)−max(R0)
. (5.1)

Here, Rd, Rw and R0 are the positions of the dye front, the water front and
the footprint radius of the dispensed droplet as illustrated in Fig. 5.2(c). Due
to drop spreading, capillary imbibition and evaporation, these parameters are
time-dependent, which motivates the use of the maximum operators.

5.3 Experimental results

5.3.1 Drop casting

We performed drop-casting experiments using FSS and Rhodamine B solutions
of different initial concentration c0 and the setup sketched in Fig. 5.2(a,b). Fig-
ure 5.3 shows the extracted retardation factorRf as a function of c0. The results
qualitatively resemble those obtained by Koivunen et al. using imbibition of
tartrazine and safranine solutions from infinite reservoirs into porous layers
comprised of calcium carbonate microparticles and polymeric binders [243].

5.3.2 Inkjet deposition of colorant lines

We performed inkjet deposition experiments using FSS and Rhodamine B
solutions and the setup sketched in Fig. 5.2(c). We varied the substrate speed
and the droplet ejection frequency, as quantified by the mass deposition rate ṁ.
Figure 5.4(a-e) shows top-view photographs of inkjet deposited lines of an FSS
solution (c0 = 0.025 wt%) for a substrate speed UIJ = 0.2 mm/s and different
values of ṁ. Figure 5.4(f) shows the transverse widths of the wet zone ∆yw
and the dye line ∆yc as functions of ṁ. The solid lines correspond to powerlaw
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Figure 5.3: Retardation factor Rf for Rhodamine B and FSS solutions on Mondi DNS HSI
NF paper as a function of initial concentration c0 extracted from drop-casting experiments.

relations ∆yw ∼ ṁ0.81, ∆yc,FSS ∼ ṁ0.59 and ∆yc,RB ∼ ṁ0.81, respectively,
which represent the experimental data very well. The gray horizontal line
corresponds to the approximate deposition width ∆y0, which is the equivalent
parameter of 2R0 in the drop-casting experiments. We estimated ∆y0 ≈ 0.2 mm
from a high-speed deposition experiment at UIJ = 5 mm/s. For the two lowest
values of ṁ, ∆yc remains close to ∆y0. This is due to two reasons: for lower
moisture contents, the permeability of the porous medium is much smaller,
such that the moisture front progresses relatively less far before evaporation
is complete. Moreover, in the limit of low ink mass deposition, the quantity
of the colorant per unit mass of paper eventually falls below the effective dye
sorption capacity.

Figure 5.5(a-e) shows top-view photographs of inkjet deposited lines of an
FSS solution (c0 = 0.025 wt%) for a mass deposition rate of ṁ = 27µg/s
and different values of the substrate speed UIJ . Figure 5.5(f) shows ∆yw and
∆yc as functions of UIJ . The solid lines correspond to powerlaw relations
∆yw ∼ ṁ−0.79 and ∆yc,FSS ∼ ṁ−0.56 and ∆yc,RB ∼ ṁ−0.79, respectively,
which represent the experimental data very well. The absolute values of the
powerlaw exponents are very close to the ones found in Fig. 5.4(f). This is
because the mass of ink deposited per unit length of printed line scales as
ṁ/UIJ . The powerlaw exponents for Rhodamine B in both Fig. 5.4(f) and
Fig. 5.5(f) match those of the solvent front, whereas the absolute magnitude
of those for FSS are smaller.

The data in Fig. 5.4(f) and Fig. 5.5(f) imply that the retardation factor
essentially approaches zero for small ṁ and large UIJ values. In the limits of

93



Chapter 5 Chromatograhic effects in inkjet printing

(a)

(b)

(c)

(d)

(e)

0.1

10

Tr
an

sv
er

se
 w

id
th

 (m
m

)

1

10 100
Mass deposition rate m  (µg/s)

∆yW

∆yc

(f)

∆y0

0.81

0.81

0.59
∆yc

Figure 5.4: Top-view photographs after inkjet deposition of lines of an FSS solution (c0 =
0.025 wt%) for a substrate speed of UIJ = 0.2 mm/s and different mass deposition rates ṁ of
(a) 108, (b) 54, (c) 27, (d) 13.5 and (e) 6.75µg/s on Mondi DNS HSI NF paper. The scalebar
in (e) represents 1 cm. (f) Transverse widths of the wet zone ∆yw (open symbols) and the dye
line ∆yc (filled symbols) as functions of ṁ. Diamonds correspond to FSS (c0 = 0.025 wt%),
squares to Rhodamine B (c0 = 0.015 wt%).

large ṁ or small UIJ values, Rf approaches a constant value for Rhodamine B,
because the powerlaw exponents of ∆yc and ∆yw are to good approximation
identical. For FSS the exponents are different, which implies that Rf will
eventually approach zero for large ṁ/UIJ . Consequently, from the perspective
of preventing line broadening and maximizing resolution, printing at small
values of ṁ/UIJ is preferable.

5.4 Theoretical model

Murali et al. and Venditti et al. developed a theoretical model for the in-plane
transport of moisture, surface-active solutes and heat in thin, fibrous, moving
porous media [145,212].This model developed (in the previous two chapters) are
adapted to describe the absorption and evaporation of an inkjet ink consisting
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Figure 5.5: Top-view photographs after inkjet deposition of lines of an FSS solution (c0 =
0.025 wt%) for ṁ = 27µg/s and different substrate speeds UIJ of (a) 0.1, (b) 0.2, (c) 0.5,
(d) 1 and (e) 2 mm/s on Mondi DNS HSI NF paper. The scalebar in (a) represents 1 cm. (f)
Transverse widths of the wet zone ∆yw (open symbols) and the dye line ∆yc (filled symbols)
as functions of UIJ . Diamonds correspond to FSS (c0 = 0.025 wt%), squares to Rhodamine
B (c0 = 0.015 wt%).

of a non-surface-active colorant that is molecularly dissolved in a solvent after
deposition onto a stationary horizontal sheet of paper.

We use a Cartesian coordinate system with an x-axis parallel to the printing
direction. The vertical z-axis is perpendicular to the horizontal paper sheet.

The model explicitly accounts for the presence of permeable fibers by means
of a dual-porosity description. The moisture content Θf inside the fibers is
assumed immobile [11]. Consequently, the dynamic equation for Θf (units
kg/m2) contains only flux terms but no transport terms. Moreover, the crucial
difference between this model and the model developed for a surface active
solute is that the Darcy velocity does not depend on the concentration of the
solute. The time evolution of the pore moisture content Θw is governed by the
Richards equation [126], integrated along the thickness direction of the paper
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substrate [145]

∂Θw

∂t
− ρw
µw
∇2D (tpKw∇2Dpw) = −jev,w − spf , (5.2)

where ρw and µw are the mass density and viscosity of the ink, tp is the
thickness of the paper, Kw is the permeability, pw is the capillary pressure,
jev,w the evaporative flux from the pores to the ambient atmosphere and∇2D ≡(
∂
∂x ,

∂
∂y

)
. We assume that Kw is unaffected by the presence of the colorant.

Moreover, we assume that the ink viscosity increases with dye concentration
according to the empirical relation

µ(c) = µH2O exp(c/c1) . (5.3)

where c1 = 51.44 kg/m3.

The evaporation process is assumed to be diffusion-limited. The total evap-
orative flux jev is developed similar to the previous chapter.

The total moisture content is defined as Θtot ≡ Θw + Θf . Its value for paper
in equilibrium with ambient conditions is denoted Θamb. In the following we
shall also be referring to the dimensionless total moisture content defined as
θtot ≡ Θtot/Θs, where Θs ≈ 77 g/m2 is the mass density of dry paper. The
maximum water holding capacity of the paper substrate is denoted Θmax. Its
dimensionless variant is θmax, which is assumed to have a value of 1.5 [212].

The heat transfer and solute transport equations are developed in the same
fashion as in the previous chapters, for more details on the governing equations
and the corresponding heat sources and fluxes, see [145]. A detailed description
of the boundary and initial conditions are described in detail in [212].

5.4.1 Scales and dimensionless parameters

Concentration

The colorant concentration c of the ink is expressed in mass per unit volume
of liquid (units kg/m3). The sorption capacity C∞ is usually given in mass of
dye per unit mass of porous material (units mg/g). Consequently, a natural
choice for a non-dimensionalized concentration is

χ ≡ cΘtot/Θs

ρwC∞
, (5.4)

where ρw is the mass density.
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Length- and timescales

The relevant geometric lateral lengthscale is the halfwidth of the line y0, which
we assume to be on order of 1 mm. Moreover, several timescales can be devised:

an evaporation timescale given by the quantity of water present initially
divided by the evaporative flux τevap ≡ θtot(y = 0, t = 0)/(k∞[ρs(t = 0)−
ρamb]), an adsorption timescale τad ≡ (kadc0)−1, a desorption timescale
τde ≡ (kdecref )−1, a convective timescale τflow ≡ y0/vDarcy(t = 0), a
diffusive timescale τdiff ≡ y2

0/D2D.

There is also a thermal timescale associated with evaporative cooling and heat
exchange with the ambient environment, however, in this study we do not focus
on thermal effects. Typical values of the various timescales are summarized
in Table 5.1. For the relatively large lengthscales considered, the diffusive

timescale τevap τad τde τflow τdiff

typ. value (s) 103 103 105 100 104

Table 5.1: Typical values of timescales.

timescale is typically longer than the others, which implies that diffusive effects
are negligible. Since τdiff ∼ y2

0, this may not hold for smaller linewidths.
One can also define an evaporation-induced lengthscale as Levap ≡ vDarcy(t =

0)τevap, which is on order of several cm and which quantifies the maximum
possible displacement of an imbibition front before complete evaporation.

5.4.2 Definition of water and colorant front positions

We performed one- and two-dimensional numerical simulations using the compu-
tational domains in Fig. 5.6(a,b). The corresponding initial conditions (ICs) are
depicted as the blue curve in Fig. 5.6(a) and the red distribution in Fig. 5.6(b).
At time t = 0 we assume that imbibition of the ink in the thickness direction
of the paper is already complete and that no ink is left on top of the paper.
The water fronts and colorant fronts still coincide, i.e. we assume that no ad-
sorption has occurred, yet. Moreover, we assume that the water in the pores
is in capillary equilibrium with the water in the fibers.

The blue curve in Fig. 5.6(a) corresponds to the cross-section of a printed
line as depicted in Fig. 5.2(e). The computational domain extends from the
center of the printed line y = 0 to y = L, where L is chosen sufficiently large
such that the water front never reaches the right boundary prior to complete
evaporation
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Figure 5.6: Sketch of the computational domains for the (a) 1D and (b) 2D simulations.

For the definition of the water and the colorant front positions, we need to
define appropriate concentration thresholds. Since evaporation is taken into
account in the model, the quantity of water in the paper will decrease as a
function of time. Due to the IC and the inherent symmetries, the moisture
distribution will always assume its maximum at y = 0. Therefore, if a moisture
content threshold relative to θtot(y = 0, t) is defined, the corresponding front
position will at all times be on order of y0, irrespective of the evaporative
moisture loss. Therefore, a threshold relative to the initial dimensionless total
moisture content is set as 0.035 [θtot(y = 0, t = 0)−θamb]. This implies that the
moisture front position yw, defined as the maximum y-coordinate for which

θtot(y, t)− θamb > 0.035 [θtot(y = 0, t = 0)− θamb] (5.5)

holds, will start from y0, first increase due to imbibition, reach a maximum
and eventually approach zero due to evaporation.

The colorant is assumed non-volatile. Consequently, the colorant concentra-
tion will tend to increase in time as the solvent evaporates. For this reason
we define the colorant threshold as 30% of the current maximum of the dye
concentration. Analogously, the colorant front position yc is defined as the
largest y-coordinate for which

Ctot(y, t) > 0.3 max[Ctot(y, t)] . (5.6)

Here, the total mass of colorant per unit area of paper is defined as

Ctot ≡
cΘw + cfΘf

ρw
+ CadΘs . (5.7)

Figures 5.7(a,b) contrast the dimensionless total moisture content profiles
θtot(y)−θamb for the cases of no evaporation (k∞ = 0) and k∞ = 1.3 ·10−2 m/s.

98



5.4 Theoretical model

1.6

0 2 4 6y [mm]

t = 0s
t = 200s
t = 400s
t = 600s
t = 800s
t = 1000s

0

0.4

1.2
t = 0s
t = 200s
t = 400s
t = 600s
t = 800s
t = 1000s

0 2 4y [mm]

200 400 600 800 1000
Time t [s]

-1

0

1

2

3

4

(y
w

 - 
y 0) /y

0

0

3

4

k  = 0, c  = 0.5 wt%08

k  = 0, c  = 5 wt%08

0

(y
c - 

y 0) /y
0

k  = 1.3 10-2 m/s, c  = 0.5 wt%08

k  = 1.3 10-2 m/s, c  = 5 wt%08

(a) (b)

(c)

k  = 1.3 10-2 m/s8k  = 08

to
t

θ
am

b
− 

θ
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the moisture and colorant front positions (yw − y0)/y0 (solid lines) and (yc − y0)/y0 (dashed
lines) as a function of time for different values of k∞ and c0.

Figure 5.7(c) shows typical examples of the time evolution of the water and
the colorant front positions for different values of k∞ and c0. The blue and
orange sets of curves correspond to simulations for k∞ = 0, i.e. the absence of
evaporation. The water and colorant front increase monotonically in time. The
yellow and purple curves correspond to simulations for k∞ = 1.3 · 10−2 m/s. In
this case, the water front reaches a maximum extension before retracting. At
t ≈ 550 s the curves terminate, because the moisture content everywhere falls
below the threshold value of 0.035 θtot(y = 0, t = 0). The colorant front position
saturates roughly when yw reaches its maximum. Finally, we can express the
retardation factor as

Rf =
max(yc)− y0

max(yw)− y0
. (5.8)

99



Chapter 5 Chromatograhic effects in inkjet printing

5.5 Discussion

In the following we present systematic, 1D and 2D numerical simulations of
colorant and moisture transport in a sheet of paper. In each plot, we focus
on the effect of varying a single parameter while keeping all others constant,
on the chromatographic separation of dye and solvent. Moreover, we discuss
the phenomenon of dye-precipiation and outline the technological relevance
of this work in the context of ink-jet printing. Unless specified otherwise, the
values of the relevant parameters used in the simulations are those given in
Tab. 5.2. Typical experimental values of the sorption capacity C∞ for cellulosic

Parameter Value

kad 1 · 10−4 m3/(kg s)
kde 1 · 10−6 m3/(kg s)
C∞ 1 mg/g
Tamb 298.15 K
k∞ 2.8 · 10−3 m/s
y0 1 mm

θtot(y = 0, t = 0) 0.98 θmax

Table 5.2: Parameter values of the base case considered in the numerical simulations.

materials range between 0.5 and 100 mg/g [244–247]. Typical experimental
values of the dye adsorption timescale τad for cellulosic materials range between
5 and 100 min [246–250]. The larger values are typically ascribed to diffusive
intra-material transport processes before adsorption can take place.

5.5.1 Variation of the adsorption/desorption rates

In Fig. 5.8(a,b) we present the retardation factor Rf as a function of the
initial concentration c0 for different values of kad and kde as extracted from 1D
simulations. All curves exhibit a characteristic S-shape, i.e. Rf is independent
of c0 for both low and high values of c0 and exhibits a transition zone from a
lower to a higher value of Rf that spans roughly one decade on the abscissa.
The high-concentration value of Rf is generally close to 1, because the dye
concentration eventually exceeds the sorption capacity of the paper. The low-
concentration value of Rf strongly depends on the values of the adsorption
rate kad and the desorption rate kde. The transition zone is well described by
the limits 1 ≤ χ0 ≡ χ(t = 0) ≤ 10.

An increase of kad reduces the low-concentration value of Rf , because the
dye is taken out of solution faster, which implies it will be transported a shorter
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Figure 5.8: Retardation factor Rf as a function of the initial concentration c0 as extracted
from 1D simulations for different values of (a) the adsorption rate kad and (b) the desorption
rate kde.

distance by the flow. An increase of kde tends to increase the low-concentration
value of Rf , because adsorbed colorant enters back into the mobile liquid phase
faster. Conversely, the limit of kde → 0 (i.e. τde →∞) implies that the colorant
is irreversibly adsorbed, which reduces its transport distance and thus Rf . The
adsorption and desorption rate are therefore an antagonistic pair of parameters
as far as their effect on Rf is concerned.

We note that while Rf approaches 0 for sufficiently large kad, Rf may ap-
proach a non-zero value in the limit of small kde as observed in Fig. 5.8(b).
This is because desorption is only relevant after adsorption has taken place
and a relatively small value of kad (i.e. when τad > τflow) can already enforce
a finite value of Rf > 0.

5.5.2 Variation of the sorption capacity C∞

Primarily, an increase of C∞ shifts the transition zone towards proportionally
higher values of c0.
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5.5.3 Variation of y0 and the initial moisture content

In the line deposition experiments described in Section 5.3.2, the variation
of ṁ and UIJ effectively changes the width and the moisture content of the
deposited line, which serves as the IC for the 1D simulations of the dye redistri-
bution. Therefore, we varied the parameters y0 (line half width) and the initial
dimensionless moisture content θtot(x = 0, t = 0) that characterize the IC [see
Fig. 5.6(a)]. The highest sensitivity of Rf with respect to parameter variations
is observed in the transition region. A higher moisture content leads to an in-
crease of Rf over the entire range of initial concentrations. In contrast, a larger
value of y0 induces an increase of Rf in the transition region and a decrease in
the low-concentration regime. Furthermore, a higher moisture content always
leads to a higher relative line broadening. In the limit of y0 exceeding Levap,
Rf no longer depends on y0 for large y0. For small y0 < 0.5 mm, max(yw)− y0

scales approximately as y
1/2
0 , whereas the colorant front displacement scales

linearly max(yc)−y0 ∼ y0. For small y0 < 0.5 mm, which is the regime relevant
to the printing of text documents and line drawings, Rf thus increases with
increasing y0. The linewidth broadening is proportional to the linewidth, which
implies that the relative linewidth broadening [max(yc) − y0]/y0 is constant
in this regime. This makes it particularly easy to compensate for broadening
effects in the development of print strategies for a given combination of dye,
solvent and substrate.

5.5.4 Variation of the evaporation rate

In inkjet printing the evaporation rate can be enhanced e.g. by measures that
increase the mass transfer coefficient k∞ - such as adding external convection
in the gas phase - or by increasing the ambient temperature, which increases
the solvent vapor pressure and thus the difference between ρs and ρamb. Evap-
oration has a strong effect on the time-evolution of the water front position
and thus the time available for dye redistribution. The retardation factor tends
to increase with higher values of k∞ and Tamb, except in the region where
Rf ≥ 0.85. The biggest increment of Rf occurs in the transition region. The
distance over which the water front spreads strongly depends on the effective
evaporation rate. In contrast, the corresponding variation in [max(yc)− y0]/y0

is much weaker for initial concentrations c0 below the transition region.

5.5.5 Line formation in dye-based inkjet printing on paper

In inkjet printing, individual droplets are deposited to generate arbitrary pat-
terns. In the case of straight lines, it is usually desirable that the linewidth
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is as homogeneous as possible and does not exhibit undulations. If droplets
are deposited with overlap, i.e. with a center-to-center distance ∆xc−c smaller
than the footprint diameter 2Rdrop (for definitions, see fig 5.6), then undula-
tions tend to be reduced. However, the minimum achievable linewidth then
increases. This is the regime relevant to our inkjet deposition experiments in
Section 5.3.2.

For a small Rf ≤ 0.1, the initial undulation amplitude remains essentially
unchanged, while the solvent has spread to more than three times the initial line
width 〈w〉. For a medium Rf ∼ 0.5, the undulation amplitude has decreased
to about 50% of the initial value. For a large Rf ≥ 0.9, the undulation is
essentially gone completely, however, at the expense of a colorant linewidth
〈w〉 increasing to about three times its initial value.

5.5.6 Dye precipitation

It is at first glance surprising that the retardation factors for Rhodamine B and
FSS in Fig. 5.3 differ so strongly, although the molecular weights and chemical
structures depicted in Fig. 5.1 are comparable. The values of c0, at which Rf
reaches a level of 0.5, differ by approximately a factor of 10. We believe the
origin of the difference to be due to the presence of divalent Ca2+ ions due
to the CaCl2 loading in the paper. Hou and Baughman and Vimonses et al.
have studied the precipitation of anionic dyes in water containing Ca [251,252].
Analogous Ca-induced precipitation effects had previously been observed for
anionic surfactants [230,231,233].

Figure 5.9(a-d) presents top-view photographs after deposition of FSS so-
lution droplets of different initial concentrations. The dashed circles approxi-
mately outline the maximum droplet footprint as illustrated in Fig. 5.2(b). It
is apparent that the color density and thus the dye concentration (per area of
paper) has a local maximum at r = R0 for all values of c0. We interpret this as
a consequence of a concentration maximum of Ca ions, which dissolve from the
paper surface into the liquid droplet. Near the droplet contact line, the liquid
thickness is smallest. Thus, the ion concentration will be highest (because the
dilution of the Ca ion concentration will be smallest) and FSS precipitation will
primarily occur there. A second reason is that after a brief initial phase, after
ink imbibition in the thickness direction is complete, there is flow inside the
droplet towards the contact line, because non-zero moisture content gradients
in the paper then exist only beyond r ≥ R0. This phenomenon is akin to the
evaporation-induced coffee-stain effect and transports precipitated dye towards
the contact line.

Figure 5.9(e-h) shows analogous images for Rhodamine-B solution droplets.
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 5.9: (a-d) Top-view photographs after deposition of FSS solution droplets of initial
concentrations (a) 0.0125, (b) 0.025, (c) 0.05 and (d) 0.28 wt%. The dashed circles approxi-
mately outline the maximum droplet footprint as illustrated in Fig. 5.2(b). (e-h) Analogous
images after deposition of Rhodamine-B solution droplets of initial concentrations (a) 0.015,
(b) 0.03, (c) 0.06 and (d) 0.12 wt%. The scalebar in (e) corresponds to 1 cm and is valid for
all panels.

The color density appears to be rather uniform for r < Rdye i.e. behind the dye
front and no contact-line enhancement of the dye concentration is observed.
This points at the absence of CaCl2 induced precipitation for the cationic dye.

5.5.7 Technological relevance

In principle chromatographic effects are relevant to all printing processes. How-
ever, this is particularly true for inkjet printing because of the typically much
lower solid content and much higher solvent concentration in inkjet inks, that
provide increased colorant mobility. A number of techniques have been devel-
oped in order to optimize the achievable resolution and pattern fidelity by
improving and accelerating dye fixation. These include

[(1)] pretreatments by corona discharges and other plasmas [253–259],
[(2)] the incorporation of ionic compounds into paper that have the
opposite charge polarity as the dye [240,260–263], [(3)] the use of reactive
dyes that form covalent bonds [264–266], [(4)] the use of nanoporous
coating layers that increase the effective surface area [240], [(5)] the use
of binders that reduce the permeability and thus the ink absorption
rate [240], or [(6)] an increase of the solvent evaporation rate by raising
the temperature or by using microwave or infrared irradiation to reduce
the time available for ink transport [267–272].

In the framework of our adsorption model, strategies (1) to (4) aim at an
increase of c∞ and kad and/or a decrease of kde, all of which tend to reduce
Rf . Strategies (5) and (6) directly aim at minimizing solvent transport.
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Our results are not only relevant to dye-based printing inks, but also to
pigment-based inks, because the latter typically contain a number of molecularly
dissolved additives that are subject to the same retardation phenomena as the
dyes we investigated.

5.6 Summary and conclusions

We have studied the transport and chromatographic separation of a model ink
consisting of a dilute solution of a colorant in a solvent in thin porous media. We
conducted systematic experiments using drop-casting and inkjet deposition of
solutions of an anionic and a cationic dye in water on a commercial paper type.
The paper was loaded with CaCl2 in order to facilitate colorant fixation. This
leads to a precipitation reaction of the anionic colorant on top of and inside the
paper, while the cationic dye was apparently unaffected. The chromatographic
retardation as a function of initial concentration of the two dyes differed by an
order of magnitude despite that their similar molecular weights and molecular
structures.

We developed a comprehensive numerical model that accounts for unsatu-
rated flow and chromatographic separation of a dye solution as well as the
presence of permeable fibers, solvent evaporation and heat transfer effects. The
model qualitatively reproduces the dependence of the retardation factor on the
dye concentration. We have systematically varied the key parameters and eval-
uated their effect on the broadening and width fluctuations of inkjet deposited
colorant lines.

The sensitivity of the retardation factor Rf to changes in operating con-
ditions is generally highest in the transition region, which spans roughly a
decade in dye concentration in our model and where Rf changes from a low-
concentration to a high-concentration value. In order to optimize pattern
fidelity, printing should be performed with the minimal dye concentration, the
smallest moisture content, the highest adsorption and the lowest desorption
rates, and at the highest evaporation rate possible.
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Chapter 6

Concluding remarks

The goals of the research were primarily to develop experimental methods and
perform experiments with which the process of ink-imbibition, solvent evapora-
tion and solute adsorption can be studied. The experimental work detailed in
this dissertation yields systematic insight into the transport mechanisms that
govern the aforementioned processes. In this chapter, the main conclusions are
drawn along with some recommendations for future study.

6.1 Conclusions

Infrared thermography to monitor solvent distribution

This dissertation began with a general introduction where the potential of
infrared (IR) thermography was highlighted to monitor temperature changes
of the paper that are related to the moisture content of the paper. More
precisely, the temperature changes are closely related to the time-dependent
change of the moisture content. As the first step, Chapter 2 was aimed at
quantifying the thermal response of paper to changes in moisture content or
moisture distribution. The focus was on attaining steady-state data for 1-D
lateral temperature distribution T (x) through infrared (IR) thermography,
when paper was wetted through a stationary nozzle that is supplied with water
from a syringe pump, and, with the initially dry zones of paper moving into the
resulting wet-zone at a constant speed (Usub). The substrate motion into the
wet-zone leads to a steady distribution of moisture. Continuous supply from
the pump ensures the maintenance of stationary boundary conditions. The
obtained results clearly show that the temperature distribution T (x) becomes
bi-polar, as (1) the wet-zone becomes colder than ambient due to evaporative
cooling and, (2) a temperature maximum (above ambient) occurs near the
wet-dry transition. Quantifying the increase in temperature as a function of
Usub is the key objective.

A numerical model considering 1-D Richards’ equation for unsaturated flow
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in porous media with heat-transfer coupled to a 2-D gas-phase domain was
developed where the velocity and pressure of the gas-phase, the transport
of water-vapor in air and the temperature of the air were solved for. This
model captures the thermal response as a function of Usub very well. It is
shown that for a given Usub the temperature maximum occurs at low values of
moisture content or water saturation (Sw). The water-saturation profiles- and
consequently the temperature profiles- are influenced strongly by buoyancy
effects induced in the gas-phase surrounding the paper. Buoyancy is induced in
the gas phase both due to compositional gradients and because a temperature
non-uniformity exists at the substrate. Convection-diffusion of the water-vapor
in air therefore plays an important role in understanding the behavior of the
system as Usub changes. At low values of Usub, the velocity profile in the
gas-phase qualitatively changes. The thermal amplitude ceases to depend on
Usub. This shows that control of gas-phase on top of the substrate will be
pivotal for robust process control. The results establish the viability of infrared
thermography to monitor solvent distribution.

Quantifying moisture content and temperature of paper sheets
during ink-jet deposition

Chapter 3 develops on the previous chapter by incorporating ink-jet deposition.
The introduction of the ink-jet deposition allows experiments in this chapter
to focus on two-dimensional moisture content profiles of the paper, as a finite
amount of liquid is added. The amount of liquid deposited is quantified by
measuring the flow-rate of the ink-jet at a particular frequency of deposition.
The goals were to measure 2-D moisture content (θw) and temperature of
moving sheets of paper onto which a stationary ink-jet deposits droplets to
form lines. Optical light transmission imaging is used to visualize and measure
the moisture content with IR thermography to measure the temperature field
of the paper as functions of the speed of the substrate (UIJ) and the frequency
of deposition (f). Both UIJ and f determine the amount of liquid added per
unit length of the paper. The method of optical transmission imaging relies on
the refractive index contrast that exist in paper between cellulose-fibres and
air. Due to the geometry involved, evaporative cooling controls the evolution
of the temperature profile of the paper.

The results of the ink-jet deposition experiments showed that for a fixed UIJ
when f decreases, the length of the tail (or the distance printed lwet) decreases
and can even fall below UIJ×td, with td being the printing duration. This shows
that lwet is controlled by the evaporation rate and f itself, and to a smaller
extent by Darcy flow. The measured thermal response or the temperature
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distribution T (x) at afixed value of td is such that for high values of f , the
entire wet-zone is uniformly colder than ambient as a longer and a wider zone
is approximately uniformly wet. When f decreases, because lwet decreases,
the location of the coldest point shifts closer to the impingement point. The
thermal amplitude ∆Tmax , quantifying the evaporative cooling, decreases with
decreasing f .

The second mode of experiments involved varying UIJ at a fixed f . Results
are analyzed when the printed distance lwet is 4cm long. For low values of
UIJ , the results are identical to that of the high f data with a longer, wider
and uniformly colder wet-zone. As UIJ increases, the moisture gradients be-
come shallower. The transverse moisture width ∆yw decreases with increasing
UIJ . For this mode, the measured thermal response offers some interesting
perspectives. As UIJ increases, the coldest point shifts closer to the tail.

Along with the detailed and systematic experiments quantifying θw and T
of moving paper sheets, a numerical model coupling 2-D Richards’ equation for
moisture transport and heat-transfer was also developed. The model is built
on the same principles that were used for the model developed in the previous
chapter. The model captures many of the experimental features to a good
extent.

The role of surfactants in altering light-media interaction

In Chapter 4, we extend the ink-jet method to study the role of surfactants.
The same type of experiments as discussed in Chapter 3 are performed using
optical light transmission imaging and IR thermography. Both the anionic
SDS surfactant and the non-ionic Triton-X-100 are used. Moreover, various
surfactant bulk concentrations (c0) are used ranging from 1 CMC to 70 CMC.
Surfactants are surface-active solutes and are an important part of many, if not
all, water based ink formulations. Their primary role is to reduce the surface
tension of the ink. As a first step drop-casting experiments were performed.
Drop-casting is essentially casting a drop onto the substrate and observing the
light transmission to understand how the light-media interactions are altered
by surfactants. The presence of surfactants induces sharp gray-scale transitions
in the transmitted intensity that are absent for pure water. This manifests as a
dark-zone within the wet-zone and is attributed to the presence of well-defined
fronts in the surfactant distribution. The dark-zone is thus interpreted as the
locations beyond which surfactant is essentially not present, yet.

During ink-jet deposition, the measured transmitted intensities were signifi-
cantly higher for surfactant solutions, specifically for large amount of liquid/unit
surface. It is also shown that the anionic surfactant SDS induces a higher in-
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tensity overshoot than the non-ionic Triton-X-100. The cause of the intensity
overshoot is the surfactant induced delay of pore-fiber moisture redistribution.
Since the pores are more permeable, when fibrous media are wetted, the pores
are filled first. Owing to the larger dimensions of the pores, they become the
dominant length scale determining light scattering, because the wavelength
λ of visible light is closer to the pores than to that of the fibers. This im-
plies that when moisture enters the pores, light transmission intensity first
increases (for the same reason as discussed earlier), then decreases as the liquid
is re-distributed into the fibres.

The ink-jet deposition is performed as functions of UIJ and the mass de-
position rate ṁ. In order to compare the surfactant lines with that of the
pure lines studied in the previous chapter, experiments are performed at an
identical deposition rate. Overall, the differences in termes of the width of the
wet-zones and the thermal amplitudes between the surfactant systems and
pure system are small. A very high concentration of c0 = 70 CMC however
induces systematically higher values of ∆Tmax, ∆yw and lwet.

Effect of surfactant adsorption

Adsorption of surfactant molecules onto the fibres causes depletion of surfactant
from the liquid-front. Thus, adsorption causes the surfactant front to always
lag behind the solvent, because of the loss of surfactant from the pores to the
fibres. Studying the spontaneous Darcy flow in the y-direction sheds insights on
the surfactant adsorption induced moisture migration. The transverse profile
of an ink-jet deposited line with the non-ionic surfactant shows that a dark
region characterized by decreased transmission exists at the centre of the wet-
zone. This is due to moisture migration away from the zone with locally higher
surfactant concentration. Had there been no surfactant adsorption, then such
dark zones will not occur because all of the surfactant would remain in the
solution. With increasing concentration, the surfactant front can spread ahead
of the deposition zone.

Quantifying colorant adsorption

In Chapter 5 the chromatographic separation of dye-based colorants that are
molecularly dissolved in water is studied. Since the dyes have color, the ad-
sorption and separation phenomena can be directly visualized and quantified.
The non-surface active nature of the colorant implies that capillary pressure
does not change as a function of colorant concentration. The chief goal is to
measure the retardation of the dye behind the advancing solvent front. An
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anionic (Sodium flourescein salt) and a cationic (Rhodamine-B) dye are used.
Both types of experiments that were done for surfactants, i.e., drop-casting
and ink-jet deposition to form lines are also performed for the dye-water so-
lutions. For all values of the dye concentration, the solute front falls behind
the solvent front. This is quantified through the retardation factor (Rf ) as a
function of the concentration c0 of the dye in water. The retardation factor
quantifies the distance the solute has spread from the initial zone of deposi-
tion to that of the distance the solvent has advanced. It is shown that Rf
increases with increasing c0 because the dyes get transported along with the
solvent (due to the Darcy-flow). The characteristic S- shape is attained. It is
also seen that Rhodamine-B has significantly higher values of Rf compared to
Sodium flourescein salt for roughly the same values of c0. Ink-jet deposition
experiments were performed. As the amount of solvent added per unit area
of the substrate increases, increase in Rf occurs because the solvent spreads
ahead, and the effect of evaporation is relatively weaker. As the amount of ink
deposited decreases, the dye-front has not spread beyond the initial deposition
zone because the solvent has been rapidly removed by evaporation. Conceptu-
ally, this means that Rf is lower. From the perspective of increasing resolution
or preventing the broadening of the line, it is beneficial to ink-jet deposit at
low values of ṁ or high values of UIJ . The results obtained are most relevant
for understanding the interplay of phenomena that govern high fidelity and
high-resolution in ink-jet printing.

6.2 Recommendations for future study

Sorption induced by the vapor-phase

Infrared thermography was used to quantify phenomena involving solvent im-
bibition, evaporation and its subsequent condensation. The problem studied
comprised of moisture changes induced by addition of the liquid phase into the
paper along with removal of liquid content by evaporation and subsequently
the addition of moisture from the vapor phase through condensation. The
individual effects of these processes in temperature changes were not measured.
An interesting aspect can be to study the moisture content increases due to
vapor sorption alone. Thermogravimetric analysis (TGA) is a well-established
method in which the mass of the sample is measured over time as the tem-
perate of the sample changes. One can benefit from using IR thermography
to monitor temperature changes of the paper as air-flow is induced on top of
the paper. This may be advantageous than relying on the cumbersome TGA
method. The amplitude induced by the heat of sorption will be small, but can
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be measured by IR cameras that have very high resolutions. This will have
enormous value for industrial ink-jet printing as air-flow on top of the paper
is a common feature for enhancing solvent removal.

Measuring transport in the thickness direction of paper

In Chapter 3, ink-jet deposition was introduced and the formation of lines of
pure water was studied. However, this study was limited only to lateral moisture
distributions as the speed of the substrate was slow. Ink-jet printing is a fast,
dynamic process with the droplet sizes being on the order of a few microns and
the substrate speeds are substantially higher (on the order of a few m/s). The
transient stages when the ink-drops penetrate into the thickness of the paper
are paramount to understand. The challenge is that liquid penetration cannot
be measured optically, as the paper is optically nontransparent. However, a set-
up with high-speed cameras on both sides of the paper (top and bottom) can
be used to measure the time taken for optical signals to arise on the underside
of paper after a drop is placed on top of the paper.

Heat-moisture coupling

Throughout the work, moisture content history influencing the temperature
field of the paper was an aspect heavily relied upon. However, an in-depth
consideration is difficult and was not attained. By employing a multiple nozzle
ink-jet deposition system, a given area can be wet in a controlled and pre-
determined way. This allows one to impose θw(x, y) and then measure and
compute T (x, y) rather than measuring and computing both.

Electrical capacitance tomography

An alternative method to measure moisture distribution in the thickness di-
rection of the substrate is electrical capacitance tomography (ECT) which
works on the principle that external capacitance measurements can be used to
measure electrical permittivity changes (due to moisture penetration) in the
substrate of interest. Therefore, development of a combined optical (the one
used in this dissertation) and tomographic set-up will go a long way towards
3-D dynamic moisture measurement in paper.

Flourescing surfactants

In Chapter 4 the role of surfactants was explored. The experimental characteri-
zation suffered from the limitation that the optical contrasts due to surfactants
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were only marginal. Substantial improvement can be made if efforts are taken
to find out the type of surfactants that can fluoresce on paper. This can lead to
easier measurement of surfactant induced transport processes. Moreover, the
surfactant concentration field can be independently measured.

Measuring capillary pressure as a function of moisture content

Throughout the work, modeling relied on parameterization, particularly for
characterizing capillary pressure as a function of moisture content. Significant
progress can be made if this were measured for systems with and without
surfactants.

Different types of substrate

A detailed study on various types of substrates will be of considerable value,
because contact angle will be higher for substrates that are partially hydropho-
bic. Addition of surfactants can therefore cause a reduction in the contact
angle leading to changes in the imbibition rate of the solvent.

Coupling Richards equation and lubrication equation

A numerical model coupling transport in porous media and lubrication equa-
tion can describe the behaviour of liquid on top of and inside the substrate
simultaneously. Such a model will be pivotal also in interpreting data associ-
ated with techniques for measuring moisture content in the thickness of the
paper.

Pigment based inks

In Chapter 5 the lag of the molecularly dissolved colorants behind the solvent
was measured. Such a study for pigment based inks will be crucial. Subsequently,
understanding how surfactants alter color-fixation must follow, because the
pigment particles can be stabilized by the surfactant. High fidelity printing
depends crucially on the pigment-surfactant interactions. Moreover, porous
substrates can filter the particles depending on their sizes. thus experiments
along the lines shown in Chapter 5 will be required. It is to be noted that the
behaviour of the solvent will be the same as discussed.
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Viscoelastic response of paper

While this study focused on the transport processes governing ink-jet printing
onto paper substrates, the material aspects were chiefly neglected. Paper is
a viscoelastic material that can deform due to moisture penetration. Various
modes of deformations can occur depending on the moisture gradients that are
formed. Thus, an independent study featuring viscoelastic response of paper
will be of paramount value for the end quality of ink-jet printed sheets.

Fundamental study of light scattering

A thorough study of light scattering through paper is most necessary. This can
shed insights onto many phenomena that are not yet well understood.
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[142] Oskar Javier González Pedraza, J. Jesús Pacheco Ibarra, Carlos Rubio-Maya, Sergio Ri-
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The physics of ink-jet printing onto thin porous
substrates

Ink-jet printing consists of ejection and precise deposition of ink droplets onto
substrates that are moving underneath the printhead. For ink-jet printing onto
porous substrates, water based inks are in widespread use that are beneficial
from an environmental standpoint. Depending on the chemistry of the receiving
porous substrate and the nature of the ink-solvent, upon impact, the ejected
ink may form non-wetting drops or may spread until the contact angle reaches
the receding angle after which the droplets retract, with their volume rapidly
vanishing. During this time, absorption occurs manifested as the advance of
the wicking front (saturated flow) and unsaturated flow, with simulataneous
evaporation of the solvent. Any added solute, such as a dye, then adsorbs onto
the substrate.

In this dissertation, the unsaturated flow regime occurring on a time-scale
of seconds or larger (100-103 s) is studied with particular focus on the heat
and mass transfer aspects governing ink-jet printing. The main contributions
to mass transfer arise from evaporation of the solvent and the condensation of
the vapor phase and lateral wicking inside the paper. These effects translate
as changes in the temperature of the paper.

To this end, infrared (IR) thermography is developed as an experimental tool
to unravel the thermal signature associated with the solvent (water) – substrate
(paper) interactions (Chapter 2). Using IR thermography, the temperature
changes accompanying water imbibition into thin porous media that are in
direct contact with the ambient atmosphere are studied. Through systematic
experiments, where a dry substrate is moved into a stationary wet zone at a
constant speed of the motion of the substrate (Usub), temperature increases
up to 30C are measured. Quantifying the temperature increase as a function
of Usub is the key objective. The reason for the temperature increase is due
to both the motion of the dry substrate into a stationary wet-zone (sorptive
heating) leading to an increase in the mass of the liquid in the paper, and due to
the recondensation of the evaporated water. As will be shown, recondensation
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of the evaporated water has a stronger impact on the temperature profile than
sorptive heating for low substrate speeds. Furthermore, a theoretical model is
developed considering 1-D Richards’ equation for unsaturated flow in porous
media with heat transfer and evaporative mass-loss coupled to a 2-D gas phase
domain where the flow of the gas, transport of vapor and the temperature
changes of the surrounding air are considered.

Subsequently, ink-jet printing by using a piezo-driven ink-jet nozzle to de-
posit drops of pure water onto a moving porous substrates to form lines is
studied (Chapter 3). Here systematization is done by changing Usub and the
frequency of jetting (f). Optical transmission imaging is developed as an exper-
imental method along with IR thermography to measure moisture content and
evaporative cooling respectively. This has culminated in the systematic mea-
surement of moisture content and evaporation induced temperature changes as
functions of Usub and f . A 2-D numerical model coupling Richards’ equation
for unsaturated flow and heat transfer is developed for systematic comparison
with the experiments. The salient feature of this model is the ink-jet deposition
function which models the addition of ink-jet drops approximated as a continu-
ous liquid jet onto paper at a particular frequency of jetting. The combination
of experiments and numerical modeling yields detailed insights into the various
transport processes governing ink-jet printing onto moving paper sheets.

The role of surfactants in ink-jet printing is explored (Chapter 4). The
deposition of lines of ink-jet deposited droplets of surfactant solutions is studied
again through systematic series of experiments as functions of Usub and f, using
optical transmission imaging and IR thermography. The experiments in this
dissertation present clear visualization of the effect of surfactant on the moisture
content which primarily arises due to gradients in the surfactant concentration,
inducing capillary pressure gradients which trigger moisture migration within
the wet-zone from contaminated zones of high surfactant concentration to purer
zones of low or zero surfactant concentration. It is shown from drop-casting and
during ink-jet printing that the surfactant front always lags the solvent front
due to adsorption of the surfactant onto the fibres of the paper. Moreover,
the experiments play an integral role in the validation of the dual-porosity
numerical model developed by the theoretical counter-part of this work.

Through the study detailed in chapter 4, the stage is set for quantifying the
chromatographic separation of water-dye mixtures (Chapter 5). Dyes exhibit
a stronger interaction with the paper matrix due to their relatively large size.
Moreover, different dyes are known to exhibit different delays behind the ad-
vancing solvent front. Experiments are performed in the context of drop-casting
and ink-jet printing to measure the delay or retardation of different types of
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dyes in paper. This retardation is essential to achieving the required resolution
and color homogeneity.

Finally, Chapter 6 summarizes the main findings of this work and offers some
recommendations for future study.
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