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Abstract

Abstract

Coating and drying steps are highly important in the production of recycled cardboard for
packaging purposes. Major properties can be influenced by adequately deposited and dried
coating suspensions. To investigate the behavior of newly designed coating suspensions, it is
advantageous to run tests on laboratory-scale coating units and dryers with well-known

conditions.

A discontinuous laboratory-scale Curtain Coating unit of the slide-fed type owned by the
Research and Development Department of Mayr-Melnhof Karton GmbH is the focus of interest
in this study. The device is used before going to full-scale experiments, but both, the coating
process as well as the drying step, show potential for optimization in efficiency and
reproducibility.

The Curtain Coating unit of the slide-fed type is investigated and the central design problems
are mentioned. Modifications are done which lead to enhancements in curtain stability and
coatability. The new process is investigated, and a standard characterization procedure based
on dimensionless numbers is modified to describe the process correctly. A self-designed
convection drying stage is integrated in the Curtain Coating unit. The drying process of a
frequently used cardboard type, coated with pure water, is simulated. The results are validated
and used to extract specific drying energies from drying experiments of the same type of

cardboard with two different coatings.



Kurzfassung

Kurzfassung

Beschichtungs- und Trocknungsprozesse sind essentielle Schritte in der Herstellung von
rezyklierten Kartonsubstraten fur die Verpackungsindustrie. Wichtige Eigenschaften werden
mafgeblich durch die Qualitat des Beschichtungs- und Trocknungsprozesses beeinflusst. Um
diese Prozesse zu untersuchen, ist die Verwendung von Beschichtungsanlagen im

Labormalstab und Trocknern mit bekannten Bedingungen hilfreich.

Eine diskontinuierlich  betriebene  VorhanggieRanlage im  Labormafistab  der
Forschungsabteilung von Mayr-Melnhof Karton GmbH ist von zentralem Interesse in dieser
Arbeit. An dieser Anlage werden Untersuchungen von neuen Beschichtungsfliissigkeiten
durchgefuihrt, bevor sie an der GroRanlage getestet werden. Sowohl der
Beschichtungsprozess, als auch der Trocknungsprozess weisen jedoch Optimierungspotential

in den Bereichen Effizienz und Reproduzierbarkeit auf.

Die VorhanggieR3anlage wird untersucht, und Probleme durch die verwendete Geometrie
werden aufgezeigt. Modifizierungen der Anlage fihrten zu Verbesserungen der
Vorhangstabilitat sowie der Beschichtungseffizienz. Es wird gezeigt, dass eine
Charakterisierung des Prozesses gemal einer Standardprozedur basierend auf
dimensionslosen Grof3en nicht anwendbar ist und diese modifiziert um die Anwendbarkeit auf
den gegebenen Prozess zu garantieren. Ein Konvektionstrockner wird geplant und in die
Beschichtungseinheit integriert. Der Trocknungsvorgang eines haufig verwendeten
Kartonsubstrates, beschichtet mit reinem Wasser, wird simuliert. Die Ergebnisse werden
validiert und zur Berechnung der spezifischen Trocknungsenergie eines Substrates mit zwei

verschiedenen Beschichtungen herangezogen.
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Introduction

1 Introduction

This thesis was prepared with the Research and Development Department of Mayr-Melnhof
Karton GmbH in Frohnleiten, Styria under the guidance of Dr. Michael Zischka, in corporation
with the Institute of Fluid Mechanics and Heat Transfer of Graz University of Technology with
the supervisor of this study and head of the institute Prof. Dr.-Ing. Glunter Brenn.

1.1 Coating Technologies

Over 40.000 years, is the age of the earliest known man-made cave paintings. The simple
drawings made from Iron-Oxide were found in the El Castillo cave, Spain. This could also
define the starting point of the history of coating technology. While in the Upper Palaeolithic
the technology was mainly used to express information or belief on stone walls, the Ancient
Egyptians took the next step forward. Besides the investigation of novel pigments and binders,
they also applied protective coatings as finish. Waxes and resins may be the reasons why
some paintings could withstand nearly 5000 years of environmental impact [2]. However, if one
talks about coating technology, normally the mass production of diverse products relates to it.
It was the Industrial Revolution in the 18" and 19" century which gave rise to a variety of new
production processes and machineries. Since more and more metal products were
manufactured, there was also the need of anti-corrosive primers and processes to assure
continuous layer deposition on diverse surface geometries [3]. A variety of coating techniques
had been developed during these times to meet the vast amount of engineering requirements.
Even though the development was ongoing, it was mainly product oriented, and a lack of
communication between producers prevented the formation of a coating society until the mid
of the 20" century [4]. As a first scientific contribution to the field of coating technology one
should mention the article by Landau and Levich (1942) [5]. They derived a simple relationship
between liquid properties, coating speed and the resulting film thickness under conditions of
low capillary numbers for the dragging of liquid by a moved plate. The results were used,
among others, in the Dip Coating process. Since then, things have changed drastically.
Indeed, the society has grown substantially, as has the market. The World Paint & Coating
Association estimates the global market at $ 149 billion in 2016, with stable compound annual
growth rates of about 5.5 % in the past years. Especially the Asia-Pacific region is the driving
force of growth with 8.3 % and contributes 55 % of the overall market, whereas the European
market could only add 1.8 % in 2016 [6]. At first sight, these numbers seem to be stunningly
high, but one should keep in mind the widespread applications of coating technology. Coatings
are used in paper and pulp production as well as for computer discs, it is important in the field

of microelectronics as well as for textiles. There is hardly any industrial field without impact on
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it. As diverse as the coated products, so are the techniques for implementation of the coating
material. From simple Dip- to Electrochemical Coating, Physical Vapor Deposition, Spraying
or Spin Coating, all these techniques lie within the spectrum of this field. If wet film thicknesses
of 1 to 100 microns are in consideration, it can basically be distinguished between self-metered
and pre-metered coating technologies [4]. In self-metered coating technologies, the wet film
thickness is determined by the interaction of the fluid flow with the coating applicator. Examples
for this strategy are the well-known Dip Coating and Roll Coating, which had their origins in
the 1930s [7]. In pre-metered techniques, the wet film thickness is given by the amount of liquid
transported to the substrate. A main advantage of this group is the applicability to non-uniform
surfaces, and a representative of it is Curtain Coating, which is also the central coating
technique in this thesis. In Curtain Coating, free liquid surface is produced by the formation of
a freely falling liquid sheet before impinging onto the moving substrate. Due to the high
impingement pressure on the area of contact between liquid and the solid substrate, the
present air layer is pushed aside, and high coating speed without air entrainment can be
realized [8]. The first known Curtain Coating device was mentioned in a German patent
publication by Taylor (1903) with the purpose of candy production covered by a uniform layer
of chocolate [9]. The use of Curtain Coating for continuous webs made it accessible for the
pulp and paper industry in the 1960s. Modern devices apply several liquid layers
simultaneously, leading to advantages in the drying process [8]. The first multilayer Curtain
Coater was published by Hughes (1968) [10]. The better part of our current knowledge was,
however, developed by the photographic industry in the years after this prior milestone. In
2010, the first in-board Curtain Coater in the pulp and paper industry was installed at Mayr-
Melnhof Karton GmbH Frohnleiten which finally led to the interest of planning the current
thesis. The packaging or, more specific, the food packaging industry is confronted with several
challenges. On the one hand, the containment must be cheap, which implies high production
speed and low material use, but, on the other hand, food safety must be guaranteed in any
case. Food contact materials must additionally comply with specifications given in Article 3
(European Commission 2004) as stated in EU Regulation No. 1935/2004. This restricts the
materials to be used drastically, and highly innovative strategies must be developed. The
primary function of the package is always to provide optimal conditions for the packed good.
Besides the protection from external threats, migration of packaging materials into the food is
a prevailing topic. This is shown by the 'ITX affair' in 2005. A packaging layer of a beverage
carton of the major enterprise Tetrapak® was contaminated with the photo initiator ITX (2-
isopropyl thioxanthone) that migrated into the packaged food. For this reason, concentrations
of 250 ppb could be found in baby milk [11]. Although no health concern was assessed from
EFSA (European Food Safety Authority), this underlines the importance of good barrier

properties in the food packaging industry. Recycled cardboard products are often affected by
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this topic, since low amounts of organic compounds are always found in the recycled raw
material. Coating technology is used to add powerful barriers to avoid any contamination of
the packed good, and at the same time to preserve the advantage of cost efficiency and
sustainability of the containment. Thus, the circle closes and one again ends up at the
importance of coating technology. It is vital to understand the coating step, as well as the most
important downstream step, the drying, for reliable production of high-quality products.
However, since both steps involve plenty of complex processes, a thorough understanding is
hard to accomplish. Of course, a full understanding of the processes should always be the aim,
where adequately designed coating and drying experiments can confirm or refute the chosen

strategies in coating development.
1.2 Aims of this Thesis

A laboratory-scale Curtain Coating Unit at Mayr-Melnhof Karton Frohnleiten for cardboard
coating was the object of this thesis (Figure 1). The coating unit was analyzed and optimized
in a first step. Subsequently, coating experiments were performed to find optimal settings and
check the validity of literature methods to characterize the process, based on dimensionless
numbers. In the second part of the thesis, a convection dryer was integrated in the coating
unit. A paper drying process was simulated, and a mean heat transfer coefficient for the dryer
was found. Thereby drying experiments could be performed, where the specific drying energy
for two differently coated substrates was investigated.

Figure 1 - Curtain Coating unit with convection dryer. The blue frame

shows the coating section, the red frame the drying section.
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2 Theoretical Background

2.1 Curtain Coating

2.1.1 Basics of Coating

2.1.1.1 Conservation of Mass

To understand physical processes in fluid motion, one must know about the conservation laws
in fluid mechanics, namely the conservation of mass and linear momentum. These laws can
be derived from balancing masses and forces, respectively. Conservation of mass, in the

stated local form also called the 'continuity equation’, for a continuous fluid is given by [12]:

dp
el . = 1
6t+v pu=20 (1)

This reveals that for fluids with variable density, there must be a difference between in- and

outflow. For coating liquids, the density is constant, and equation (1) can be simplified to [12]:
V-u=20 (2)

This equation applies to unsteady as well as to steady flow.

2.1.1.2 Conservation of Linear Momentum

From Newton’s second law of motion it is known that the net force on a body gives the time
dependent change of momentum. The local form of conservation of momentum for some
continuous fluid reads [12]:

dpu

W+V-puu:V-T+pg 3)

The left-hand side of this equation describes the rate of change of momentum within the body
in consideration, which represents its inertia. The right-hand side sums all the relevant surface
and body forces, with the gravitational force as a single body force. The surface forces,
combined in the stress tensor T, are the pressure and the deformation-induced stresses which
can be found by constitutive relations. Generally, the stress tensor can be written in the

following form [12]:

T=-pl+t (4)
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This means that the stress tensor T is the sum of pressure p and viscous forces, with the
viscous stress tensor T and the identity tensor I. The constitutive relation for the viscous stress

tensor T of Newtonian fluids with the simplification of constant density reads [12]:
T = p[Vu + (Vu)’] ()

with the expression in brackets as the strain rate for three-dimensional flow and the superscript
'T' for the transpose of the quantity. Using this relation leads to the important Navier-Stokes
equations [12]:

dpu

W+V-puu=—Vp+yV2u+pg (6)

These equations are valid for constant density and viscosity only. Because many coating
liquids show a dependency of viscosity on the shear rate, the existence of various models to

include this dependency into the equation must be mentioned.
2.1.1.3 Power Law Model

The shear stress subjected to an incompressible Newtonian fluid under laminar flow can be
computed by the product of shear rate and (the substance property) viscosity [13]:

du .
TEHG TH (7)

herein the shear stress is applied in flow direction and the velocity gradient Z—Z is the one

perpendicular to the shear surface. This relation is valid for simple, one-directional shear flow.
The important difference to the case of non-Newtonian fluids is that viscosity of the latter can
depend on shear rate and time. Since viscosity can vary substantially, at least the dominant
dependency must be considered in the conducted calculations. The observation that a double-
logarithmic plot of shear rate and shear stress often leads to a straight line within a certain
shear rate range for time-independent fluids, led to the 'Power Law'- or Ostwald-De Waele
model. Consequently, the 'effective’ or ‘apparent’ viscosity can be expressed in the following

way [13]:

u=Ko()ro~! (8)

with consistency index K, and flow behaviour index n, taken from curve fitting of experimental
data. The cases of ny<1, ny,>1 and ny=1 stand for shear thinning, shear thickening and

Newtonian behavior, respectively.
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2.1.1.4 Dimensionless numbers

Dimensionless parameters are extensively used in the field of fluid mechanics as well as in
heat and mass transfer. Elimination of dimensions and analyzing the ratio of relevant
guantities, provides often the basics for upscaling and comparison procedures. An example
from the book 'Liquid Film Coating' shall provide an understanding of the procedure and the

origin of these numbers [12]:

The routine of elimination of the dimensions starts with appropriate scaling of the variables
involved. For this purpose, a sketch of the problem statement is often a helpful tool (Figure 2)
[12].

y=-b/2 y=b/2

g AII’ pair
l 0

x=s(y)

Figure 2 — Constant-shape meniscus between moving plates [12].

The problem consists of a moving meniscus between air and a Newtonian liquid bounded by
two parallel plates of distance b. The meniscus moves upward with steady speed U and a
constant shape. The plates are infinitely long in z-direction (into the plane of the page), and
gravity acts in the negative x-direction. The coordinate system is fixed on the interface, and
therefore the plates move in the negative x-direction. Viscous effects of air on the film are
negligible (z,;,-=0), and the air pressure p,;, is constant. For problems involving interfaces, a
boundary condition to describe a potential stress jump across the interface, e.g. because of
surface tension, must be included. This is done with the 'Dynamic Boundary Condition' for the
normal stress. For the current problem, the normal condition reads [12]:

o
—p+[n-r]-n=—pair——R at x = s(y) 9)
m

with the pressure in the liquid p, the pressure in the air p,;;-, the outward normal unit vector of
the liquid n, the viscous stress tensor from the liquid t, the surface tension o and the mean

radius of curvature of the interface R,,. Since there is a static-looking interface involved, the
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pressure is scaled by /b, in conjunction to the Young-Laplace equation. The following scales
were chosen for the involved variables [12]:

pb . _ Pairb Ry, , Tb v tu

=— i = R, =— =— = bV t"=—
p g’ Pair g m b’ T uU' , b’

with the plate distance b, the dynamic viscosity u, the Nabla-operator V, the time t, the velocity
of the moving plates U, the velocity vector u and the coordinate positions x and y as well as
the interface position s. Insertion into the Navier-Stokes equation (6) and the Dynamic

Boundary Condition for the normal stress (10) gives the following results [12]:

*

Ju
ReCa TS +u- V*u*] = —V*p* + CaV*?u* — (Bo)i (10)
1
—p"+Can -t 'n=—py, ——= atx =s*(y) (11)
Rm
pUb
Re = —— (12)
U
U
ca="= (13)
a
b2
Bo =29 (14)
o

Here, the gravity vector was written as g = —gi (with unit vector in x-direction i). With the
Reynolds number Re, the capillary number Ca and the Bond number Bo as the corresponding
dimensionless numbers to describe the problem. The Reynolds number stands for the
importance of inertial forces compared to viscous forces, the capillary number compares
viscous to surface tension forces and the Bond number is the ratio between gravitational and
surface tension forces. Many of these dimensionless groups appear in the different fields of
fluid mechanics as well as in heat and mass transfer. Another dimensionless number of interest
in the Curtain Coating process is the Weber number We that compares inertial to surface
tension forces [12]:

pU?b

We = ReCa = (15)

As can be seen in (15) the Weber number depends on Reynolds and capillary number for the

considered problem. An obvious advantage of these dimensionless numbers is that possible
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simplifications of the balance equations can be identified. For example, viscous stresses can

be neglected in the Dynamic Boundary Condition (11) if the capillary number is small.
2.1.1.5 Contact Lines

At well-defined conditions, liquid contact with a solid involves a certain contact angle. This is

the static angle 6., which is a measure of wettability and is defined between the outward

normal of the liquid and the normal of the solid (Figure 3) [12].

air

liquid

Figure 3 — Liquid/Solid Wetting. Symbols are explained in the text [12].

If the free surface energy of the solid/air interface o, exceeds the surface tension of the
solid/liquid interface oy,;, spontaneous spreading of the liquid occurs. For the mentioned

conditions, Young’s equation shows the relation [12]:
0C08(0eq) = 054 — Os1 (16)

In coating technology, liquid displaces air from a solid substrate in flow direction. The contact
line then moves relative to the solid. Such contact lines are called dynamic contact lines and

are less well understood than their static counterparts.
2.1.2 Curtain Coating Process

In a Curtain Coating device of the slide-fed type, the coating fluid enters a homogenization
chamber of the die. From this location, the fluid is forced through an exit slot, which generally
sets the maximum coating width of the device. Along a slide, the liquid film flows towards the
lip. Before reaching the lip, the slide inclination increases to accelerate the fluid at the slide
elongation. At the lip, a freely falling liquid sheet forms, which is kept in shape by edge guides.
This so-called 'curtain’ is the most distinguishing feature to other coating methods. After a
certain free-fall distance, the liquid impinges onto the substrate. Air shields are installed to drag
away the air tagged along with the moving substrate. The Curtain Coating set-up in use is

shown in Figure 4.
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Figure 4 — Coating device with slot exit (1), slide with increased inclination before the lip (=

slide elongation) (2), lip (3), edge guide (4) and air shield (5).

The flow at slide-fed Curtain Coating devices is generally divided into five different flow zones,
namely a film forming zone after the slot exit, a falling film zone along the slide, a sheet forming

zone at the lip, a curtain flow zone, and finally an impingement zone (Figure 5) [8].

film forming zone
falling film zone

. sheetforming zone with

A"f’/stﬂtic contact ling
curved slide Elnrgatin'rlf—f.'

curtain flow zone
sharp cut-back angle
impingement zone with

//ﬂ‘fnﬂmiccnntact|me

Figure 5 — Different flow zones at slide-fed Curtain Coating devices and important design

characteristics.

The slot exit design is crucial for optimal flow conditions in the film forming zone. Backflow
upstream the slide surface, or vortex formation adjacent to the downstream end of the slot,
can be observed for poorly designed slot exits [8]. Consequently, this leads to the risk of streak
lines on the coated substrate due to particle deposition. At a well-designed slot exit, the wall
at the upstream side is slightly higher than the downstream end, and the downstream edge is
skewed as stated by Ade (1976) [14]. The slot exit design of the device in use, however, is
guite simple and therefore possesses none of those features. The difference between the ideal
and the present slot exit designs is illustrated in Figure 6 [8].
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Figure 6 — Present slot exit design (left) and ideal slot exit design (right). The arrow indicates

the resulting flow, which is more attached in the ideal design [8].

Other vital design aspects which show to differ from optimum in the device are the slide
elongation and the lip design (Figure 5). Acceleration of the liquid before reaching the lip to
form a falling liquid sheet is the task of the slide elongation. This acceleration leads to the
reduction of surfactant concentration on the upper surface, which is a free surface directly in
contact with the surrounding air. The elongation supports the stability of the curtain because
the difference in surface tension between the upper liquid surface and the newly formed free
surface is reduced [8]. A slide elongation of 20 to 40 mm radius of curvature is stated by Fahrni
et al. (1978) to give the best results [15]. The lip design is recommended to include a sharp
cut-back angle at the pouring edge to avoid wetting of the underside of the slide and coating
non-uniformities related to an uneven and irregular wetting line at the position of liquid
detachment [8,15]. As can be seen in Figure 4, these recommendations are violated in the
used coating tool. The slide elongation abruptly changes the inclination of the slide to 90° to
the horizontal, and the lip does not include the sharp cut-back angle. Other parts of the present
set-up are, however, in good agreement with guidelines in literature, as for example the slide-
inclination angle of 30° to the horizontal and the principal use of edge guides [8]. It has to be
mentioned, however, that the original edge guide geometry was altered intentionally during
this thesis. Without use of edge guides, the curtain contracts to ultimately form a cylindrical jet
after a certain distance downstream. This can also be seen in Figure 4 on the right picture at
the very downstream position. Investigations of Nishida and Katagiri (1994) revealed the
growth of a Blasius-type boundary layer along the edge guides (Figure 7) [16]. Surface
formation due to acceleration is faster in the region outside of the boundary layer. This leads
to different adsorption times for surfactants in the center of the curtain and at positions within
the boundary layer and, consequently, to a difference in surface tension. A Marangoni flow
towards the center develops, which, together with capillary forces due to the wetting of the

solid material, is responsible for thinning of the curtain near the edge guides [8,16].
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Figure 7 - Sketch of the front view of a Curtain Coating device of the slide-fed type with the
main flow direction along the long arrow, the pouring edge (1) and a dynamic boundary layer
that develops near the edge guides (2), which leads to liquid flow towards the center of the

curtain (short arrow).

Rod-shaped stainless-steel guides became the standard since their introduction by Greiller
(1975) [8,17]. Different solutions were proposed to maintain a stable curtain of constant width.
The use of a low-viscosity lubricating liquid is a common strategy to prevent liquid separation
from the edge guides and can be implemented in several ways [18,19]. If principal stability of
the curtain can be maintained, the most important position for a successful coating process is
the impingement zone. Protection from the air tagged along with the moving substrate is
essential to avoid disturbance of the dynamic contact line and prevent air entrainment [8,20].
For this reason, an air shield based on the patent of Hughes (1968) was installed during this
thesis (Figure 4) [10].

Besides all the design and process aspects discussed above, it turned out that the most
influential difference of the present Curtain Coating device to standard devices is the
discontinuous operation procedure. Instead of a continuously coated web, which is installed in
standard devices, a substrate transporter with the substrate fixed on the upper surface is driven
through the falling liquid sheet. As will be discussed in section 6.1.2 below, the process is
therefore not in steady-state during the liquid deposition, which makes the standard operability
window not applicable.

2.1.3 Modeling of the Impingement Zone

The central point of interest for describing successful Curtain Coating is the impingement zone.
Based on the analysis of Kistler and Scriven (1984), the impingement zone can be modelled

in the following way (Figure 8) [20]:
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U

Figure 8 - The impingement zone in a Curtain Coating process [20]. Symbols are explained

in the text.

The domain possesses an inflow boundary of known position and velocity (= impingement

velocity). The flow is described by the continuity and Navier-Stokes equations, for a steady-

state process (% = 0) and incompressible fluids [20]:
V-u=0
V-puu=V-T+ pgj
Kistler and Scriven (1984) introduced the following scales for the parameters in the equations

[20]:

d
Vi=dv, T= (_)T
nij
This gives the non-dimensional form of the Navier-Stokes equations [20]:

Reu’ - V*u* = V* - T* + Stj (17)

with the unit vector in y-direction j, Reynolds number defined as Re = pUd/u and the Stokes
number defined as St = gpd?/uU. Note that the definition of the Reynolds number is
essentially the same as the one proposed by Miyamoto and Katagiri (1997) to describe the
coating process, which reads Re = pQ/u with the volume flow of coating liquid divided by the
slot width Q [8]. Along the free surface s, a unit tangent vector t exists, and the normal-stress
boundary condition requires that the viscous normal stress ([n - T] - n, with the unit outward

normal n) in the liquid relative to air pressure, balances any capillary pressure [20]. This was
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already mentioned in 2.1.1.4.The ratio of the viscous and capillary stresses is given by the
capillary number Ca = uU /o and the Dynamic Boundary Condition at this free surface is given
by [20]:

1 dt

- 18
Cads (18)

n-T

Since the free surface is material, there can be no flow across the surface, which gives [20]:

n-u=0 (29)

At a position far enough downstream, the flow is fully developed and mass as well as
momentum flux are known, which gives the outflow boundary conditions. The liquid in contact
with the solid normally fulfills the no-slip condition. However, this is not the case in the region
near to the dynamic wetting line. Here some slip conditions can be implemented, which is
further discussed in the article by Kistler and Scriven (1984) [20].

2.1.4 Operability

As mentioned above, especially two aspects must be considered for successful Curtain

Coating:

e Sufficient stability of the falling liquid sheet

e Appropriate conditions at the impingement zone

The first aspect is important to avoid disintegration of the sheet during the process. A force
balance between inertial and surface tension forces on the free edge between a moving liquid

and air gives the widely used stability criterion (Figure 9) [21]:

_ plleimp
g

We > 2 (20)

pQuv

Figure 9 - Disintegrating curtain. Force balance that shows: Inertia of falling liquid sheet must

balance surface tension of both free surfaces (left). Growing hole in a curtain (right).
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Brown (1961) suggests that (20) must hold at the position of the severest disturbance, directly
above the impingement zone [21]. This results in the use of v;,,, for the velocity in the Weber
number. Although there are reports of stable curtains below this value, it can give a good
indication for daily problems and was therefore used in this thesis. Brown furthermore
mentioned the importance of a high impingement velocity for successful Curtain Coating, which
can be controlled mostly by the curtain falling height [21]. The curtain falling height is, in
contrary, limited by thinning along the edge guides. Moderate heights often lead to satisfactory
results [8,16]. In any case, the process is negatively affected by air transported along with the
moving substrate [8,21]. Introduced disturbances can limit the applicability of the standard

operability criteria, as will be further discussed in section 6.1.4.

The second aspect can be investigated by means of a coating window. The coating window
proposed in [8] holds true for high values of the capillary number defined in equation (21). A
critical value is not given in the discussion, but in some further description of limiting
phenomena of coatability, capillary numbers as low as 0.25 appear. Since in the present study
the capillary numbers are one to two orders of magnitude higher, the applicability was
supposed. The coating window shows a region inside which successful operation is possible,
together with the limiting phenomena. Two parameters are used to describe this area, namely
the Reynolds number defined in (22) and the ratio of substrate velocity to impingement velocity
(Figure 10).

v.

Ca = HiVimp (21)
o

Re = 2% 22)
Hy

Air Entrainment
and
eel Formation

Heel Formation

Coatable
Air Entrainment

log(Re)

Pulled Film

Disintegration
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vimp

Figure 10 - Operability window with limiting phenomena [8].
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The high Reynolds number regime is reached if flow rates are high. The dynamic contact line
migrates upstream, and a heel is formed. Often bubbles or other particles are trapped within
the heel [8]. The high Reynolds number regime is not of central interest in this thesis, because
the focus was set on the successful deposition of low amounts of coating liquid. On the other
side of the coating window, the low Reynolds number regime, disintegration of the curtain
occurs. Exceeding a certain minimum flow rate, the falling liquid sheet becomes stable and
coating can be performed. If the purpose lies on thin film coating, the velocity of the substrate
can be increased. By increasing the substrate velocity at low Reynolds numbers, a pulled film
effect can eventually be observed. This phenomenon is characterized by a lack of free-fall
region and a highly bent curtain (Figure 11) [8]. The appropriate dimensionless parameter is
the Weber number, since capillary pressure dominates over inertia in this region. The pulled
film region can be avoided by increasing the curtain height or decreasing the surface tension

[8].

Figure 11 — Pulled Film Effect

Air entrainment can be seen for moderate to high flow rates (or rather Reynolds numbers) und
high substrate speed (Figure 12). Although the large pressure at the impingement position
delays air entrainment in Curtain Coating compared to other methods, it is still a limit at high
substrate speed. Itis assumed that air entrainment sets in if the dynamic contact angle reaches
180° [8]. Countermeasures against air entrainment include increasing the impingement

velocity (via increasing the curtain falling height) and lowering viscosity [8].
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Figure 12 - Air Entrainment

30



Theoretical Background

2.2 Drying of Coatings

2.2.1 Basics

Drying of coatings can be done in several ways. In the paper and pulp industry, drying energy
for dehumidification of fibers is mainly delivered via the contact with heated drying cylinders.
The drying of coatings, however, is handled differently. Coatings are dried using convection
and radiation dryers. For the sake of simplicity, only one energy source to investigate the drying
process, namely heat transfer under the influence of convection, was used in this thesis. The
drying air flow in a convection dryer functions as energy source and carries away the
evaporated water. To achieve a minimum influence of the ambient conditions and by
considering the geometry of the coating unit, a channel flow was planned. A further discussion
on the dryer geometry can be found in 4.2.2.

2.2.2 Channel Flow

Channel flow is the flow of a fluid between two parallel plates at distance h. The appropriate
coordinate system is rectangular and for infinitely long, parallel plates in the z-direction (into
the plane of the page), the flow is two-dimensional, as illustrated in Figure 13 with the main
flow in the positive x-direction.

il A NN EEEEEEFFyy

Figure 13 — Geometry for two-dimensional channel flow.

The analysis of flow problems generally starts with balance of mass and linear momentum, as
already discussed in section 2.1.1. For two-dimensional, laminar and incompressible flow in

rectangular coordinates, conservation of mass can be written in the form [22]:

ou 617_

3%ty =0 (23)

which is the same as (2), but in two dimensions. Conservation of linear momentum in the x-

and y-directions for the flow of a Newtonian fluid reads [22]:

~ Ou Ou Ou 10p 0%u  0%u 5
x—dlrectlon:E+ua+v@=—;a+v ﬁ_ka_yz + fx (24)
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directi 0 N 6v+ v 16p+ 62v+62v e (25)

y — direction: —-+u-~ Uay =y V352 3y7 fy

with the fluid velocity in x-direction u, fluid velocity in y-direction v, time t, kinematic viscosity
v and the body forces in the corresponding directions fZ. Simplifications can be made for

channel flow based on the following assumptions [22]:

o the flow is fully developed
o the flow is steady
e body forces are negligible

¢ the fluid cannot penetrate through the walls

Since the flow is fully developed, velocity does not depend on the x-coordinate, and all velocity

derivatives in the main flow direction are identically zero (Z—Z = O,Z—Z = 0). The flow is steady
and hence the time derivative is also zero (% = 0). Body forces are neglected (f2 = 0). The

first point dictates that the continuity equation simplifies to Z—; = 0. This means that the velocity

in the y-direction does not depend on the y-coordinate. From the assumption of impenetrable
walls, it follows that the velocity in the y-direction is zero at the walls, which implicates that it is
zero everywhere. The momentum equations simplify to [22]:

0 0%u
x — direction: £ = ,ua—yz (26)
.. 0Op
y — direction: @ =0 (27)

There is no pressure gradient in the y-direction as stated by (27). From the fact that in the
equation for the x-momentum no dependency of x appears at the right-hand side, it is instantly
known that the pressure gradient in the x-direction is a constant, and (26) can be rewritten to
[22]:

0?2 1d
gu_249 (28)
dy? udx
After integration, it is found that
Gy = 1BV e (29)
uly) = wdx 2 1y 2

With the no-slip condition, which states that the fluid velocity at a wall equals the wall velocity,

and realizing that the walls are stagnant, the following boundary conditions appear [22]:
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h
u (y - E) - (30)
h
u(y=-3)=0 (D)
Equation (29) becomes [22]:
1d NG
uG) =5 (yz -(3) ) (32)

Since the term in brackets is negative for all y smaller than h/2 , the pressure must decrease
in the positive x-direction. Therefore, it can be called a 'pressure drop', which is often written
simply as Ap. This pressure is necessary to sustain the flow in the channel. From the
engineering perspective, effort is taken to minimize the pressure drop in all flows and hence
minimize the power requirement of pumps or blowers to drive the flow. From the analysis

above, it is known that the velocity profile in the channel is parabolic in shape (Figure 14).
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Figure 14 — Fully developed laminar velocity profile in a channel flow.

As mentioned above, fully developed flow is considered, which means that dynamic boundary
layers, which develop along the channel walls, have merged. Near the inlet position, this is not
the case, and a certain distance must be provided, the dynamic entrance length Ly (Figure
15).

U

F 1
L J

Figure 15 — Developing channel flow. The dotted lines illustrate the growing boundary layers

at the channel walls.
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The entrance length depends on the flow situation and can be estimated for laminar flow with

the well-known relation [23]:
Lg
F = 0.056Re (33)

with the Reynolds number defined as [23]:

Re = Um (34)
v

Here, the mean velocity in the channel u,,, the kinematic viscosity of the fluid v and the

distance between the plates h as the characteristic length were used.
2.2.3 Pressure Drop in Internal Flow

As mentioned above, according to the flow situation, a certain pressure drop occurs, which
has to be overcome to drive the flow. In the case of laminar channel flow along smooth walls,
the Darcy-Weisbach equation describes the pressure drop [24]:
pUm 35
Ap = ATLchannel/Dh (35)
with the hydraulic diameter defined as D, = 4A.r0ss/Ucnanner With the cross sectional area of

the channel 4.,,ss and the perimeter of the channel U, nner, the channel length L., anner @nd

the friction factor A calculated from [24]:

64
A=k— 36
o (36)

The constant k accounts for the ratio between channel width and channel height. For ducts in
which the upper and lower plates are much closer together than the side walls, Idel’chik (1966)

suggests using k = 1.5 [24].

For some applications, pressure loss can be used to accomplish required conditions. For
example, uniformly distributing a fluid over a cross-sectional area by installation of internals, a
sudden change of flow direction, or a combination of both. The situation occurs, for instance,
when a pipe of small cross-sectional area enters a channel of much larger cross-section or
different geometry. If only a small entrance length can be provided, and uniform distribution
along the larger cross section is necessary, introducing a pressure drop is inevitable. Consider

the following example (Figure 16):
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Figure 16 — Flow from a thin pipe enters a channel of larger cross section, with installed grid
across the channel width.

According to Idel’chik (1966), the resistance coefficient due to the inlet situation can be

estimated as [25]:

Apive in \2 L
{ =N+ 0.7¢yria (M) +0.1+ (2 —20—2 ) (37)

Achannel channel

with the constant N, to describe the inlet flow, which for a straight inlet pipe is 1.06, and {44

as the resistance coefficient of the grid. The second term goes to zero for increasing porosity
of the grid. The last term can be neglected for L;/hcpanner < 0.1. If no grid is installed at all,
the resistance coefficient assumes the constant value of 1.16. Like before, the pressure drop
is estimated by [25]:

Ap = ¢ Pimin (38)

2.2.4 Heat Transfer

2.2.4.1 Basics
Heat transport is due to three mechanisms:

1. Heat Conduction
2. Heat Convection

3. Thermal Radiation

Especially points one and two are of interest for this thesis and are discussed in the following
sections. As before, the discussion starts from an equation of change, namely the thermal

energy equation in terms of enthalpy [26]:
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dh dp
=24, —(V-qQ) 4+ 39

By knowing that the enthalpy of an ideal gas can be rewritten as [26]:
h=c,T (40)
and introducing Fourier’s law of heat conduction [26]:
q=—AVT (41)

the equation for a two-dimensional problem with constant specific heat capacity c, reads [26]:

(6T+ 0T+ 6T)_(6p+ 6p+ 8p)+cb 3 62T+02T L 42)
P \ae T ax T Vay) T\ar T ax T Vay) TR T M\ ax2 T ay2) T e

The left-hand side tells about the time dependency of temperature and involves the convective
transport part. The first term on the right-hand side tells about reversible consumption or
production of enthalpy via expansion or compression. The second term is the gain of thermal
energy via dissipation of mechanical energy. The third term gives information about heat
conduction, and the last term is the rate of heat input due to internal sources, e.g. by chemical
reactions. The following simplifications are made for the air flow in the drying process in

consideration:

e incompressible flow

e no viscous dissipation

Via these simplifications, the thermal energy equation is given by:

<6T+ 6T+ 6T)_/1 62T+62T y 43
P \ar "% ax T Vay) T M\axz Toy2) T e (43)

2.2.4.2 Heat Conduction
For fluids at rest and solids, the velocity is zero, and equation (43) simplifies to [26]:

or 2 <62T 62T> 1

ax? " 9y2) " pe, 10 (44)

%~ pey
Transient problems of heat conduction are described with this equation, as, for example, the
substrate temperature of a drying sheet of cardboard. For the case of a solid sheet within a
drying channel, which is insulated on all walls except the contact area with the drying fluid, the
heat is transferred from the drying gas across this contact area only. Further information for

this specific problem statement are given in chapter 2.3.
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2.2.4.3 Heat Convection

For fluids in motion, the velocity is non-zero, and convection has therefore to be included in
the thermal energy balance. For a steady-state process without internal energy sources, the
thermal energy equation (43) reduces to [26]:

( or aT)_/1 62T+62T n
P \“ox ”ay ~T\ox? T ay? (45)

For flow past bodies or within ducts, the temperature is affected mainly within a layer near the
solid surface. As before for velocity, internal flow can be divided into thermal entrance and
developed regions since boundary layer growth is limited by the distance of the plates. For the
case that the upper channel plate is perfectly insulated, where the lower plate has a constant
temperature below the fluid temperature, and the entering fluid temperature is uniform at Ty,
a sketch is given in Figure 17 [27]:
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Figure 17 — Thermal entrance region in channel flow for the case explained in the text [27].

The corresponding thermal entrance length can be estimated by the following equation [27]:

L
% = 0.056RePr (46)

with the Prandtl number defined as [27]:

Hep
Pr==—"C 47
r=— (47)

with the dynamic viscosity u, the specific heat capacity ¢, and the thermal conductivity A of the
fluid. For most gases at moderate temperatures, it is around 0.7. The Prandtl number can be
understood as the ratio of kinematic viscosity to thermal diffusivity and hence compares the
thicknesses of the dynamic boundary layer and the thermal boundary layer. To quantify heat
transferred under the influence of convection, the so-called heat transfer coefficient is used. It
appears in Newton'’s cooling law and relates the heat flux to a temperature difference [26].

More specific for the entrance region as shown in Figure 17, the temperature difference
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between the undisturbed fluid (outside the boundary layer) and the lower channel wall

temperature is used.
q= a(TW,low —Tin) (48)

with the heat flux g, the heat transfer coefficient «, the lower channel wall temperature Ty, ;0.
and the fluid temperature outside the boundary layer T,,. From the no-slip condition mentioned
in chapter 2.2.2 it is known that the velocity at the wall is exactly the wall velocity, which is zero
for the considered case. This means the heat transfer to the wall is solely due to conduction,
which can be written by Fourier’s law [26] as

oT

qg= —/1@ - (49)

Combining (48) and (49), and non-dimensionalizing by using the following scales [26]:

T-Tin
[ { S and O, =T —T:
L Tw..ow—Tin 0 w,low in

enables the Nusselt number to be identified as [26]:

aL 00*

Nu=—=— ” 50
A ay 1, (50)

The Nusselt number gives the ratio between heat transferred under convective influence
compared to heat transported purely by conduction. Another interpretation is the temperature
gradient in the y-direction directly at the wall. The Nusselt number depends on the flow
situation, which is characterized for the present case by the Reynolds number. For fully
developed flow, the characteristic length is the channel height h. The heat transfer coefficient,
and consequently the Nusselt number, within the entrance region depends on the x-position,
which is not the case for fully developed flow. The Nusselt number is highest directly after the
start of boundary layer growth, since the temperature gradient in the y-direction is highest at
minimum boundary layer thickness. This explains the more intensive heat transfer in this

region.
2.2.4.4 Lumped Capacitance Method

To familiarize the important method of lumped capacitance, consider a one-dimensional
problem of unsteady heat conduction in a solid which is perfectly insulated at x = 0 and in
contact with a fluid of temperature T at x = d. The initial temperature of the solid is T, (Figure
18).
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Figure 18 — Solid that is insulated at x=0 and in contact with fluid at the other side x=d.

The corresponding thermal energy equation for this problem reads [26]:

oT A 0°T (51)
ot pcy 0x?
Non-dimensionalization is done to obtain the following quantities [26]:
=X ="TEorT =1L
d To—TF To
and leads to the following form of the equation with a = 1/(pc,) [26]:
aT*  9°T*
at = *2 (52)
o(z)
The non-dimensional time on the left-hand side is called the Fourier number [26]:
at
Fo = ﬁ (53)

To solve equation (52), boundary conditions have to be applied which state that all the heat
transferred under the influence of convection from the fluid has to be transported in the solid

via conduction at the solid surface [26]:

aT
—1— =a(T(x=d)—Tr) (54)
0x x=d
Insulation at x=0 is accounted for by:
or =0 (55)
0x x=0 -
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After non-dimensionalization of (54), another characteristic number appears, the Biot number
[26]:
ad

which looks similar to the Nusselt number, but here 4 is the thermal conductivity of the solid. It
characterizes the intensity of convective heat transfer from the fluid compared to the ability to
transport the heat within the solid. A large Biot number means that substantial temperature
gradients within the solid appear. After sufficiently long time, a uniform temperature within the
solid is reached. Small Biot numbers, on the other hand, correspond to a small temperature
gradient within the solid throughout the heat transfer process. Figure 19 depicts the case T, >

T, after a short duration of the heat transfer process [26]:

—_——
X
A
T
+«——r +«——r
d d
Bi « 1 Bi»1

Figure 19 - Temperature profiles in a solid in contact with fluid of higher temperature at low
(left) and high (right) Biot numbers.

It is obvious from Figure 19 that even for short duration of the heat transfer process, the
temperature is nearly constant within the solid for small Biot numbers. This leads to the
important simplification that, for small Biot numbers, the solid temperature depends on time
only, but not on position in the thickness direction. The geometry is seen as lumped. Evidently,
this is the case for highly conductive solids compared to the transferred heat, and if the
characteristic length is very small. Mostly the critical value for validity is set to Bi = 0.1 for

errors in temperature smaller than 5 % [26]. The energy equation then can be written as [26]:
dT
—pchE = aA(T — Tr) (57)

with the surface of contact between solid and fluid 4 and the solid volume V.

40



Theoretical Background

2.2.5 Mass Transfer

2.2.5.1 Basics

Similar to the considerations in the heat transfer section, one can write a differential equation

for two-dimensional mass balance in laminar flow [26]:

(6W1+ 6W1+ 6w1>_ b 62w1+62W1 L £g
PUar "% %ax TV 8y ) TP \axz Ty )T (58)

with the density p, the mass fraction of substance one w;, the time t, the position coordinates
x,y, the velocity in x-direction u, the velocity in y-direction v, the diffusion coefficient D and the
mass source or sink 7. The first term on the left-hand side gives the rate of change of the mass
concentration of substance one in the considered region. The rest stands for convective
transport of substance one. The first term on the right-hand side describes diffusion of
substance one, and the second term gives the production or consumption of substance one,

e.g. due to chemical reactions.
2.2.5.2 Mass Diffusion

For fluids at rest in equimolar diffusion and in solids, the velocity is zero and the above equation
simplifies to [26]:

ow; b 62w1+62W1 L -
Pae =P\ axz Tay2 )T (59)

2.2.5.3 Mass Convection

In moving fluids, the velocity is non-zero and has therefore to be included in the mass transport
equation. For a steady-state process (% = 0) without internal mass sources ( = 0), the mass
balance equation reduces to:

( 6w1+ awl) _ D 62w1+62w1 (60)
P v —PY\ ax2 dy?

For flow past objects or within ducts, the mass concentration is affected mainly within a layer
near the solid surface. As before for velocity and temperature, internal flow can be divided into
entrance and developed regions since boundary layer growth is limited by the distance of the
plates. For the case that the upper channel plate is perfectly insulated against mass transfer,
the mass concentration of substance one directly at the surface of the lower channel plate is
higher than the mass concentration of substance one in the entering fluid and the entering fluid

mass concentration is uniform at wy ;,, a sketch is given in Figure 20.
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Figure 20— Mass transfer entrance region for channel flow for the case explained in the text

[27].

The corresponding mass transfer entrance length can be estimated by the following equation
[26]:

L
% = 0.056ReSc (61)
with the Schmidt number defined as [26]:

Sc = (62)

v
D
with the binary diffusion coefficient D. The Schmidt number is the ratio of kinematic viscosity
to mass diffusivities. From the relation above it is clearly seen that the Schmidt number
compares the thickness of the dynamic boundary layer and the concentration boundary layer.
Analogously to heat transfer, a law can be found to relate the difference in mass concentration

of substance one with the mass flux of the substance [26]:
m = ﬁp(Wl,low - Wl,in) (63)

The mass transfer coefficient g appears in this equation. Like the Nusselt number, one can
identify the Sherwood number as a dimensionless gradient of the mass concentration directly

at the wall, where the definition p; = pw; was applied [26]:

_BL _dpi

Sh =
D oyl

(64)

with p] = (p1 — P1.in)/ (Pr10w — P1,in)- Another interpretation of the Sherwood number is the
ratio of convective to diffusive mass flux at the wall. Again, it depends on the flow situation,
which is characterized by Re. For fully developed flow, the characteristic length is the channel
height h. The mass transfer coefficient and, consequently, the Sherwood number in the
entrance region, depends on the x-position, which is not the case for fully developed flow. The
Sherwood number is highest directly after the start of boundary layer growth, since the mass

concentration gradient in the y-direction is highest at minimum boundary layer thickness.
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2.2.6 Analogy Between Heat and Mass Transfer

Two processes are said to be analogous if they are governed by dimensionless equations of
the same form [28]. This can clearly be the case for heat and mass transfer as can be seen by
the similar balance equations and dimensionless numbers that appeared in the foregoing
chapters. If, moreover, the boundary conditions are similar, for example if the same geometry
is considered, one can find mass transfer parameters from heat transfer experiments or vice
versa. The central point of interest in a convective transport process is to find the transfer
coefficients. Consider a process in which the Nusselt number is given and fluid properties are
known. The Sherwood number can then be estimated by [28]:

W=

Sc (65)

Sh=N (—)
u Pr

2.2.7 One-Sided Diffusion — Stefan Diffusion

Consider a one-dimensional mass transport problem of a binary mixture, as given in Figure 21
[26].

——» u,m,p

v

A=const.

Figure 21 - One-dimensional mass transport

The fluid moves with the velocity u and the mixture density p, which leads to the overall mass

flux m. The overall mass flux is given by [26]:
m = pu (66)
and the mass flux of substance one reads [26]:

dw;
My = pwiu—pD— (67)

with the first term to consider convective mass transport and the second term to consider
diffusive mass transport. In one-sided diffusion, which means that mm = m; and m, = 0, the

following relation is found [26]:
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dw,
= —pD—> 68
pu = pwyu — pD e (68)

After separation of variables one finds the following equation which can be integrated if the
integration boundaries are known. Validity is given for the case of constant mass flux, diffusion

coefficient and mixture density:

fdwl - mfd +K 69
1-w;  pD z (69)

Stefan diffusion occurs, e.g. in the drying of wet paper sheets. If the wet substrate is saturated
with air, there is just one flow that is the evaporated water into the drying air. Air flow into the
wet substrate is neglected. This strategy is often used to describe the paper drying process
[29,30].

2.2.8 Drying of Paper Materials

The main component of paper is cellulose, which is also the most abundant polymer on the

planet. The chemical structure of cellulose is given in Figure 22.
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Figure 22 - Molecular structure of Cellulose

The hydrophilic character of cellulose and the porous nature of paper materials may be two
reasons for the hygroscopic behavior during the drying process. A substrate is called
hygroscopic if, besides the free water, also bound water is present. All processes which
support the binding are summarized in the term 'sorption’ [31]. Hygroscopic materials show a
decline of vapor pressure of the present liquid as compared to saturation pressure below a
certain moisture load. Within this region, the vapor pressure is not only a function of
temperature, but also a function of the moisture load of the material. The reduced vapor

pressure is consequently described by a sorption isotherm [29]:

Pvap = PsorpPsat (70)
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At a high moisture load of the porous solid, the removed water is explicitly free water, and the
required energy is virtually the heat of vaporization of water. However, in the hygroscopic
region, the fraction of bound water on the overall water removed rises with decreasing moisture
load of the substrate. This leads to a decrease of vapor pressure, which is accounted for by a
decreasing value of ¢, in equation (70) with decreasing moisture load. Bound water requires
an additional amount of energy, called the net isosteric heat of sorption, which in turn depends
on the moisture load of the substrate, since water can be bound in several ways [29]. The
individual states of bound water differ in binding energy, and relative amounts of the states in
the substrate vary with total moisture content of the solid. Strongly bound water tends to be
removed at last. These effects lead to a substantial increase of drying effort, in terms of time

and energy, to reach low water contents.

2.3 Modeling of Cardboard Drying

2.3.1 Governing Equations

The first step in modeling the drying of cardboard is the formulation of the transport equations.
The transport processes were assumed to be constant along the substrate width (into the plane
of the page in Figure 23 and Figure 24). This is justified in section 4.2.2.2 due to the special
dryer design, which ensures uniform flow over the substrate width. From precalculations it is
known that the Lumped Capacitance method for heat transfer is valid since Bi < 0.1 during the
entire process. This means that heat conduction in thickness direction of the substrate can be
neglected, which is mainly due to the low thickness of the sheets. Figure 23 was set up to
evaluate the energy balance.
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surf fl?sub l
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Across dx

Figure 23 — Differential control volume of cardboard to formulate the energy balance. The

dashed line at the bottom indicates the insulated transport plate at which the substrate lies.

The sketch shows a differential control volume of the cardboard of the cross-sectional area
Acrossy the length dx and the cardboard thickness dg,;,. The differential surface area between
the cardboard and the drying air is dAg,,, . In the solid, a conductive heat flux g.,,q and through

the surface area a net convective heat flux from the drying air into the substrate ¢,; are
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accounted for. The underside of the cardboard is insulated; therefore, no heat loss or gain is

seen at this position. Consequently, the thermal energy balance reads:

aTsub aszub 1 . (71)
PsubCpsub —5 = Asub 5 72 + dor Ao

with the density of the wet substrate p,;,, the isobaric specific heat capacity of the wet
substrate c, ., the substrate temperature Ty, and the thermal conductivity of the wet
substrate A,,;,. For mass transport, the applicability of the Lumped Capacitance method was
assumed, since an untreated cardboard of high porosity and low thickness was used. A sketch
of the process is given in Figure 24.
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Figure 24 — Differential control volume of cardboard to formulate the mass balance. The
dashed line at the bottom indicates the insulated transport plate at which the substrate lies.

The geometrical parameters have the same meanings as in Figure 23. A diffusive flux within
the substrate my;rr and a convection mass flux away from the substrate into the drying air
Mmeonpy are accounted for. Again, the underside of the sheet is perfectly isolated against mass
transport. The mass transport balance reads:

a)Osub,HZO azpsub,HZO 1 (72)

= Dsup 20 + m
at supo, axz dsub conv

with the mass concentration of water in the substrate pg,;, 20 and the binary diffusion

coefficient of water in the plane of the sheet D, y20-
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2.3.2 Modeling of Transient Drying of a Plane Geometry
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Figure 25 — Transient drying of the plane substrate in channel flow. Flow is dynamically

developed, but within thermal and mass transfer entrance region.

Based on the work of Abramzon and Sirignano (1989) that discussed the vaporization of liquid
droplets, a model was derived to describe the drying of wet substrates of plane geometry in a
drying channel [32]. This model is presented in the current section, starting with the process

sketch in Figure 25.
2.3.2.1 Gas Phase Analysis

Abramzon and Sirignano used the already discussed film theory to describe the vaporization
of liquid droplets. As a consequence of the no-slip condition, all the energy transfer to the

substrate must be due to conduction:

. dT
Qeonv = _Afilmd_y . = a(Tsyp — Tinf) (73)
y:

By using the heat conduction equation of a steady process (74):
— =0 (74)

the temperature distribution can be found by integrating the equation twice, to obtain:
Ty)=CGy+G (75)

Using the boundary conditions of the problem sketch in Figure 25 leads to the temperature

distribution:

Ty =0) = Teup (76)
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T(y = hfumr,) = Ting (77)
Tsup = G,
Tine —T.
f b
Ting = Calgiim, + Toup = 1 = = ===
ilm,T,
y 7
T(y) = Teup + (Tinf - Tsub)h— (78)
film,T,

The first derivative in y-direction gives the temperature gradient, which is constant within the
gas film and reads:

dr _ (Tinf - Tsub)

- 79
dy hfilm,TO (79)
Insertion in (73) gives:
. (Ting — Tsup)
Qeonv = _Afilmmhf—su = a(Tsyp — Tinf) (80)
Film,T,
The Nusselt number for a fully developed channel flow is defined by:
h a
Nuo — channel (81)
Afitm

Combining equations (80) and (81) leads to a statement of thermal film thickness based on the

Nusselt number, which reads:

hehannet
htiim,r, = %;:e (82)

Analogously the film thickness for mass transfer can be derived by using the Sherwood number

and is given by:

hcnannet
heiimm, = CS(;:)M (83)

This means that it is necessary to estimate the Nusselt number via adequate correlations to
find information about heat transfer from the gas phase. The whole drying chamber lies in the
thermal entrance region of the channel flow, but the dynamic boundary layer is fully developed.

Solutions for the considered case exist for different boundary conditions [27]:
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Figure 26 - Fundamental boundary conditions for channel flow defined by Shah and London
(1978) [27].

As discussed in section 4.2.2, the upper channel plate is insulated. The lower plate is the
substrate with constant initial temperature. For sure, the uniform substrate temperature is not
held during the whole process, but experience showed that the boundary conditions number
three in Figure 26 provided satisfactory results. Shah and London (1978) referred to these
boundary conditions as ‘boundary conditions of the third kind’. The corresponding Nusselt

number correlation is given by [27]:

1 1
Nuy = 4x*log (@> (84)

With 6, = (Tee — Twtow,es)/ Twaipes — Tree) = 3 5ie0(Gi/2;2)e~G2/DA’x" as dimensionless
mean temperature difference and the position scaled by the thermal entrance length x* =
x/Lg . The first ten numerical values of the eigenvalue 4; and the eigenfunction G; were used
(n = 10). The values were taken from Shah and London (1978) [27]. The trend of the Nusselt

number for typical conditions is shown in Figure 27.
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Figure 27 - Typical trend for Nusselt number with boundary conditions of the third kind based

on equation (84).
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The applicability of the analogy between heat and mass transfer was assumed and the
Sherwood number was calculated according to equation (65). However, Abramzon and
Sirignano pointed out that the thickness of both boundary layers and hence the dimensionless
parameters are influenced by the flow of water vapor out of the substrate. They introduced

modified dimensionless numbers, which were adapted for the present situation as shown

below:
hen l
htimr = CNCZT : (85)
hen l
hfilm,M =0 S(;:*ne (86)

2.3.2.2 Mass Transfer During Drying

The approach of Stefan is often used to describe the drying process as discussed in 2.2.7. The
integrated form of (69) with the corresponding boundaries reads:

hs; 1—w;
film,M . inf,H20

———m =n|—— (87)
PrimDritm 20 conv <1 - Wsurf,Hzo)
The definition of the Spalding mass transfer number is given by [32]:

w — Wi
BM — < surf,H20 mf,HZO) (88)
1= Wsyrp 20

Combining (87) and (88) and introducing the relation of the film thickness including the modified
Sherwood number (86) leads to:

) _ PrumDritm 20
mCOnv -

Sh*In(1 + By) (89)
hchannel
Since the modified Sherwood number is unknown, a correction factor to relate the modified to
the standard relation, which is given by Abramzon and Sirignano (1989), has to be applied
[32]:

h¢i Sh In(1 + By)
_ "YfilmM 0 0.7 M
Fy=—"——=—-=00+By)"' ————— 90
M htitmm, Sh M By (%0)
and finally, the equation for the mass flux reads:
) PritmDritm 20 By

m = Sh 91
conv hehannet 0 1+ BM)O'7 ( )

50



Theoretical Background

2.3.2.3 Heat Transfer During Drying

The overall heat input into the substrate is given by:
: ar .
Qconv = _Afilm d_y + Meonw [hHZO,g (Tsub) + Cp,H20,9 (T - Tsub)] (92)

Aeonv = mconvhHZO,l(Tsub) = Qsub (93)

Subtraction of equation (93) from (92) gives the net heat input into the substrate. From the
Lumped Capacitance assumption, it is known that temperature gradients in the thickness
direction of the substrate can be neglected, which simplifies the last term in (92):

. ar .
Qsup = Afilmd_y — Meonv [AhHZO,vap (Tsup) + Cp,H20,9 (Tsub — Tsup)] (94)
y=0

By using the result of the temperature gradient (79) it is found:

(Tin f - Tsub)

he: - mconvAhHZO,vap (Tsub) (95)
film,T

Asub = Afiim
which is the heat to increase the substrate temperature. The real thermal film thickness is
unknown and a correction factor must be introduced. For this purpose, the Spalding heat
transfer number is defined as [32]:

Br=(1+By)?-1 (96)

Cp,H20,g (Sh*

) (i) that includes another dimensionless number, the Lewis
Nu Le

with the exponent @ =
Cp,film

number Le = Agiim/(PriumDritm p20Cp,sum)- The influence of the Stefan flow on the thermal

boundary layer can be written analogously to the mass transfer considerations as [32]:

he; Nu In(1 + Br)
film,T 0 0.7 T
Fr=——=—=0+Bp)" ———— 97
" hpumr, Nu ! Br (7)
The equation for net heat flux into the substrate becomes:
) (Ting — Tsup) ., .
qsup = Afilm mf—suNu - mconvAhHZO,vap (Tsub) (98)

hchannel

The important difference to the relation of Abramzon and Sirignano is that for vanishing mass
flux, the heat flux approaches an undisturbed heat flux. The relation of Abramzon and
Sirignano rather gives a vanishing heat flux for this case. This is true only for drying of pure
liquids, but not for the case of a wet substrate. Equation (98) holds only for non-hygroscopic

substances. Paper, however, is not at all a non-hygroscopic substance, and therefore sorption
51



Theoretical Background

energy must be introduced in this equation. The final equation for the net heat flux into the

substrate is given by:

(Tinf_Tsub)

hchannet

éIsub = Afilm Nu* — mconv [AhHZO,vap (Tsub) + Ahsorp (Tsub)] (99)

As recommended by Abramzon and Sirignano the one-third rule was used to calculate the
reference temperature and concentration in the gas film that reads [32]:

(Tinf - Tsub)

- (100)

Tfilm = Tsup +

(Winf,H20 = Wsurf,H20) (101)
WritmH20 = Wsurf,H20 T 3

2.3.3 Initial and Boundary Conditions

The solution of the differential equations for heat and mass transport in the substrate is subject
to initial and boundary conditions. As initial conditions, the substrate temperature and the mass
concentration of water in the substrate are set and assumed to be constant. This is formulated

by:
Tsup = CONSt., Psup 20 = const. att =0 (102)

The substrate is spatially discretized into n difference volumes along the substrate length. The
position of the difference volumes is characterized by an index i which runs from one to n
along the main flow direction. Further details to the discretization procedure are given in 2.3.4.
The upstream edge of the substrate is not in direct contact with the lower plate of the dryer
channel. A stagnant air film is positioned between the lower dryer plate and the upstream edge
of the substrate. The air at the surface of the lower dryer plate has the constant temperature
Tiny and the moisture content wy,q . The air at the surface of the substrate has the local
substrate temperature T; = Ty, ; and the moisture content wy,, ;, Which is determined as
explained in 2.2.8 by using the local substrate temperature and the local water fraction of the
substrate. The distance between the lower dryer plate and the substrate x, = 1 mm. A sketch

of the substrate in the dryer with focus on the boundary conditions is shown in Figure 28.
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Figure 28 - The substrate at the drying position. The situation on the boundaries is outlined in
the circles. The arrow indicates the flow of the drying air.

Since the considered air film is stagnant, the temperature and moisture content profiles are
linear along x,. The mean temperature T, and the mean moisture content wy,o, in the

stagnant air film are determined by:

. Tinf2+ Ty W20 = WHZO,inf2+ Wh20,1 (103)

A similar situation is assumed at the downstream substrate edge. A stagnant air film of the
length x,,,1 = 5dg,;, is assumed. Upstream to the considered air film, the substrate, at the local
temperature T,, = Ty, and the local moisture content of the air at the substrate surface
Wh20.n, IS lOcated. At the downstream end of the considered air film, drying air at the constant
temperature T;,r and the constant moisture content wy,, s is assumed. The situation is
shown in Figure 28. The mean temperature T,,, and the mean moisture content wy,¢ 541 in
the stagnant air film are calculated according to equation (103) with the adapted temperatures
and moisture contents as explained above. The transported heat and mass across the
upstream edge of the substrate is consequently calculated by:

Ting —T1 PH20,inf — PH20,1

Jo = 1 ——, =D
qo Xq myp P

(104)

With py201=Wpy201 p1- The transported heat and mass across the downstream edge of the

substrate is calculated by:

Ting — Ty PH20,inf — PH20,n

yMppq =D (105)

dn+1 = A
Xn+1 Xn+1

WIth pp20.n= Wh20.n P1-
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2.3.4 Discretization

For the bulk of the substrate, a uniform mesh with a step size of Ax was used. At the substrate

edges, the step size was reduced to Ax/2, which is shown in Figure 29.

Ax
? Ax
-+ -
dsubI [ ] [ ] [ ] [ ] [ ] [ ] L ] [ ] [ ] [ ] [ ]

Figure 29 - The discretized substrate with the nodes that mark the substrate positions for the

evaluation of parameters to calculate temperature and water concentration.

The second order derivatives in space were discretized in the following way, with subscript i
as the position index (the procedure is only shown for the derivatives in the thermal energy

balance and was done analogously for the derivatives in the mass balance) [33]:

aTsub _ aTsub
PTop 9% lixyp 0% liqp (106)
0x2 Ax

aTsub . Tsub, i+1 Tsub,i (107)

0x liv1/2 Ax
aTsub . Tsub,i - Tsub,i—l (108)

0x li—1/2 Ax

with the results:

aZTsub ~ Tsub,i+1 - 2Tsub,i + Tsub,i—l (109)

0x? (Ax)?

2
0°Psub,H20 _ Psub, H20,i+1 ~ 2Psub,H20,i T Psub,H20,i-1 (110)

ax2 (Ax)?

For time discretization, the implicit difference method was used. In this method, the unknown
parameters are evaluated at the conditions of the following time step. Figure 30 illustrates,
which nodes that are used (orange fields) to update the values of the considered node (green
field). The superscript t relates to the current time step, and t + 1 to the following time step,

which is evaluated [33].
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Figure 30 - Implicit difference method update scheme

Time discretization led to the following results:

t+1 t
OTsup __ Tsub,i—Tsub,i

111

ot At (111)

0PsubH20 _ Pinb H20,i~PeubH20,i (112)
ot At

An algebraic set of equations was obtained by the discretization of the differential equations.
All constants were summarized in dimensionless numbers, the unknown terms were positioned
on the left-hand side, and the known terms on the right-hand side. For the bulk of the substrate,
the following equations were found:

Teup At
1+ ZFO)TstJbl,i - FOTstJbl,iH - FOTstJbl,i—l = b + Tstub,i (113)
dsubpsubcp,sub
m At (114)
1 1 1 _ "tconv
(1 + 2Fom)psih, n20, = FOmPeyb 120,41 — FOmPeyb 20,-1 = —7—— + Peub n20,i

dsub

. A At
with Fo = Lb—z
PsubCp,sub X

and Fo,, = Dgyp n20 AA—;Z. The situation at the upstream and downstream
edge of the substrate is explained in 2.3.3, and a sketch to determine the algebraic equations
for heat transport by balancing energy flows at these positions is given in Figure 31 and Figure
32, respectively. Analogy between heat and mass transport was assumed and the algebraic

mass transport equations at the boundaries were determined analogously.
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e —————

X Ax/f2 Ax

Figure 31 — Sketch of the energy balance at the upstream edge of the substrate.

The algebraic equations at the upstream edge of the substrate read:

(1 + §FO) Téipr — gFOTH-blZ = Toups + = o + = Gsup  (115)
su
3 sub, 3 sub U psubcp,sub Ax/z psubcp,subdsub
At At (116)
(1 + §F0m> Piub, H201 — §F0m/0§?;t}, H202 = PiubHz01 Ax/2 my + dovr Mcony

Ax Ax/2 Xnsl
Figure 32 - Sketch of the energy balance at the downstream edge of the substrate.

and the algebraic equations for the downstream edge of the substrate are given by:

(1 +§Fo) TLL —gFoTt“ =T +Lq +Lq (117)
3 subn 3 subn-1 subn Dsub Cp,sub AX/Z n+1 Dsub Cp,sub dsub sub

At At (118)

(1 + _F0m> Pinb H20m — §F0mP§;l} H20m—1 = Piub 20 + 775 Mns1 + 5— Meony
3 H20m ™ 3 H20, H20m T A donp

According to the position on the substrate, a sparse matrix A was set up with the coefficients
of the left-hand side. The unknown parameters were put into the vector X. The right-hand side
was summarized in a vector B. Via matrix inversion method, the system of equations was

solved to find the desired quantities (temperature or mass concentration of water) in X [33]:

[x] = [B][A]™" (119)
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2.3.5 Simulation Strategy

The simulation program was written in Matlab®. Reasonable accuracy is guaranteed at
resolutions as low as At = 0.5 s and Ax = 0.0144 m, which means for a drying process of drying
time tgrying = 80 s, a calculation time of about 40 s on an HP Pavilion with Intel i5-4200U
processor (2.3 GHz) and 8 GB RAM. An estimate of the resolution influence that means
simulation results for coarse to fine grids of space and time discretization, is given in appendix
Figure 101 and Figure 102. A simplified flowchart of the simulation program is given in Figure
33. The flowchart does not include details for the calculation of the convective fluxes. This
calculation procedure was done as explained in the article of Abramzon and Sirignano with the
manipulated relations from the previous chapter [32]. The Spalding heat transfer number was
calculated in an iterative way with the stopping criteria of less than 0.1 % deviation from the
results of the previous iteration step. Material properties were calculated as stated in the
Materials section.
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Defining Drying Time:

tdrying

Defining/Calculating Physical Properties

Wet Drying Air:
Pinf, Pinf,H20, Ninf, Cp,inf ;}\inf; Vair, Dinf,HZO

Wet Substrate:

Defining Grid Size:

At, Ax

Psub, Psub,H20, Cp,sub/ }\sub; Dsub,HZO; ¢sub; Ahsorp,HZO;
Dsorp, Ahvap,HZO/ Psat,H20, I-sub; dsub; Wsub; FO/ Fom

Gas Film:

Pfilm, Pfilm,H20, Nfilm, Cpfilm ,Afilm, Dfilm,H20, Re, Pr, Sc,
Le

|

Setting Initial
Conditions:

Tamb; Tinf, Tsub; Tfilm;
Winf,H20, Wsub,H20,
Wrilm,H20, Pamb

Initializing Data Struct

m=m+1

Calculate Transport
Properties at Position
Ax*m for Time At*n
and Store in Data
Struct:

NUO, Sho, mconv, QSub;

Display and Store
Results

Bi, Bim
Solve Discretized Update Data Struct
Differential Equations for New Conditions
at All Positions
Simultaneously via Wet Substrate (t,x):
Matrix Inversion Psubs Psub,H20; Cp,subs Asub,
Method: Dsub,HZO; Ahsorp,HZO;
QPsorp, Ahvap,HZO, Psat,H20,
Tsub(trx)r Wsub,HZO(trX) FO, FOm
Gas Film (t,x):
Pfilm, Pfilm,H20, Nfilm,
Cpfilm, Asilm, Dfilm,H20, Re,
Pr, Sc, Le

n=n+1

Figure 33 - Flowchart of the simulation.
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3 Materials

3.1 Curtain Coating

3.1.1 Coating Liquid - RS2 Std.

3.1.1.1 General Information

The coating suspension is an aqueous based mixture that includes undissolved mineral
components, dissolved polymeric components and low molecular substances. This

suspension possesses barrier properties at a sufficiently dried state.
3.1.1.2 Rheological Behavior
3.1.1.2.1 Ostwald-De Waele Parameter

The rheological behavior was quantified using the Ostwald-De Waele model (8). The flow
curves of three batches of the coating liquid were analyzed in the shear rate range between

10 and 1000 s to give the result (for more details see appendix, Table 27):

Table 1 — Ostwald-de Waele Parameter of RS2 Std.

Ostwald-De Waele Parameter

no 0.97 +0.01

Ko 0.51 +0.07

The parameters indicate that the suspension behaves like a pseudo-plastic (i.e., a shear
thinning liquid) since the flow index n, is smaller than one. The absolute difference from one

is rather small. This means that nearly Newtonian behavior was observed.
3.1.1.2.2 Influence of High Shear Step

If fluid is forced through the slit of the coating device, it is exposed to a high shear rate for a
short period (typically in the orders of 1000 s* for 100 ms). The influence of this shear rate
step on the viscosity downstream was investigated (Figure 34). The change of the viscosity
was calculated from the viscosity downstream of the high shear step (at 40 s*) divided by the

viscosity upstream (at 100 s*) minus one as given by:

Nchange = Adown _ 1 (120)
Nup
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Influence of High Shear Step

viscosity change
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Figure 34 - Influence of high shear step on downstream viscosity

20005’

The downstream viscosity was evaluated 2 s from the high shear step for RS2 Std., since this

is a typical residence time on the inclined plate of the coating device. For comparison, one

experiment did not include the high shear step. All bars of shear rates below 2000 s of RS2

Std. in Figure 34 have similar heights. This means literally no influence of the high shear step

below 2000 s on RS2 Std. Although different shear rates were set up- and downstream, the

viscosity is equal within three percent. This supports the calculated flow index near one.

Further details are given in the appendix, Table 29.

3.1.1.3 RS2 Std. for Limiting Coating Phenomena

Table 2 - RS2 Std. properties for investigation of coating phenomena

RS2 Std. Properties

Density [kg/m?] 1097
Solid Content [kg/kg] 0.266
Dynamic Viscosity [mPas] 9385
Surface Tension [mMN/m] 33

3.1.1.4 RS2 Std. for Impingement Velocity

Table 3 - RS2 Std. properties for investigation of impingement velocity effect

RS2 Std. Properties

Density [kg/m?] 1097
Solid Content [kg/kg] 0.269
Dynamic Viscosity [mPas] 620
Surface Tension [mMN/m] 33
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3.1.1.5 RS2 Std. for Operability Window

Table 4 - RS2 Std. properties for investigation of the operability window

RS2 Std. 1 RS2 Std. 2 RS2 Std. 3
Storage Time [d] 1 20 20
Density [kg/m?] 1100 1100 1070
Solid Content [kg/kg] 0.270 0.266 0.212
Surface Tension [mMN/m] 32 32 32
Dynamic Viscosity [mPas] 353 600 166

3.1.2 Coating Liquid - RS3 Std.

3.1.2.1 General Information

The coating suspension is an aqueous based mixture that includes mainly undissolved mineral
components, small amounts of dissolved polymeric components and low molecular

substances. This suspension possesses no barrier properties.
3.1.2.2 Rheological Behavior
3.1.2.2.1 Ostwald-De Waele Parameter

The rheological behavior was quantified using the Ostwald-De Waele model (8). The flow
curves of three batches of the coating liquid were analyzed in the shear rate range between

10 and 1000 s to give the result (for more details see appendix, Table 28):

Table 5 - Ostwald-De Waele parameter of RS3 Std.

Ostwald-De Waele Parameter

no 0.75 +0.02

Ko 0.48 +0.15

The parameters indicate that the suspension behaves like a pseudo-plastic (i.e., a shear
thinning liquid) since the flow index is smaller than one. The absolute difference from one is

rather large, this means that the behavior substantially deviates from Newtonian.
3.1.2.2.2 Influence of High Shear Step

If fluid is forced through the slit of the coating device, it is exposed to a high shear rate for a

short period (typically in the orders of 1000 s for 100 ms). The influence of this shear rate
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step on the viscosity downstream was investigated (Figure 34). The change of viscosity was
calculated from the viscosity downstream (at 70 s?) divided by the viscosity upstream (at
100 s) minus one as given in equation (120). The downstream viscosity was evaluated at
1.5 s from the high shear step for RS3 Std. since this is a typical residence time on the inclined
plate of the coating device. For comparison, one dataset did not include the high shear step.
For RS3 Std., the high shear step shows slightly higher influence than for RS2 Std., but the
viscosity changes less than 5 %, which is negligible for the purpose of this thesis. The
difference of the shear rates before and after the high shear step is influential for RS3 Std. with

changes as high as 15 %. Further details are given in the appendix, Table 30.

3.1.2.3 RS3 Std. for Limiting Coating Phenomena

Table 6 — RS3 Std. properties for investigation of limiting coating phenomena

RS3 Std. Properties

Density [kg/m?] 1270
Solid Content [kg/kg] 0.397
Dynamic Viscosity [mPas] 97
Surface Tension [mMN/m] 36

3.1.2.4 RS3 Std. for Impingement Velocity

Table 7 — RS3 Std. properties for investigation of impingement velocity effect

RS3 Std. Properties

Density [kg/m?] 1270
Solid Content [kg/kg] 0.397
Dynamic Viscosity [mPas] 97
Surface Tension [mMN/m] 34

3.1.2.5 RS3 Std. for Operability Window

Table 8 — RS3 Std. properties for investigation of the operability window

RS3 Std. 1 RS3 Std. 2 RS3 Std. 3
Storage Time [d] 1 20 1
Density [kg/m?] 1285 1260 1270
Solid Content [kg/kg] 0.414 0.400 0.435
Surface Tension [mMN/m] 31 32 34
Dynamic Viscosity [mPas] 92 47 127
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3.2 Drying of Coatings

3.2.1 Humid Air

3.2.1.1 General Information

Humid air in the drying chamber functions as energy source and takes up vapor from the
substrate. Properties depend on temperature and water content. Formulas are shown for
conditions outside the thermal and concentration boundary layers. The properties within the
boundary layers are calculated analogously by replacing T, s by Tfym or Ts,, and using the

corresponding water concentrations.
3.2.1.2 Density

Relative humidity ¢,,, Was measured at room temperature near the blower entrance. By
assuming an ideal gas and constant pressure, the density in the drying chamber is calculated
in the following way (for calculating the saturation pressure at room temperature, the Antoine
equation (121) was used) [34]:

B

DPsat,amb,H20 = 10A_C+Tamb (121)
Pamb,H20 = Psat,amb,H20Pamb (122)
(Pamb — Pamb,H20) Pamb,H20
Pinf H20 = o o Mw iy + =222 MWy (123)
RTinf RTinf

The Antoine parameters were taken from [35], the molecular weights from [36] and the ambient

pressure was assumed to be constant at 101.3 kPa.
3.2.1.3 Viscosity

The kinematic viscosity of dry air was fitted from reference [36] in the range of 20 to 400 °C
(Figure 35). The dynamic viscosity of water vapor was calculated by the method of Chung et
al. This method is recommended for gases at low pressure and is based on the Chapman-

Enskog theory as given by [35]:

Fenzo(Mwy2oT; f)1/2
Ninf 20,9 = 40.785— —— (124)

/
Venzo™ "y 20

With F, o0 = 1 — 0.2756wy50 + 0.0590351, 120" + k2o that considers the acentric factor

HH20

wy20, the reduced dipole moment ;. 0 = 131.3 and the association factor

(VeH20Tc H20) Y2
Kuz0- The viscosity-collision-integral 2, 20 = [A,(T*) 78] + C,[exp(—D,T*)IE,[exp(—F,T*)],
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consists, besides the constants, of T* = 1.2593T,. ;0 With the reduced temperature of water

at drying temperature T, ;0.

10°8 Kinematic Viscosity Dry Air

~

f(T)=7. 7584-11T2+9.1045¢-08T+1.3163e-05

]

R=1

o

N

kinematic viscosity in mls
-

S

0 50 100 150 200 250 300 350 400 450
temperature in °C

Figure 35 - Fit of temperature dependency of dry air viscosity from data of [36].

Tsilingiris (2008) recommends to use the mixing rule of Reid with an enhancement factor

(=correction to saturation pressure) and a compressibility factor of one, which reads [34]:

(1 = Xing 120, Ming air Xinf,H20,gMinf,H20,g
Ninf = (125)
(1 - xinf,HZO,g) + Xing,H20,9Paw  Xinf,H20,9 T (1 - xinf,Hzo,g)¢wa
with the interaction parameters given by [34]:
\/_ 1T 1 172
2 Mwg,-\ 2 ; ir \2 /MW, 4
¢aw — _(1 + air ) 1+ < nmf,alr ) ( HZO) (126)
4 MWHZO 77inf,H20,g MWair
\/_ 1T 1 172
2 Mw 2 ; 2 (MW, i \%
¢wa _ _(1 + H20> 1+ <nlnf,H20,g> ( alr) (127)
4 MWair ninf,air MWHZO

3.2.1.4 Specific Heat Capacity

The specific heat capacity of humid air was calculated with the ideal mixture assumption [34].
The specific heat capacity of dry air and water vapor were assumed to be constant at 1022

and 1926 J/(kgK), respectively, and the mixture data was evaluated by:

Cp,inf = Cp,inf, H20,gWinf,H20,9 + Cp.air(l - Winf,HZO,g) (128)

Property data of reference [36] was used.
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3.2.1.5 Thermal Conductivity

The thermal conductivity of water vapor was assumed to be constant at 0.0184 W/(mK) [36].

The thermal conductivity of dry air was fitted from data of reference [36] in the range of O to
400 °C (Figure 36).

1078 Thermal Conductivity Dry Air
6
f(T)=-2.8333e-1 17247.80136-08T+2.41796-05 -
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=
Q
(=]
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=
=
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=
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Figure 36 - Fit of temperature dependency of dry air thermal conductivity from [36]

Again, the mixing rule of Reid was used to calculate the thermal conductivity of humid air by
[34]:

Ao = (1 - xinf,HZO,g)/linf,air xinf,HZO,g/linf,HZO,g
inf —
(1 - xinf,HZO,g) + Xing H20,gPaw  XinfH20,9 T (1 - xinf,Hzo,g)¢wa

(129)

3.2.1.6 Diffusion Coefficient of Water Vapor in Air

The diffusion coefficient of water vapor in air was calculated according to the method of Wilke

and Lee for binary gas mixtures and low pressure as given by the following relation [35]:

3.03 — Ll 1073T;, %/

MWHZO,g, airE (130)
Dinf,HZO,g = 1

5 2
pambMWHZO, air2 UHZO,g, air -QD

. 2 . . .. . A C
with Mwy,0 0y = ——— and the diffusion-collision-integral 2, = o ‘;BD exp(DDT* 5
Mwh20 Mwgir wL biwi
E G - kpT; L€ ; € N/2
D___ 4 D__ This includes Ty, = —2-2 with 222920 _ ( H20.9 g“—”) with — =
exp(FpTy) exp(HpTy) €H20,g, air kp kp kg kp

1.15T},. The characteristic length is 0y20,g,air = (On20,g%air)*/? With o = 1.18V,/3.
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The molar liquid volume at boiling temperature was calculated according to Tyn and Calus by
[35]:

V, = 0.2851,1048 (131)

3.2.2 Wet Cardboard

3.2.2.1 General Information

Cardboard absorbs thermal energy and releases water vapor and is generally named
'substrate’ in this thesis. Again, properties depend on moisture content and temperature. For
all but the drying experiments with coating liquids (RS2 Std. and RS3_C), untreated ACK 350
cardboard produced by MM Karton GmbH Frohnleiten was used. For the other experiments
ACK 350 cardboard with standard coating was used. The porosity of both types is 40 %, sheet
thickness is 490 um and the grammage after storing at standard ambient conditions is around

350 g/m?. The cardboards are partly based on recycled raw materials.
3.2.2.2 Density

It is assumed that only the fraction of coating water which exceeds the pore volume leads to
an increase of substrate volume compared to the uncoated cardboard. The density is given as

follows:
Msup = GsupAsub T Meoat (132)
if: Vsubnzo < PsubAsubdsub = Vsur = Asubdsup (133)
else: Vsyp = Asupdsup + (Vsub,n20 = PsubAsubdsub) (134)
poub =5 (135)

Here, the grammage G, is a constant substance property for a certain type of cardboard and

the coated mass m.,,; iS given by the coating adjustments, as explained in 4.1.7.4 below.
3.2.2.3 Specific Heat Capacity

The specific heat capacities of pulp fibers and liquid water were assumed to be constant at

1450 and 4190 J/(kgK), respectively. The mixture was assumed to be ideal and was calculated

by:
Cp,sub = Cp,HZO,leub,HZO + Cp,sub,dry(1 - Wsub,HZO) (136)

The specific heat capacity of pulp fibers was taken from [29] that of liquid water from [36].
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3.2.2.4 Thermal Conductivity

The thermal conductivity of the porous, wet substrate is divided into four contributions by the
model of Krischer and Kast (1979) [37]. The thermal conductivity of the solid (=0.60 W/(mK)
from [29]), of liquid water (=0.58 W/(mK) from [36]), of air and of a vaporization/condensation
mechanism is considered in the model. Besides substrate properties like porosity ¢, two
model parameters must be known a, b. The parameter a was evaluated by Palosaari for paper
materials and was taken from reference [29] to be 0.46. Parameter b is not known to the author
for paper materials and was therefore fitted from data of reference [37] for porous mineral
substances. The parameter gives the relation between wetted pore walls and volume fraction

of moisture in the substance. The fit is shown in Figure 37.

Parameter b in Krischer and Kasts Model
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Figure 37 — Parameter b of Krischer and Kast’'s model for mineral substrates [37].
The contribution of the vaporization/condensation mechanism is given by [37]:

1 _ Duzo,g,air MWhzo Pamp dPsat,H20 (137)
diff =
i R Pamb — psat,HZO dT

Here, dpsqen20/dT is given by the Antoine equation near the substrate temperature. The
model of Krischer and Kast combines the four contributions in a serial and parallel way. The
relative portions of the serial and parallel contributions are given by the model parameter a.

The thermal conductivity of the wet substrate is found via the following relations [37]:

Apar = Asub,dry(l - ¢sub) + /1H20,l¢sub + b(/lair + Adiff) (¢sub - wsub)

(138)
+ (1 - b)lair(¢sub - lpsub)
1L = 1
ser (1 - ¢sub) + l/)sub + b(¢sub - lpsub) + (1 — b)(¢sub — lpsub) (139)
Asub,dry /1H20,l (Aair + Adiff) Aair
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Aup =T ¢ (140)
T7

Apar ser

with the volume fraction of water in the substrate 1,;,. A characteristic trend of high thermal
conductivity for medium moisture contents and high temperatures was reproduced with the
current model (Figure 38). This trend originates from the contribution of the
vaporization/condensation mechanism, which is highest for fully wetted but not fully filled pores
[37].

Thermal Conductivity of wet Substrate

Thermal Conductivity [Wim K]

L L L 1 1 L L )
u] 0.2 0.4 0.6 (W= 1 1.2 1.4 16
Wiater Load [kgfkg]

Figure 38 - Thermal conductivity of wet cardboard.
3.2.2.5 In-Plane Diffusion Coefficient of Liquid Water in Substrate

Paper materials exhibit strongly anisotropic diffusion characteristics [38]. The in-plane diffusion
coefficient is poorly investigated and the used model from Hashemi et al. (1997) was set up
for Kraft paper [38]. However, investigations of the influence of the absolute value of in-plane
diffusion coefficients showed a weak influence on simulation results, as seen in the appendix

(Figure 104). The following equation was applied to find the in-plane diffusion coefficient [38]:
Dsup 20 = Apqifpe Braiss/Wsubzo (141)

With Weyp 20 = max(0.08, Weyp, H20)-

3.2.2.6 Heat of Vaporization of Pure Water

The heat of vaporization of pure water is calculated by the integrated form of the Clausius
Clapeyron equation with saturation pressures calculated for +1 °C of the substrate temperature

by the Antoine equation. The Clausius Clapeyron equation reads:
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]n<psat,H20(T5ub_1)>
R Psat,H20 (Tsub+1)

Ahvap,surf,HZO =MWH20 ( 1 1 ) (142)

Tsub+1 Tsub-1

3.2.2.7 Net Isosteric Heat of Sorption and Desorption Isotherm

Type-2-shaped desorption isotherms were found from desorption experiments on the wet

substrate (Figure 39) [39]. The shape is in agreement with isotherm-shapes of similar
substrates [40-42].
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Figure 39— Experimentally determined desorption isotherms for untreated ACK 350 at 40 °C
(left) and 60°C (right).

Based on the data sets given in the appendix (Table 33 and Table 34), five fitting models for
sorption isotherm data were tested (Modified Chung-Pfost, Modified Henderson, Modified
Oswin and Modified Halsley from the work of Menkov (2000) in [43] and a modified GAB-
version from the work of Staudt et al. (2009) in [44]). The modified GAB-version gave best
results, although the experimentally evident temperature dependency is fairly reproduced as
can be seen in Figure 41. The recommended SISH-method (=Single Isotherm Single Heat)

was used to analyze the data as follows:

The standard GAB-equation reads [44]:

K48Wmon,sub,H20CeaB%H20
(1 —kgapau20)(1 + Kgapanz20(Coap — 1))

Wsub,n20 = (143)

with the moisture content on dry basis (=mass load) Wg,;, 20, the mass load of the first
moisture layer Wy, sup n20, the Guggenheim constant C; 45, the water activity in the gas phase
a0 and a constant to distinguish between first- and multilayers k;45. Data was fitted at a

reference temperature to extract k¢ ap, Wion,sub,zz0, Coas Y [44]:
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0 0
KGaBWmon,sub,u20C648%H20

1- kGABaIOJZO)(l + kGABaIOJZO(CgAB - 1)

Ws%b,HZO = ( (144)

The Guggenheim constant is used to account for the temperature dependency and can be
written in Arrhenius form as [44]:

0 Qo 1 1
Ceap = CGap€Xp R\T b __TO (145)
su

sub

with the overall sorption energy @, the Guggenheim constant at the reference temperature
C2,p, the gas constant R, the reference temperature TS, and the current temperature Tg,;,.
The net isosteric heat of sorption 4h,,,, can be found if isotherms of at least two different

temperatures are known by the Clausius Clapeyron equation given by [44]:

Ahsor}o 1
R Tsub

In Apoo = — (146)

The plot of In(ay,) versus — 1/Ty,;, forthe two reference temperatures leads to lines of slope
Ahg,rp/R. Here, the widely used assumption of independence of isosteric heat of sorption from
temperature was assumed [44]. Figure 40 gives the result for the net isosteric heat of sorption.

The shape of the curve can be explained as stated by Quirijns et al. (2005) [45].

During drying of hygroscopic materials, it is seen experimentally that more and more energy is
consumed to reduce moisture content for decreasing moisture loads. At high moisture load,
the consumed energy is literally the heat of vaporization of the pure liquid. At lower moisture
load an extra amount of energy, the net isosteric heat of sorption, is needed, which increases
with decreasing moisture load. This is because more and more water from active sites instead
of free water has to be removed. The maximum at low, but not zero, water loads is explained
by cooperative effects of water molecules, which vanishes at too low water loads.
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Figure 40 - Net isosteric heat of sorption calculated from experimental data for untreated

ACK 350.
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The received maximum value (44 kJ/mol H;O) is higher than values of similar substrates like
Kraft paper (27.4 kd/mol H20) or SBS (=Solid Bleached Sulphate) cardboard (26.8 kJ/mol H,0)
given by Rhim and Lee (2009) [42]. The overall sorption energy Q is found by applying the
following relation, which was derived by Staudt et al. (2009) via inserting the temperature
dependency of the Guggenheim constant in the original GAB equation, integration and some
further manipulations. The result reads [44]:

2 2
Keap“Qafzo” — 2kgapQago + Q

2
(Cap — 1)kGABa19120 +1

Ahsorp (Wsub,HZO) = (147)

The temperature dependency of the desorption isotherm can hence be included in the
conducted calculations. However, as can be seen in Figure 41 the prediction fairly reproduces
experimental data.
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Figure 41 - Fitted isotherms from experiment (full lines) and predictions from model of other

reference temperatures (dotted lines).
3.2.3 Coating Liquids

The coating liquids were investigated with the methods explained in the Curtain Coating
section. The results are given in Table 9. For the drying section, a slightly modified version of
RS3 Std. was used. It is here referred to as RS3_C.

Table 9 - Properties of coating liquids for drying experiments

Properties RS2 Std. RS3 C
Density [kg/m?] 1094 1330
Solid Content [-] 0.267 0.448
Dynamic Viscosity [mPas] 515 162
Surface Tension [mMN/m] 30 33.5
Grammage of Coating [g/m?] 8.5 18.5
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4 Analytical and Processing Methods

4.1 Curtain Coating

4.1.1 Production of Coating Liquids

Coating liquids for the use on the considered coating unit were produced directly at the
corresponding facilities of the production division of Mayr-Melnhof Karton GmbH Frohnleiten,
or in a laboratory-scale batch reactor. The IKA® Standard Production Plant 50 laboratory batch-
reactor can be used up to 200 °C, under vacuum or up to 8 bar overpressure. The reactor
volume is 50 L. For mixing, a Turbotron RFG-02-A stirrer and a Process-Pilot UTL 2000/4
disperser are integrated. A dosing system, driven by a peristaltic pump, different manual inlets
and a weighing system are included. Furthermore, a temperature-control system (SPP 50), a
vacuum system (MP 25/50 (50 Hz)) as well as a real time pH (CPS71D Memosens) and a

viscosity (MIVI) measurement system are built in [46].
4.1.2 Mass Measurement

High precision mass determination was performed with a Mettler Toledo XS204 balance. The
sensitivity is 0.1 mg with a maximum sample mass of 220 g and a minimum recommended
sample mass of 82 mg [47]. If less sensitivity was needed, a Kern 572 scale was used with a
sensitivity of 1 mg and a recommended sample mass range between 3010 and 0.1 g [48].

4.1.3 Dynamic Viscosity of Liquids

4.1.3.1 Set-Up

Viscosity measurements were performed on Anton Paar MCR 301 and Anton Paar MCR 302
rheometers. Both rheometers can perform rotational as well as oscillational tests. As a
measuring system, a concentric cylinder equipment with high clearance was used, which is
recommended especially for highly viscous liquids [49]. The operation method is the Searle-
method in which the cup is kept still while the cylinder is rotated. A sketch of the measurement

system and the equation to extract viscosity data is given below [49].

_t(R) _(RE-RD)M
T=Y@®R) ~ 4nlRZR? w

(148)

With the dynamic viscosity n, the shear stress 7, the shear rate y, the cylinder radius R;, the

cup radius R,, the length of the cylindrical part L, the torque M and the rotational velocity w.
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Figure 42 - Rheometer measurement system [49].
4.1.3.2 Apparent Viscosity for Curtain Coating Experiments

Finding the adequate viscosity for the Curtain Coating process is important. High viscosity, on
the one hand, helps to dampen small disturbances and hence has positive effects on the
stability of the liquid sheet. On the other hand, it promotes the growth of the mentioned
boundary layer along the edge guides, which eventually leads to curtain break-up. This means
there is an optimum range for viscosity. All coating liquids investigated, are aqueous based
suspensions and exhibit non-Newtonian behavior to different extents. The viscosity not only
depends on the shear rate, but also on the shear history. To find an apparent viscosity in the

curtain, the coating set-up was analyzed by means of two parameters (Figure 43):

e characteristic shear rates for the individual flow situations

e residence times in these flow situations

Slitﬂgﬁ\ Fyllim Film Flow
Pipe Flow
y Flow
B

Figure 43 - Investigated flow situations during Curtain Coating.
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As a first step, the dependency of the viscosity of the coating suspensions on shear rate must

be quantified. This was done by the Ostwald-De Waele model:
T = Kyy™o (149)

A double logarithmic plot of the shear stress T against the shear rate y gives a linear curve with
slope as the flow index n, and intercept as the consistency index K,. A flow index smaller than
one indicates shear thinning behavior and larger than one shear thickening behavior. The
amount of deviation from Newtonian fluids is quantified by the absolute difference of the flow
index from one. For the bulk shear rate in the pipe flow region, the following relation was used
[50]:

. 8vm,pipe
ybulk,pipe = D.. (150)
pipe
The bulk shear rate in the slit flow region is given by [50]:
. 8vm,slit
Viutkstie = (151)
h,slit

where the hydraulic diameter is given by the well-known formula Dy, = 44,055/ Usiic- The bulk
shear rate in the falling film region can be estimated by [51]:

3Vmstide

Vbulk,slide = (152)

htiim

The well-known formula for film thickness of a liquid flowing down an inclined plane of angle a

to the horizontal reads [52]:

. 1/3

3w,V

hipn = < L. > (153)
plelidegS"n(a)

This means that the film thickness depends on the apparent viscosity y; but the effective shear
rate (which is connected to the apparent viscosity by (154)) depends on the film thickness. The

effective viscosity of an Ostwald-De Waele liquid can be expressed as:
-np—1
= KoV o stide (154)
and the mean fluid velocity is given by:

v

S (155)
hfilmWslide

Um,slide =
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Combining (153), (154) and (155), the film thickness reads:

1/(1+2np)

30KV, ) (156)

Ryitm = (mW”O gsin(@)

slide

An example for the use of these relations is given for understanding. Consider a coating liquid
with consistency index K, = 0.48 and flow index n, = 0.75 for a flow rate of 1 L/min and the

following set-up:

Table 10 - Set-up for calculation of apparent viscosity.

Flow situation Length [m] Cross Sectional Area [m?]
Pipe Flow 3 11 x10°
Slit Flow 0.01 15 x10°
Falling Film Flow 0.08 44 x10°"

* the film thickness is hy;;, = 1.7 mm, the slide width is 0.25 m.

The shear rates and residence times can be calculated according to the above equations.

Based on these parameters, a stress jump experiment can be set up.

Table 11 - Calculated parameters to evaluate apparent viscosity from measurement.

Flow situation Residence Time [s] Bulk Shear Rate [s]
Pipe Flow 21 96
Slit Flow 0.09 743
Falling Film Flow 2.1 64

4.1.3.3 Viscosity Measurements
4.1.3.3.1 Rheometer Inertia

The minimum time after a stress jump to extract meaningful viscosity data from rheological
measurements was investigated. Apparatus inertia is known to interfere with signals,
especially for stress jump experiments as planned in this thesis. The influence time was
investigated by using a Newtonian oil. The oil was stressed at a high shear rate, and suddenly
the shear rate was set to the minimum of the device to extract data [53]. As a result, the shear
stress should suddenly drop to zero, which is not the case in real experiments. Apparatus
inertia leads to the so-called 'inertia ringing’, which limits the minimum time after the high shear

step to extract meaningful data (Figure 44) [54]. The experiment was conducted as follows:
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20 mL of a Newtonian oil (OMV 200) with dynamic viscosity of 144 mPas at 25 °C was injected
into the rheometer cup at RT. The oil was stressed with the following settings, and the shear

stress against time was recorded.

Table 12 - Settings for investigation of the rheometer inertia.

Anton Paar MCR 302

Method visco-elastic

Temperature 25°C

Duration 201s 20s
Shear Rate 2000 st min. (=0.1 s™)
Data Recording 1ls 10 ms

Inertia Elastic Ringing OMV 200 Oil
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Figure 44 — Results of rheometer inertia measurement.

The experiments revealed that substantial influence from the rheometer can be seen up to 300
ms after the stress jump. Up to 1400 ms the signal is influenced. Data recorded closer than

300 ms to the stress jump were therefore neglected in any case.
4.1.3.3.2 Flow Curve

20 mL of a coating liquid at 40 °C was injected into the tempered rheometer cup. The liquid

was stressed with the following settings:
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Table 13 - Settings of the rheometer for the flow curve measurement of coating liquids.

Anton Paar MCR 301/302

Method visco-elastic
Temperature 40 °C
Number of Points 100
Shear Rate 0.1-2500 s*
Point Distribution logarithmic

4.1.3.3.3 Influence of High Shear Step

20 mL of a coating liquid at 40 °C was injected into the tempered rheometer cup. The liquid

was stressed with the following settings:

Table 14 - Settings of rheometer for investigation of influence of high shear step.

Anton Paar MCR 301/302

Method visco-elastic

Temperature 40 °C

Duration 30s ls 30s

Data Recording 10 ms 100 ms 10 ms
Shear Rate RS2 Std. 100 s* 0/500/1000/2000 s 40 st
Shear Rate RS3 Std. 100 st 0/500/1000/2000 s 70 st

4.1.3.3.4 Stress Jump

20 mL of a coating liquid at 40 °C was injected into the tempered rheometer cup. The liquid

was stressed with the following settings (each result is the mean of two measurements):

Table 15 — Settings of rheometer for stress jump measurement.

Anton Paar MCR 302

Method visco-elastic

Temperature 40 °C

Duration 30s ls 30s

Data Recording 10 ms 100 ms 10 ms
Shear Rate RS2 Std. 100 st 1000 s 40 st
Shear Rate RS3 Std. 100 s 1000 st 70 s?
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4.1.4 Dynamic Surface Tension

4.1.4.1 Set-Up

The dynamic surface tension was measured with a SITA pro line t15 bubble pressure
tensiometer. Single-use PTFE capillaries with an inner diameter of 800 um were used at the
air exit. In this device, air is pumped into a liquid at different pumping speeds and the pressure
is measured. A bubble forms at the tip of the capillary. At the point when the bubble radius
equals the capillary radius, maximum pressure is reached (maximum of curvature) [55]. The
surface tension is measured for different bubble ages using the Young-Laplace equation. A
process sketch and the working equation, Young-Laplace equation for spherical bubbles, are

given below [55],

Y = (Pmax — Pmin)R/2 (157)

with the surface tension of the corresponding bubble age y, the maximum pressure p,,qx, the

hydrostatic pressure p,,;» and the bubble radius R.

pressure
purmp girstore control valve sensar
capillary

Figure 45 - Set-up of the bubble pressure tensiometer [55].
4.1.4.2 Dynamic Surface Tension for Curtain Coating Experiments

High Weber number enhances stability of the falling liquid sheet. High Weber numbers can be
caused by low surface tension. For reducing surface tension, surface-active substances are
essential for agueous coating solutions in the field of coating technology. Surfactants adsorb
on the interface of the coating solutions and thus, lower the surface tension. The surface
concentration can be orders of magnitude higher than in the bulk liquid. However, if new
surface is generated in accelerating flows, or the surface is disturbed by stirring, this strongly
influences the surface concentration of these substances. A certain period of time elapses
before the new equilibrium is formed. Molecules balance concentration gradients on the
interface and diffuse from the bulk to establish the new equilibrium. If surface tension is

measured during this period, a dependency on the surface age or the time elapsed after the
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disturbance is the result. After a long enough period, the equilibrium value is reached. In the
sheet forming zone, a new, free interface forms, and in the Curtain Flow Zone fresh interface
is generated by acceleration. This obviously suggests to use the dynamic instead of the static
(or rather equilibrium) surface tension. Choosing the proper surface age for the process is an
important step to connect the evaluated parameter with the problem in consideration. For the
considered process, the difference of the curtain velocity in main flow direction was used to
find a characteristic strain rate. This strain rate was inverted to finally get a mean surface age
in the curtain [56]. As an example, consider a curtain of a falling height h_,,,..;;, = 0.095 m and

a velocity at the pouring edge of v,, = 0.02 m/s. The liquid has the following properties: p, =

0.35 Pas, p, = 1100 kg/m?3. A sketch is given in Figure 46.

L hertain Vimp

Figure 46 - Sketch for calculation of the surface age in the curtain.

From Brown (1961) it is known that the impingement velocity can be calculated by [21]:

2 1/2
4u 3 _1
1]imzo = {vzzw + 29 [hcurtain -2 (p_l) g 3]} (158)

l

Which presently gives v, = 1.28 m/s. The difference in velocity is therefore Av = vy, —
vpe = 1.26 m/s and the difference in height Az is essentially the curtain falling height. This gives

for the mean strain rate the following result:

= _ 1352571

Y curtain = Az

and after inversion one finds:

teurtain = 74 MS
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The order of magnitude of t.,,+qin IS Cconfirmed in the book of Kistler and Schweizer (1997),

where 10-100 ms is given as the range of characteristic surface ages in Curtain Coating [57].
4.1.4.3 Preperation of Capillaries

The bubble pressure tensiometer was operated with single-use PTFE capillaries of an inner
diameter of 800 um. For economic reasons it is advantageous to order tubes of several meters
length and trim them to the required length. Production of smooth and straight cuts without
squeezing the tube and a minimum in length difference between final capillaries is essential
during this step. At the same time, production speed should be high enough to make it
economical. For this reason, a simple device was built where the PTFE tube enters a narrow
channel, slightly larger than itself, and is gently pushed against a bordering wall. Using a
Stanley knife, the tube can be cut smoothly (Figure 47).

Figure 47 — Capillary cutting tool.

4.1.4.4 Calibration of the Bubble Pressure Tensiometer
41.4.4.1 Basics

Measuring the dynamic surface tension via the maximum bubble pressure method is found to
give different curves by using different apparatuses or capillaries. The reason lies in varying
dependencies of the bubble surface area on time Ay, ppie(t). Without knowing about this
dependency for the used set-up, it is impossible to convert the nominal surface age to a surface
age of universal validity. Christov et al. developed a new approach for quantitative data
interpretation using the mentioned apparatus function Ay, pp(t) as well as an apparatus
constant A, Which characterizes the deviation of the nominal bubble age from the universal
bubble age [58]. Both are stated to be independent from surfactant type and concentration [58].
For the case of high numbers of 1,,,,:. @ calibration procedure is presented by Christov et al.
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[58]. They recommend using hydrophobic capillaries to produce results of best quality. The

calibration procedure is explained hereafter:

1. A set of reference solutions has to be chosen.
2. The dynamic surface tension curves for the solutions are recorded in dependency
of the nominal surface age y(tqge)-
3. The data is fitted by means of the following equation [58]:
Sy

Y =Yeq + —575
eq o, +tc1l{qze (159)

with the three fitting parameters y,, as the surface tension in equilibrium, s, as the slope of the

plot y against t;;e/z measured by the maximum bubble pressure method, and a, as the ratio

of the slope of the plot of adsorption I' against t(;;éz and the difference between adsorption at
maximum surface tension I, and at equilibrium surface tension I,. From the result, the
apparatus constant can be found by [58]:

Sy

Abubble = - (160)
y,0

Here, the parameter s, , is the slope of the plot y against t;;e/z measured with the immobile

bubble method. This method gives a universal surface age because the surface area of the
bubble is fixed during the measurement and there is no hydrodynamic and convective transport
of surfactant. For sufficiently large apparatus constants of the maximum bubble pressure

tensiometer, Christov et al. showed that the bubble age t,4, at maximum pressure is

equivalent to the surface age of an immobile and initially clean surface of the age given by
[58]:

ty = tage/ﬂ'lzwubble (161)

with the universal surface age t,. This surface age has universal validity and therefore can be

compared with the mean surface age in the curtain.
4.1.4.4.2 Experiments
Production of Salt Solutions

In a flask (1000 mL) with 1000 mL deionized water and magnetic stir bar, the appropriate
guantity of salt was added. The solution was stirred for 1 h at RT. Quantities of the salts are

given in Table 31 in the appendix.
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Production of Surfactant Solutions

The appropriate quantitiy of surfactant was added into an empty vial (200 mL) with screw cap.
The mass was determined using a high precision scale. 100 mL of the corresponding salt
solution were added, the vial was closed and shaken for 1 min. The same reference solutions
as in the article of Christov et al. were chosen to extract the given parameter s, , [58]. Two
different surfactants were used, namely, Sodium dodecyl sulfate (SDS) and
Dodecyltrimethylammonium bromide (DTAB). Quantities of surfactants are given in Table 32
in the appendix.

Measurement of Surfactant Solutions

The bubble pressure tensiometer was operated with single-use PTFE or PEEK capillaries of
an inner diameter of 800 um. Calibration with deionized water was performed using the
calibration program of the device. A control measurement of deionized water was done. For
deviations of maximum 2 mN/m from the reference values given in the handbook, the
surfactant solution was analyzed [55]. Otherwise, the capillary was changed and water-
calibration and control measurement were repeated. The capillary was submerged in the
surfactant solution, the cleaning program was run once and the surfactant solution was

measured with the following settings:

Table 16 - Settings of bubble pressure tensiometer for surfactant solution measurements

SITA proLine t15

Start Bubble Age 15 ms
End Bubble Age 20s
Number for Mean 3
Resolution High
Tolerance 5%
Refusal First

The DTAB solutions were measured three times, twice with PTFE capillaries and once with
PEEK capillaries, because of data scattering. The SDS solutions were measured twice, once
with PTFE and once with PEEK capillaries.

4.1.4.4.3 Data Processing

The surface tension curves were fitted with the Trust-Reflective-Region (TTR) and the
Levenberg-Marquardt method in Matlab® by using equation (159). Since substantial data

scattering was observed, especially for the DTAB-dataset, the quality of the data was analyzed
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statistically, and the most reliable results were extracted. Only data that fulfills the following

specifications was used for determination of the apparatus constant:

e confidence interval width < 20 % of fitted value
e no trend in residual analysis

e correlation coefficient >0.98

A 95 % confidence interval was evaluated for the fit in Matlab®. The confidence interval gives
a region where the true value of a parameter lies with a certain probability for infinitely many
repetitions of the measurement. A narrow confidence interval identifies a good quality of the fit
(Figure 48). Residuals can be evaluated by subtraction of the modelled and experimental data.
If descending or ascending trends are identified, this can give a hint on poor performance of
the model (Figure 49).

TRR-Fit 3mM DTAB in 5mM NaBr First Measurement TRR-Fit 3mM DTAB in 5mM NaBr Second Measurement
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Figure 48 - Confidence intervals of the dynamic surface tension fit of two different 3 mM

DTAB in 5 mM NaBr solutions. The narrower confidence interval (left) indicates better data.

Residuals 3 mM DTAB in 5 mM NaBr Residuals 3 mM DTAB in 100 mM NaBr
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Figure 49 - Residuals of the dynamic surface tension fit of 3mM DTAB in different salt
solutions. The left residuals are nearly normal-distributed, while the right show an almost

descending trend.
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The correlation coefficient shows the linear relation between modelled and measured data. A
number close to one shows best agreement. If more than one curve was available for a given
surfactant solution, the decision was made according to the absolute values of confidence
interval, residuals and correlation coefficient. Values extracted from measurement with PEEK
capillaries were only considered if no PTFE capillary data was available. The apparatus
constant was calculated by equation (160) from the 14 remaining surface tension curves that
fulfilled all criteria. The dataset included all SDS solutions, except the lowest concentration,
and all DTAB solutions with high salt concentration. Most measurement problems occurred for
the DTAB solutions with 5 mM NaBr and high surfactant concentration, where also two PEEK-
capillary measurements were considered. Further data is given in the appendix, Figure 103.
Results of the apparatus constants are shown in Figure 50. From analyzing Figure 50 it seems
that the SDS solutions with 10 mM of NaCl gave lowest apparatus constants. The arithmetic
mean of all apparatus constants is determined as:

Abubple = 54 £0.9

Christov et al. determined an apparatus constant for the Kriiss BP 2 device with the same
procedure of 6.07 + 0.01 [58]. As expected, the absolute values of the results are similar. The
central difference is the standard deviation, which is nearly two orders of magnitude larger for
the current study. It is very likely that the reason for this lies in the used capillaries. Although
fabrication of these components was done carefully, minor differences cannot be avoided.
Furthermore, the glass capillaries used by Christov et al. were additionally hydrophobized
before use to get a hydrophobic capillary with hydrophilic tip. In reference [58] it is mentioned
that SITA tensiometers tend to give lower surface tension for the same nominal bubble age
compared to the Kriiss BP 2. This tendency is supported by the lower apparatus constant for
the current SITA device, compared to the bubble pressure tensiometer of Kriiss that was used
in the article. The higher standard deviation found in this study implies that the determined
apparatus constant can only give an approximation and not a sharp value, which is exactly

valid in any case.
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Figure 50 - Calculated apparatus constants.
4.1.4.5 Dynamic Surface Tension Measurement of Coating Liquids

The measurement was performed analogously to the procedure explained in 4.1.4.4.2 that
describes the measurement of surfactant solutions. Only PTFE capillaries were used for

measuring the dynamic surface tension of coating liquids. Settings are given in Table 17.

Table 17 - Settings of the bubble pressure tensiometer for coating liquid measurement.

A proline
Start Bubble Age 1000 ms
End Bubble Age 3000 ms
Number for Mean 3
Resolution High
Tolerance 5%
Refusal First

Each result is the mean of two measurements. The universal surface age can be found using
equation (161). It is known that for both coating liquids, the surface age in the curtain is around
70 ms. This dictates to use a nominal surface age of t,z, = tyA5uppie = 70 * 5.4% =~ 2000 ms
to connect measured data with experiments. An example of a dynamic surface tension curve
is given in Figure 51. The corresponding surface tension at a nominal bubble age of 2000 ms

is extracted.
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Figure 51 - Example for the use of the calculated universal surface age on measured data.
4.1.5 Liquid Density

The density was measured using a 50 cm® pycnometer density cup of BYK Additives &
Instruments. The density cup was completely filled with the coating liquid at RT and closed
with the cap. Overflow could exit the cup via an exit hole at the center of the cap. The outer
shell of the cup was cleaned with water, dried, and the mass was recorded at a laboratory
scale.

4.1.6 Solid Content

Solid content of coating liquids was determined with Mettler Toledo Halogen Moisture Analyzer
HB43-S. The temperature setting was 140 °C with the stop criterion of a drying rate smaller
than 1 mg per 50 s, which is recommended for most samples [59]. The sensitivity of the scale
is 1 mg, and the permissible mass range of the sample is 0.5 to 54 g [59]. The heat is delivered

by an omnidirectional halogen radiator. A process sketch is given in Figure 52.

sample with omnidirectional
: —— halogen-radiator

gvaporating
Tt

mgisture F

'_._H_ﬂ__,_...fprecisinnscale

Figure 52 - Sketch of Moisture Analyzer.
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4.1.7 Curtain Coating Process

A detailed discussion of the Curtain Coating device in use is given in chapter 2.1.2 and is not
repeated in this section. Other devices necessary for the process and optimizations of the

device are discussed hereafter.
4.1.7.1 Edge Guide Geometry

Observations on the Curtain Coating process led to the conclusion that the geometry of the
edge guides restricts the curtain stability. On the original design, the flow tends to split into two
distinct streams. This deteriorates the mentioned thinning at the edge guides, and detachment
from the guides can be seen frequently. Coating of substrates at low flow rates was hence not
possible with this edge geometry. The left picture in Figure 53 indicates the flow of the coating
liquid along the original edge guide geometry. Simple geometries were tested without kinks or
edges, which are prone to split the flow. Best results were seen for a flat plate, which reduces
the coating width around 1 cm at both sides directly after the pouring edge (see mid picture in
Figure 53). The geometry was designed in a purely intuitive way, since no detailed design
information for simple edge guides could be found. At the start of the Curtain Flow Zone,
coating liquid is collected via the reduction of coating width on the upper end of the proposed
edge guides. This leads to a considerable increase of coating liquid flowing along the guides
and therefore reduces the risk of detachment. The impact was satisfactory since the minimum
flow rate to form a stable curtain was reduced to about one third of the original process. The
only evident drawback is the reduction of the coating width from 25 to 23 cm. In the right picture
of Figure 53, the new edge design during a coating procedure is shown. The collected liquid
pool at the upper plateau and the thinning along the guide is obvious.

Figure 53 - Edge guide designs with original edge guide geometry (left), proposed edge

guide geometry (mid) and proposed edge guide geometry during the process (right). The
arrows indicate liquid flow.
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4.1.7.2 Air Flow Protection

Air flow dragged along with the moving substrate, or pushed along the transport plate, is
minimized by an air shield below the coating device and a sharp-edged front of the transport
plate. The air shield was designed analogously to the patent of Hughes (1968) [10]. The
invention presented three air shields with scoop-shaped ends mounted in tandem. The shields
should be positioned close to the moving web to efficiently remove air from the surface. Figure
54 shows the air shields installed on the coating apparatus at a potential working position. The
sharp edge at the front of the transport plate was installed during reconstruction work for the
convection dryer. Prior to this, a sharp-edged extension of cardboard was mounted at the front

of the transport plate.

Al

Figure 54 - Installed air shields at potential working position directly above the transport

plate.
4.1.7.3 Other devices

Coating liquids had to be stirred in the reservoir during the coating process. Closed Visco-Jet®
stirrers of conical geometry were used. Due to the specially designed stirring geometry,
coalescence of small air bubbles in the liquid occurs, and deaeration can be performed while
mixing. To the feed of the coating device, liquid was transported by a Netzsch
NMO021BY02S12B progressive cavity pump. The maximum volume flow rate is 7.5 L/min at a
revolution speed of 352 min™ [60]. The specified temperature range is 10 to 35 °C [60]. A
magnetically coupled Scherzinger gear pump type 4030-710-B-DM-75-2 was used for
discharge of the liquid collected in the coating pan. The pump is specified for liquids in the
viscosity range of 0.5-3000 mPas and temperatures between -20 and 130 °C [61]. The
maximum volume flow rate is 24.85 L/min at the maximum revolution speed of 3500 min [61].
Volumetric flow rate of coating suspensions was measured in the range of 0 to 5 L/min with an
accuracy of 0.1 L/min by the electromagnetic flow sensor KROHNE OPTIFLUX 4000 and the
appropriate signal converter KROHNE IFC 300. The tools were installed according to the
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manual description by the Electrical Bureau of MM Karton Frohnleiten. The calibration was
done by KROHNE. The measuring principle is as follows [62]: An electrically conducting fluid
enters an electrically insulating pipe of known cross section. A magnetic field, perpendicular to
the flow direction, is induced by a pair of field coils. This leads to an induced voltage, which
can be measured by electrodes. The signal converter intensifies, filters and ultimately converts
the signal to a flow quantity. A set-up sketch and the working equation are given in Figure 55

and equation (162), respectively [62].

induced
voltage electrode
magnetic
field coil field

Figure 55 - Magnetic inductive flowmeter set-up [62].
U=v+k+*Bx*D (162)

With the induced voltage U, the flow velocity v, the geometric correction factor k, the magnetic

field B and the inner diameter of the pipe D.

The substrate is transported by two synchronous linear actuators of FMP Technology type
FMP LBA CCM SD250 1712 on a self-designed carrying plate. The overall transport distance
is 3.4 m, with the coating position 1.5 m from start. The velocity can be varied between 0 and
300 m/min. Two emergency power-off switches are installed, and movement is only possible
if the security lock system is activated. Visualization and identification of malfeatures during
the Curtain Coating process were done with the compact camera Sony RX100 M4. Since the
interesting timescale of the coating process is in the order of 100 ms, the recording tool must
produce videos with high frame rates. The camera records videos with frame rates as high as
960 fps for approximately 4 s at time priority and approximately 2 s at quality priority mode

[63]. All videos were recorded in the time priority mode with a resolution of 1920x1080.
4.1.7.4 Coated Mass

The amount of solid deposited on the substrate by Curtain Coating can be calculated by:
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le leolid
Meoar = W (163)
Lsub

Here, the numerator accounts for the mass of solid transported per unit time via the coating
flow, and the denominator for the time of the substrate in the impingement zone (Figure 56).

Vi, b1, Wsotia

/

Vsub

[
L

VLSS TS TTTS TS LSS ST ST TS TSI SIS

- B
- L

Lsub
Figure 56 - Sketch for calculation of coated mass during Curtain Coating.

By knowing the coating width, it is possible to determine the deposited solid per unit surface

area, called the grammage of coating G, as:

Mcoat

Geoar = " (164)

coatedLsub

4.2 Drying of Coatings

4.2.1 Net Isosteric Heat of Sorption and Desorption Isotherm

The sorption energy, which has to be added to the heat of vaporization of pure water 4h,,,, to

consider the hygroscopic character of paper materials, is called the net isosteric heat of
sorption Ahg,p. It was determined together with the desorption isotherm for untreated ACK
350 cardboard of MM Karton according to the COST-90 procedure [64]. A static-gravimetric
method was used, where wet substrate of known initial mass was stored in closed
containments above saturated salt solutions of known water activity in the gas phase, and at
constant temperatures, until equilibrium was reached (Figure 57). This is a simple and widely
used procedure to determine sorption characteristics [65-67]. Five salt solutions were
investigated at two different temperatures. From experience it is known that typical mean

substrate temperatures during the drying process lie between 25 and 80 °C, with long
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residence time around 40 °C. For this reason, desorption isotherm experiments were done at

40 and 60 °C. The salt solutions and the corresponding water activities are given in Table 18.

Figure 57 — Set up of sorption experiments with oven (1), closed containment (2), salt
solution (3), column (4) and cardboard sample (5).

Table 18 - Equilibrium vapor activities for the used saturated salt solutions [68]

Saturated Salt Solution Water Activity at 40 °C Water Activity at 60 °C
NaOH 0.0626 0.0362
MgClz 0.316 0.2926
Mg(NO3), 0.4842 0.45*
NaCl 0.7468 0.7441
KCI 0.8232 0.8022

*extrapolated from 50 °C

Water activities are given in reference [68] by Greenspan (1977). Untreated ACK 350 was cut
with a hollow punch of 4 cm diameter, wetted with an air-brush pistol with pure water, weighed
on an analytical scale and positioned in the corresponding containment. After 144 h,
equilibrium was reached for all samples. The samples were weighed again on an analytical
scale and dried for 2 h at 140 °C. Subsequently, the dry mass was recorded. Results in tabular
form are given in Table 33 and Table 34 in the appendix. Due to the time-consuming

procedure, only single measurements were done.
4.2.2 Convection Dryer

The design of a convection dryer was one of the central tasks in this thesis. The mission
statement was to integrate a convection dryer into the coating unit which is capable of
performing reproducible experiments to investigate the overall drying energy necessary to dry

a coated substrate. Naturally, an economic solution should be presented. Further constraints

91



Analytical and Processing Methods

were given by the limited space available. This means the dryer must not exceed a certain

length to comply with security regulations in fire safety.
4.2.2.1 Hot Air Supply

The two reasons for hot air supply were, firstly, ensuring a uniform temperature of the dryer
itself and, secondly, providing a certain amount of drying air at the appropriate temperature.
For the first task, a combination of a Leister LHS 61L System (16 kW) heater with continuous
temperature control via potentiometer and an air exit diameter of 92 mm with a Leister ASO
blower, which can supply up to 13500 L air/min for the chosen frequency of 50 Hz at 20 °C
and under free outlet conditions, was used [69]. A frequency converter was installed
additionally to enable volume flow control. The maximum possible temperature at a given air
flow and the characteristic pressure-drop curve of the heater and blower, respectively, are
given in Figure 105 [69]. For the second task, the stand-alone device Leister Mistral 6 System
(3.4 kW) hot-air blower was used. This tool allows both the control of temperature up to 650 °C,
depending on the air flow rate, and the control of the air flow itself. Maximum air flow rate at
free outlet conditions is 350 L/min [70]. Unfortunately, no characteristic pressure-drop curve
was available. However, Leister provided alternative data of comparable blowers, which can
be found in the appendix (Figure 106). The dependency of real volume flow rate to volume
flow rate adjustment is linear, as can be seen in the appendix (Figure 107). The outlet diameter
is 48 mm [70].

4.2.2.2 Dryer Geometry

Well-defined flow conditions form the basics to ensure a reproducible drying process. Internal
flow is less dependent on the ambient conditions and hence was preferred. To assure a well-
understood, uniform drying process, the geometry was designed in a way that a uniformly
distributed, fully developed and laminar flow moves over the substrate. To integrate the dryer
into the coating unit without substantial modifications of the beforementioned, a minimum width
of the drying channel W,.,.., of 65 cm was necessary. A high aspect ratio was chosen to ensure
short entrance length for the velocity profile along the dryer height and at the same time to
prevent overlapping with boundary layers growing along the side walls (Figure 58). A minimum
dryer height of 2 cm was set to ensure some safe distance between the moving transport plate
(or rather the moving bottom of the drying chamber) and the fixed upper plate. To choose the
appropriate dryer dimensions, especially the maximum velocity and the typical temperature
range for drying experiments using the Leister Mistral 6 System are of relevance. To find an
optimum height, width and length, optimization steps as presented in Figure 59 were

performed.
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Figure 58 - Dryer geometry with growing boundary layers at the side walls (dashed lines) and
short entrance length L of velocity profile over the dryer height. At least the planned
substrate width W;,,;, must be available between the growing boundary layers at the side

walls.
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Figure 59 - Optimization procedure for dryer geometry.
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The volume flow rate at ambient conditions, V,,,;,, is fixed by the maximum volume flow rate
of the Mistral 6 System (=350 L/min). Typical drying air temperatures T;,; were assumed to
reach a maximum of 200 °C. The ambient humidity ¢,,, was set to 0.4, and the pressure pgmp
was assumed to be constant (also in the dryer) at 101.3 kPa. Saturation pressure, density and
viscosity data at ambient temperature were taken from references [35] and [36] as explained
in chapter 3.2.1. The critical Reynolds number Re,,;; for internal flow is generally assumed to
be 2100, and the substrate to be dried should have A3 format (Ls,, = 0.42m; W = 0.297 m)
[22]. The effective substrate width is reduced to the maximum coating width of Wy, = 25 cm.
The optimization procedure explained in Figure 59 led to the conclusion to use the minimum
width and height of the dryer, since Reynolds numbers are low anyway and too low Reynolds

numbers can lead to long drying times. Results are summarized in Table 19.

Table 19 - Results of geometry optimization of dryer

Parameter Value

Re ~420
(LE + Lsub) (047 + 042) m
(265w + Wsup) (013 + 0297) m

Obviously, exceeding the critical Reynolds number and overlaps with the boundary layers at
the side walls are no issue in the proposed geometry. However, the minimum dryer length
cannot be calculated from data above because the flow inlet was not designed yet. The inlet
design should assure a uniform flow distribution at least over the substrate width. A simple
geometry was proposed by ao. Prof. H. Steiner of TU Graz Institute of Fluid Mechanics and
Heat Transfer. He argued to use an inlet pipe, positioned at the mid of the dryer width, a few
channel diameters downstream from the backside wall, which is orientated perpendicular to
the main flow direction (Figure 60). The stagnation of the flow in the region below the pipe and
at the backside wall leads to a pressure buildup, which should ultimately produce a uniform
flow over the dryer width. The introduced pressure loss for the conditions described above was

estimated as shown in chapter 2.2.3. This led to a total pressure loss of
Ap = (Apin + DParyer) = (12 +1) Pa

The small pressure loss is a direct consequence of the small Reynolds number in the system.
Consequently, the assumption of constant pressure within the dryer is valid, and the volume
flow rate of Mistral 6 System does not have to be corrected with the characteristic pressure

loss curve. Instead, the volume flow rate for free outlet conditions can be used.
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Figure 60 - Inlet geometry proposed by ao. Prof. H. Steiner. Symbols are explained in the
text. The curved arrows indicate the air flow.

At this point it was not clear where exactly to position the inlet pipe, and if the small pressure
loss can produce uniform flow over the substrate width. For this reason, a CFD simulation was
conducted in Ansys Fluent® by ao. Prof. H. Steiner and Dipl.-Ing. H. Hinterbichler at the TU

Graz Institute of Fluid Mechanics and Heat Transfer. A geometry of an overall length of L., =

131 cm was proposed. The overall length includes an inlet section with the mentioned pipe
mounted a certain distance away from the backside wall Lg,,. Two different inlet sections were
tested, where the overall length was kept at 131 cm. The distance of the inlet pipe from the
backside wall was 10 and 22.4 cm, and the inlet radius R;,, = 2.4 cm as given for the Leister
Mistral 6 System. The inlet section is followed by the entrance region L; = 47 cm and a safety

margin Lg,s. of around 18 or 30 cm (depending on the position of the inlet pipe). The geometry

ends with the drying chamber, with exactly the substrate length L, = 42 cm. For both designs
two inlet velocities were tested. The higher velocity corresponds to the case of a drying
temperature T;,r of 200 °C and an ambient volume flow rate V ump Of 350 L/min and is hereafter
related to as the maximum inlet velocity case. The lower velocity corresponds to a drying
temperature of 100 °C and an ambient volume flow rate of 100 L/min and is hereafter related
to as the minimum inlet velocity case. A summary of the conditions is given in Figure 61 and a
coordinate system for the problem is introduced in Figure 62. The simulated flow was analyzed

according to the following criteria in the substrate region:

o Parabolic shape of the air flow velocity profile
e Uniformity and absolute value of the midplane velocity

¢ Uniformity and absolute value of the velocity gradient

The parabolic shape of flow profiles is a hint for a fully developed laminar flow, as explained in

chapter 2.2.2. Deviations from the parabolic shape are hence expected for positions far
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upstream and for high Reynolds numbers. Figure 63 (A) and (B) show the difference between
minimum and maximum inlet velocity for the case of Lg,, = 10 cm at different positions along
the substrate length Lg,; in the mid of the substrate width W,;,. Figure 63 (C) and (D) show
the profiles for the maximum inlet velocity cases as above, but at different positions along the
width.

' ™
Lygw =22.2cm Lpyw =224m
Up,in = L2 m/s iy in = D02 M8
Channel Geometry
Liryer =131 cm
Wiryer = 65 cm
hd:j\zr =2cm
LBH-" = 10 cm LBH-" =10cm
Ui = L2 /8 Ui in = 5.2 &
h. A

Figure 61 - Conditions for CFD simulation.

Figure 62 — Drying chamber with the coordinate system. The coordinate system is positioned
at the very upstream position of the dryer in the mid along the dryer height and width. The
upstream end of the substrate lies at z = 0 and the plane at which y = 0 is indicated by the

dashed line. The plane at which x = 0 is indicated by the dash-dotted line.

97



Analytical and Processing Methods

A 0.01 g 0.014
= e 0.005
£ [ zpos=1.308 m . £ ] Zpos= 1308 m )
c * z-pos=1.158m E: o * zpos=1.158m
2 0 zpos=1.008 m : 2 0 zpos=1.008 m
) z-pos= 0808 m 2 ‘0 zpos= 0.808m
8_ parabolic profile = 8_ parabolic profile ®
> -0.005} 5 > -0.005 %
T ® ®
iy > v i
-0.01=E— : -0.014 .
0 0.5 1 0 0.5 1
Normalized z velocity Normalized z velocity
c 001 D 0.01
S S
g @] zpog=1.308m i £ @] zpos=1.308m
= * pos= 1158 m = * z-pos=1.158 m
2 0 zpos=1.008 m S 0 zpos=1.008m
‘0 zpos=0.808 m ) Z-pos=0.908 m
8 parahalic profile % L& 8_ parabolic profile 9«5’
> -0.005 o > -0.005 Z
B ®
v 2l E
o F o ® P
-0.018=2—" - -0.01 =" '
0 0.5 1 0 0.5 1

Normalized z velocity Normalized z velocity

Figure 63 - Predicted velocity profiles for Lgy, = 10 cm, (A) Upin in, Width position= mid, (B)
Umax,in, Width position= mid (C) u;qy,in, Width position=+ 6.25 cm from mid, (D) uqy in,

width position=+ 12.5 cm from mid.

All velocity profiles are nearly parabolic in shape, though small deviations can be found for the
cases of maximum inlet velocity. The same trend is seen for the inlet position at 22.4 cm, as
shown in the appendix. The dependency of the profile shape on the position along the
substrate width is small, but tends to deviate stronger from the parabolic shape at positions off
the midplane. This can be explained by a slightly higher velocity in this region, as can be seen
hereafter. A uniform velocity in the main flow direction above the substrate at the plane where
y = 0 is a hint for well-behaved flow and enables uniform drying (Figure 62). This velocity is
called the midplane velocity in the following discussion. As can be seen in Figure 63 above,
the midplane velocity is the maximum velocity in the flow profile. To avoid confusion with the
maximum inlet velocity, this nomenclature is not used in this chapter. The simulation revealed
highest deviation of midplane velocities near the dryer exit. Hence this position is compared

for the four cases in Figure 64.
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Figure 64 — Predicted midplane velocities at the exit. (A) Lgy = 22.4 cm, Upin in, (B) Lpy =

22.4 cm, umax,ini(C) Lgy =10 cm, Umin,in» (D) Lgy =10 cm, Umax,in -

The midplane velocity is more uniform for the minimum inlet velocity cases. Deviations smaller
than 5% can be found over the substrate width. For the maximum inlet velocity case,
deviations as high as approximately 10 % occur. For the purpose of uniform drying, however,
it is assumed that all cases are acceptable. The asymmetry in case (D) may be caused by the
turbulence model, used in the CFD simulation. It should be noted that throughout the substrate
edges, higher midplane velocities are predicted. This can lead, as mentioned before, to higher
deviation from the parabolic profile. A more thorough look on the midplane velocity is given in

Figure 65 for the important maximum inlet-velocity cases.
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Figure 65 - Predicted midplane velocities in the entire dryer for the maximum inlet velocity
case for Lgy, = 10 cm (left) and Lgy, = 22.4 cm (right). The black framed rectangle shows the

substrate position.

The midplane velocity range above the substrate for both maximum inlet velocity cases is
approximately between 0.75 and 0.9 m/s. This means a maximum deviation based on the
minimum midplane velocity of 20 %. The velocities tend to increase downstream and seem to
be slightly higher for the 10 cm inlet position. Again, it is assumed that the deviations are within
an acceptable range and none of the inlet designs is clearly advantageous. Another important
point for uniform drying is the velocity gradient at the substrate surface. The simulation
revealed that the velocity gradients for the minimum inlet velocity cases are in the order of 45
to 50 s, which is low and would implicate long drying times. The maximum inlet velocity case
is certainly the more interesting one with regard to efficient drying times and is presented in
Figure 66. The velocity gradient range at the substrate surface varies for both inlet geometries
from 200 to 220 s, which is interpreted as acceptable for uniform drying. The case of 22.4 cm
inlet position seems to be slightly more uniform, which is an advantage of this geometry. On
the other hand, the 10 cm inlet position gives slightly higher velocity gradients at the surface,

which is positive with regard to short drying times.
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Figure 66 - Predicted velocity gradients at the substrate surface for the maximum inlet-
velocity case in the entire dryer with Lg,, = 10 cm (left) and Lgy, = 22.4 cm (right). The black

rectangle shows the substrate position.

To summarize the simulation results, no clearly advantageous inlet geometry could be
identified. As expected, the minimum inlet velocity cases lead to a more uniform and fully
developed flow, with the severe drawback of low Reynolds numbers and low velocity gradients
and, hence, less drying efficiency. The maximum inlet velocity cases lead to acceptable
deviations from fully developed, laminar profiles and uniformity. The velocity gradient at the
substrate surface is more uniform for the 22.4 cm inlet position, but has slightly higher values
for the 10 cm distance. Further simulation results are shown in the appendix (Figure 108 to
Figure 123). For the sake of flexibility, both inlet positions were introduced in the dryer design,
by two holes in the upper dryer plate and a switchable faceplate with an adapter pipe for the
connection with the heat blower. The faceplate is tightened by screws and can be used for
both inlet positions, simply by rotation. The bottom of the drying chamber is mobile and not
directly connected to the dryer. Instead it is connected to a linear actuator and serves
simultaneously as transport plate for the Curtain Coating process. The transport plate was,
hence, geometrically adapted to ideally fit into the chamber. For security reasons, a minimum
distance of 1 cm between the stiff metal parts of the dryer side walls and the moving transport
plate had to be ensured. This would result in a gap between transport plate and side walls and,
thereby, a loss of drying air. To avoid losses at these positions, a combination of a strip-brush,
mounted on the transport plate side walls, with a U-shaped pocket at the dryer side walls was
installed. The strip-brush consists of PEEK (Polyetheretherketone), which withstands working
conditions of maximum 280 °C. A sketch demonstrates the principle of the moving bottom and
the strip-U-pocket combination (Figure 67). The width of the transport plate is 62 cm, with
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1.5 cm PEEK brushes at the plate side walls. The maximum plate thickness is 8 mm, with a
sharp edge at the front to 4 mm thickness with an angle of 10° to avoid air current transport to

the coating process.
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Figure 67 - Dryer geometry with moving bottom of the drying chamber (=transport plate) and

U-pocket/strip brush combination to avoid air losses.

The geometry was constructed by the Technical Bureau of MM Karton Frohnleiten with special
contributions from Ing. R. Paar and Ing. E. Stadlhofer. As the material for the dryer, a special
Fe-Ti alloy was used, which is recommended for high-temperature applications. The thickness
of 2 mm is based on a compromise between introduced mass (or rather heat capacity) and
mechanical stability. To prevent irregular surface within the dryer, the construction was
cambered and screwed at the outside instead of welded. A reinforcing rib is mounted at the
top to prevent material distortion by high-temperature stress. An engineering drawing of the

dryer is given in Figure 68.

Figure 68 - Engineering drawing of the dryer. The switchable faceplate with the adapter pipe
for the use of the 10 cm inlet position is seen. At the flow exit, the U-profile/brush
combination can be identified. The transport plate is in the channel.
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The transport plate consists of aluminum, because of the too high mass for the linear actuator
when using the same material as for the dryer. The lower temperature resistance of aluminum
is not a problem, since typical drying air temperatures are around 150 °C, and residence times
in the dryer of maximum 5 min are standard. Aluminum has a melting point of 660 °C and is
known for low thermal expansion [71]. Furthermore, no mentionable stresses act on the
transport plate. This led to the conclusion of applicability of the material. The plate possesses
a depression of 2 mm, which runs through the entire plate length, and is shaped according to
the A3 format. The depression is used for positioning of insulating materials like cork below
the substrate without altering the channel geometry. A picture of the transport plate is given in
Figure 69.

Figure 69 - The transport plate with the PEEK brush at the side walls and an insulating plate

of cork in the depression for drying experiments is shown.

The entire dryer surface was charged with 10 cm thick glass wool as an insulating layer and
an outer shell of aluminum to keep the glass wool at the corresponding positions. A full view

sketch of the dryer is given in the appendix (Figure 129).
4.2.2.3 Drying Temperature

The substrate temperature, as well as the temperature of the upper plate in the drying
chamber, were measured with PT100 resistance sensors Heraeus M222-70, radially wired. At
0 °C, the resistance of the PT100 is exactly 100 Q. By increasing the temperature, the electrical
resistance is also increased, for example at 100 °C the resistance is 138.51 Q. The electrical
connection was performed with a simple two-wire system, and copper cables of 0.5 mm? cross
sectional area were used. The maximum cable length is approximately 3 m, where the best
part of all cables is at room temperature. Since the resistance of copper cables of this cross-
sectional area is only about 36 Q/km at 20 °C, and the correction factor for temperature does
not change the order of magnitude, this additional resistance was neglected [63]. Three
resistance sensors were positioned at uniform distances along the upper plate of the drying
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chamber in order to measure the plate temperature at different positions along the main flow
direction. The first sensor is positioned at the very upstream position (=DF1) of the substrate,
the second at the substrate mid (=DF2) and the third near the dryer exit (=DF3). Figure 70

shows the principal set-up.

@

2 o 7

3
L

Lsup
Figure 70 — Set-up for temperature measurement in the drying chamber. The dotted sheet
shows a substrate in the chamber. Three resistance sensors were installed at the upper
plate.
To record the temperature on the substrate and at the upper plate of the drying chamber, a
Yokogawa PR10000 436104 device of the pen-model type was used. Four signal channels
can be used in parallel, and the temperature range lies between 0 and 300 °C (0 to 100 % on
the plotted chart). The sensitivity of the pens is 0.1 mm on a sheet width of 200 mm. Printing
speed can be varied between 1 and 12000 mm/h. In the case of pure water as the coating
liquid, 4000 mm/h was used. In all other cases 2000 mm/h was set. The device consists of an
input terminal where the connection with the corresponding resistance sensor is provided.
Subsequently, two scanners are installed to switch the signal to the correct channel using solid
state relays. After each scanner an A/D converter to convert the analog to a digital signal is
positioned. This is followed by the CPU, a pen servo to find the right position for the pen and
an XY plotter. Furthermore, a display shows the current temperatures of the individual

channels and a motor drives the paper feed. A sketch of the set-up is given in Figure 71 [73].

Scanner AJD
Input 3/
34

TG

Figure 71 - Set-up of temperature recording system [73].
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As mentioned above, four signal channels are available in the recording system. Three
channels are occupied by the upper plate temperature sensors installed in the drying chamber.
The last channel is used for a mobile temperature measuring element (MTME). The element
possesses three PT100 resistance sensors and switches to determine the channel in use. Only
one switch can be opened at a time to extract meaningful temperature results from the
Yokogawa recording system. The MTME is used to measure substrate temperature during the
drying process by positioning of the sensors directly at the substrate surface. A picture of the

MTME is given in Figure 72.

Figure 72 - Mobile temperature measuring element (MTME) with three PT100 sensors, which

can be used consecutively.

Wiring and integration was done by the Bureau of Electrical Engineering as well as Process

Engineering of Mayr-Melnhof Karton Frohnleiten.
4.2.3 Coating with Air-Brush Pistol

Water was deposited using an air-brush pistol, charged with a slot die. To investigate

reproducibility of the method, the following experiment was performed:

The air-brush pistol, containing water at RT, was mounted approximately 60 cm from the
coating position at an angle to the horizontal substrate motion of about 60°. An air supplying
device was set to a certain air pressure by an adjusting knob, which started the coating flow.
The substrate of known mass was moved through the coating position and into the unheated
dryer with a velocity of 20 m/min. The substrate was removed, put into a PE-pack of known
mass, and the mass was recorded. The procedure was repeated five times. A water load of
24.3 + 0.4 g/m? was found for these conditions (appendix, Table 35). The reproducibility was
interpreted as good, and the coated mass can be compared to typical Curtain Coating

processes. For this reason, the coating method was used for further drying experiments.
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4.2.4 Determination of Dry Mass

Binder drying chambers of type FD53 E2 were used for post-process drying. The reachable
temperature range of the drying chamber is 5 to 300 °C, and the heat is delivered by forced
convection [74]. Another method for post-process drying is the use of a Mettler Toledo Halogen
Moisture Analyzer HB43-S. The temperature setting was 140 °C, with the stop criterion of a
drying rate smaller than 1 mg per 50 s, which is recommended for most samples. The
sensitivity of the scale is 1 mg, and the permissible mass range of the sample is 0.5 to 54 g.
The heat is delivered by an omnidirectional halogen radiator. Analysis of experimental data
revealed that, in the case of substrates coated with RS2 Std. and RS3 Std., moisture is reduced
inefficiently in the drying chamber or moisture analyzer. The dry substrate mass after coating
was therefore determined with the mean dry mass of the uncoated substrate and the solid
content of the coated mass wgyiaMcoa:- The coated mass is determined as explained in
4.1.7.4.The mean dry substrate mass was determined for ACK 350 Std. mgyp 4ry,uncoatea IN the
moisture analyzer as 327.5 +0.7 g/m? (appendix, Table 36). The dry mass after coating was
calculated by:

msub,dry = msub,dry,uncoated + WsolidMcoat (165)
4.2.5 Substrate Selection

ACK 350 is a frequently used substrate at MM Karton and was set as the standard substrate
for all investigations. For the purpose of validation of simulation data, untreated ACK 350
cardboard was used. The uncoated substrate was chosen, since it is very likely that diffusion
processes along the substrate thickness can be neglected, which makes the simulation less
complex. However, the use of untreated cardboard turned out problematic for the deposition
of coating liquids by the Curtain Coating unit. Holes caused by the rough surface were
investigated. For investigation of the drying energy of these coating liquids, another substrate,
ACK 350 Std., was used, which includes a coating layer that reduces surface roughness. The

substrate format was set to 36x20 cm for the following reasons:

e Curtain Coating should always produce a fully coated substrate (effective coating width
is ~23 cm).

o Defect area due to fixation of the substrate on the transport plate by adhesive tape
should be less than 1% of the overall area.

e Providing enough area for post-drying investigations.

e Avoiding areas with poor boundary conditions in the dryer.
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The last point is the main reason why the substrate length was reduced to 36 cm (from
originally 42 cm according to the A3 format). From experiments it can be seen that the upper
plate temperature at the position near the dryer exit is not constant, but rather decreases after
removing the 'Preheating Plate'. This is also observed during the drying process, as can be

seen in Figure 73.
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Figure 73 - Temperature trend in the drying chamber during drying process with drying air
temperature of 125 °C. With Tpri from sensor 1 (upstream), Tor2 from sensor 2 at mid and
Tors from sensor 3 at dryer exit.

4.2.6 Experimental Data Processing

4.2.6.1 Evaluation of the Water Fraction

Calculation of water fraction from experiments is based on the measured masses. By knowing

the mass after drying my,;, and the dry mass mgy;, 4y, the water fraction after drying is

calculated by:
(msub - msub,dry)

Wsub,H20 = Meup (166)
su

The same holds for the initial moisture content wgy,;, i20,0, SIMply exchanging mg,;, by the sum

of substrate mass before coating mgy,p, yncoateq aNd the coated mass mqq;:

[(msub,uncoated + mcoat) - msub,dry]

Wub H20,0 = (167)

(m + mcoat)

sub,uncoated

4.2.6.2 Evaluation of the Substrate Temperature

The substrate temperature is measured in a discontinuous way at three points along the

substrate length. One at the very downstream position DF3, one in the mid DF2 and one at the
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very upstream position DF1. Experimental data is plotted on an evaluation sheet, which is

shown in Figure 74.
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Figure 74 — Plotted evaluation sheet for extracting drying temperatures. The peaks show the

measured substrate temperatures in a predefined order, measured with the MTME. The
continuous lines are the temperatures of the upper plate.

To estimate the mean temperature from the plot, some steps are necessary. As a first step,
the data is digitized, using the Freeware DigitizePlot®. The time dependency of the digitized
temperature points at the different positions was found by a polynomial fit (Figure 75 as an
example). This resulted in three polynomial functions for the three investigated substrate
positions and makes the discontinuous experimental data comparable. The next step was the
estimation of a mean substrate temperature for a given drying time, by knowing the
temperature at the investigated positions. The method used depends on the required accuracy.
For the calculation of drying energies of coating liquids, which is considered as a daily working
routine, a simple arithmetic mean can be used. This strategy is supported by the fact that the
desired drying energy rate is calculated by Hdryl-ng = aAgyp (Ting — Tsyp) With the mean heat
transfer coefficient a, investigated in this thesis. Since for typical drying experiments T, s is
much higher than Tg,,;,, good approximations for the drying energy rate can be found although
the mean substrate temperature is determined in this simple way. As an example, consider the
drying of a substrate of area Ay, = 0.072 m?. The drying temperature is Tins = 125°C (398 K)
and the mean heat transfer coefficient is @ = 14 W /(m?K). The mean substrate temperature
was determined using the arithmetic mean at 45°C (318 K). The real mean substrate
temperature is 40 °C (313 K). This gives a drying energy rate from the approximation of 81 W

whereas the true value would be 86 W. The error is, hence, less than 6 %.
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Substrate Temperature @ T, =125 °C
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Figure 75 - Example for a polynomial fit of the measured substrate temperature trend.

For the evaluation of the mean heat transfer coefficient itself by comparison with simulation
data, higher accuracy is necessary. Inaccurate estimations could lead to a misinterpretation of
simulation data, and ultimately to the incorporation of a systematic error for future drying
experiments. The experimental temperature points were fitted with three different models that
were specifically set up to produce plausible temperature distributions along the substrate

length from the known, three, data points.:

e Nusselt-like model
e Sigmoidal model

e Polynomial model

The Nusselt-like model is based on the relation for Nusselt numbers in dynamically developed
and thermally developing channel flow with boundary conditions number 2 in Figure 26. Similar
trends as shown in Figure 27 are produced by this model. The formula was extracted from the
book of Shah and London (1978) [27]. The model is useful if the temperature at the very
upstream position is the highest and the other temperatures are similar. Such temperature
trends are predicted by the simulation of the drying process. An example for predicted
temperature distributions by the simulation are given in Figure 76. The equation for fitting the

measured temperature points reads [27]:

1

3 _(C n)zx*
AT,Nu (1 - Zn=1(BT,Nu/n)e T.Nu EIT)

Toup(x) = (168)

with the fitting parameters Ar y,, Bryy and Cry,, and the dimensionless substrate position

xE"T = x/LE,T Wlth LE,T fOI’ Re = 400 and Pr = 07
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Substrate Temperature Distribution (T, =125 °C)
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Figure 76 - Typical predicted substrate temperature trends by the simulation.

The model proved to be valid for long drying times and high drying air temperatures, where for
lower drying air temperatures the applicability is shifted towards higher drying times.

Experience showed that especially for short drying times the substrate temperatures at the
very upstream and the mid positions are similar, and the very downstream position was slightly
lower. For this case, the sigmoidal model was introduced, which is based on a Boltzmann
equation that is widely known to produce curves of sigmoidal shape:

1
Toup(x) = A sig (1 - m) (169

with the fitting parameters A7, and Br g, and the dimensionless substrate position xzr =
x/Lgr with Lg  for Re = 400 und Pr = 0.7. Similar equations as (169) are available in different
data processing softwares as for example in Origin to fit sigmoidal curves. The third option is
a polynomial fit of order three. The quality of the different fits was evaluated by the parameter

Sum of Square Errors SSE, which reads:

SSEr = Z(Tsub,exp - sub,fit)2 (170)

The model with the lowest SSE; value was used with the additional constraint that the
polynomial model was only used if the best other model has an SSE; value higher than 0.1.
The estimated mean temperatures, raw data and fit methods used are given in the appendix,
Table 38. The arithmetic mean of 100 temperature points equidistantly distributed between the

up- and downstream positions of measurement gave the mean temperature data.
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5 Experimental Section

5.1 Curtain Coating

The coating liquid was characterized in terms of density, solid content, surface tension and
dynamic viscosity as described in 4.1. The container (100 L or 600 L) with the substance was
stirred with a ViscoJet® stirrer, and tempered until 40 °C was reached, using electric blankets
(~18 h). A high-speed camera was mounted on a swan-neck stand directly on the Curtain
Coater, approximately 80 cm from the impingement zone. A substrate was fixed on the
transport plate with adhesive tape. The velocity settings for the transport plate were chosen as
defined beforehand. The substance was pumped to the coating device with a predefined
volume flow rate. The coating process was started. Slow motion video data was optionally

recorded with the settings shown in Table 20.

Table 20 - Settings for slow motion video recording

Sony RX100 M4

Mode time priority
Framing rate 960 fps
CCD array 1920x1080 Pxls

The substrate was dried in an external drying chamber for 1 min at 110 °C. A picture of the

dried substrate was taken. For investigation of the coating window, no videos were recorded.
5.2 Drying of Coatings

5.2.1 Preheating Phase

Uniform boundary conditions in the dryer were established during a preheating phase for the
dryer using the LHS 61L heater and the ASO blower of Leister. Preheating times were reduced
by the use of a ‘preheating plate' that functions as the bottom of the drying chamber instead of
the transport plate. To increase the intensity of heat transfer in the chamber, an additional
outflow resistance was installed at the dryer exit. Figure 77 shows the dryer during a preheating
phase. The drying air temperature was set to a maximum of 10 °C above the required drying
air temperature, and was reduced to the required temperature at least 5 min before termination.
A minimum requirement for termination was given, if the upper plate did not deviate more than
5 °C from the desired drying air temperature, and the mean of the three sensors on the upper
dryer plate gave approximately (3 °C) the desired drying air temperature.
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outlet resistance

preheating plate

Figure 77 - Dryer outlet with 'preheating plate' and outlet resistance.
5.2.2 Determination of Water Content

5.2.2.1 Drying of Substrates Coated with Pure Water

Ambient relative humidity, temperature and pressure of the air were recorded. Coating was
performed with an air-brush pistol at 24 °C liquid and substrate temperature. The air-brush
pistol was equipped with a slot die, and mounted approximately 60 cm from the coating position
at an angle to the horizontal substrate motion of about 60°. The orientation of the substrate
was marked on the surface, and the substrate was fixed using adhesive Alu-tape. For heat
supply the Leister Mistral 6 System was used, and the appropriate volume flow rate
(=350 L/min) and drying air temperature were set. The preheating plate was removed, and the
security locks were activated. An air supplying device was set to a certain air pressure, which
started the coating flow. The substrate was moved through the coating position and into the
dryer with a velocity of 20 m/min. After a predefined drying time, the substrate was removed
from the drying chamber, put into a PE-pack of known mass, and the mass was recorded. The
sheet within the PE-pack was cut along the width by a laboratory-guillotine into three plates of
approximately the same size. The PE-foil was removed, the individual plates were weighed,
and put into an external drying chamber for 20 min at 140 °C. The oven-dry masses of the
individual plates were recorded, and the exact dimensions were measured. Due to the marks

on the cardboard, every plate relates to a certain position in the dryer.
5.2.2.2 Drying of Substrates Coated with RS2 Std. and RS3_C

Ambient relative humidity, temperature and pressure of the air were recorded. Coating was
performed with a Curtain Coating device of the slide-fed type at a temperature of the coating
liquid of 40 °C and the substrate temperature of 24 °C. The substrate was fixed on the transport
plate using an adhesive Alu-tape. For heat supply the Leister Mistral 6 System was used, and

the appropriate volume flow (=350 L/min) and drying air temperature were set. The coating
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flow was set to a predefined value by the frequency converter on the supply pump. The
preheating plate was removed, and the security locks were activated. The substrate was
moved through the coating position and into the dryer with a predefined velocity. After a certain
drying time, the substrate was removed from the drying chamber, put into a PE-pack of known
mass, and the mass was recorded. The sheet was put into an external drying chamber for 20

min at 140 °C. The oven-dry mass was recorded.
5.2.3 Determination of Substrate Temperature

Ambient relative humidity, temperature and pressure of the air were recorded. The substrate
at RT was fixed on the transport plate, and charged with the three resistance sensors of the
MTME using an adhesive Alu-tape at the following positions along the substrate length: 1.5,
18 and 34.5 cm (Figure 78). The heat supply was switched to the Leister Mistral 6 System, and
the appropriate volume flow (=350 L/min) and air temperature were set. Coating was
performed either with an air-brush pistol or with a Curtain Coating device of the slide-fed type
according to the procedures explained above. After reaching the drying position, the sensors
were connected to the temperature recording device, and the data collection was activated,
which gives a dead time of approximately 15 s. The substrate temperature was recorded by
switching between the individual sensor channels in a predefined order. After a certain drying
time, the MTME was disconnected, and the substrate was removed.

Figure 78 - Substrate with temperature sensors of the MTME at specified positions (left) and
correctly fixed sensor with the tip not fully covered by the tape (right).
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6 Results and Discussion

6.1 Curtain Coating

6.1.1 Stability Criterion

The stability criterion explained in 2.1.4 based on the Weber number We > 2 was checked for
suitability (Table 21 and Table 22). The minimum volume flow rate to form a stable curtain was
noted. From the known properties, the Weber number could be calculated. It is known that the
coating properties for both liquids vary with storage time. A stable curtain was experimentally
defined as a falling liquid sheet, which does not break when disturbed by the moving transport
plate.

Table 21 - Minimum Weber number for a stable curtain of RS2 Std.

Volume Flow rate

Storage time [d] Curtain height [cm] [1/min]
20 7.5 0.85 2.1
30 7.5 0.91 2.6
1 9.5 0.93 2.8
20 9.5 0.74 2.1
20 9.5 1.05 2.5

Table 22 - Minimum Weber number for a stable curtain of RS3 Std.

Volume Flow rate

Storage time [d] Curtain height [cm] [I/min]
1 7.5 0.91 2.7
75 0.85 2.4
15 7.5 0.93 2.5
1 95 1.21 4.5
8 9.5 0.93 3.1
15 9.5 1.14 3.9

The experiments revealed that the stability criterion is valid in all presented cases, but it is not
possible to predict curtain stability based on this criterion because of data scattering. RS2 Std.
establishes a stable curtain at slightly lower Weber numbers. The main differences between
the coating suspensions, besides the chemical compositions, are the higher apparent viscosity
of RS2 Std. (~4 times higher) and the higher undissolved solid load of RS3 Std. (~1.75 times
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higher). Especially the high undissolved solid load complicates the flow situation in the liquid
sheet [75,76]. It is assumed that this can also influence the curtain stability, and hence alter
the criterion, which was derived and tested mainly for polymer solutions (e.g. gelatin solutions)
[75,76]. Increasing curtain falling height negatively affects the curtain stability of RS3 Std.,
where it has minor effects on RS2 Std. Addo-Yobo et al (2010) investigated the effects of
particle concentration and size on the stability of liquid sheets. They postulated that the
distance from the outlet nozzle to the breaking position of a liquid sheet containing particles is
reduced with increasing number and size of particles [75]. Patrticle size distribution data is not
available for the coating liquids, but, as mentioned above, the higher particle concentration of
RS3 Std. could also explain the reduced stability of RS3 Std. at increased curtain falling
heights. The influence of storage time on curtain stability needs further data, but the results
indicate that both, very low and high storage times, are suboptimal for the stability. It must be
noted at this point that a curtain at the minimum flow rate tends to show poor coating behavior.
If the purpose of a coating experiment lies on the deposition of thin, uniform films, flow rates
should be set slightly higher than the minimum flow rate. At the minimum flow rate, the
substrate velocity must be decreased substantially to avoid coating defects. This,
consequently, results in the deposition of thick films.

6.1.2 Limiting Coating Phenomena

An attempt to identify limiting coating phenomena, as described in [8], failed because of
disturbances, which led to wave formation on the curtain during the deposition process. The
waves are caused primarily by the collision of the transport plate with the curtain, and
secondarily by the air flow dragged along with the plate. The falling liquid sheet is not in steady
state and, hence, cannot be directly compared with liquid sheets in standard coating
processes, which are in steady state. Frames of video recordings of successful and
unsuccessful coating processes for RS2 Std. are shown in Figure 79. Without disturbance,
both curtains exhibit flat surfaces (Figure 79 L1 and H1). For the higher volume flow rate, less
contraction can be seen downstream of the edge guides because of higher inertia compared
to surface tension forces (=higher Weber number). As the transport plate approaches, the
surface of the curtain at lower volume flow rate becomes curved in the direction of the substrate
transport (L2 in Figure 79), which indicates air currents impinging on the backside of the
curtain. No curvature is seen on the adjacent picture to the right (H2). At collision, no
substantial changes can be seen in both cases (L3 and H3). In the last frames (L4 and H4),
serious differences are obvious. The wavy surface of the low volume flow curtain occupies the
entire liquid sheet. The coating deposition is prevented by a thick layer of air between substrate
and the coating. The process is not in equilibrium. The surface of the high volume flow process

is still flat, and the contact line on the substrate seems to be sharp and undisturbed. Most video
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records made for unsatisfactory coating experiments of RS2 Std. showed similar effects,
though they were less dramatic normally. The resulting coated substrates are shown in Figure
81. Frames of video recordings of successful and unsuccessful coating processes for RS3 Std.
are shown in Figure 80. Without disturbance, both curtains are characterized by flat surfaces
(L1 and H1 in Figure 80). As the transport plate approaches, the surface of the curtain of lower
volume flow rate becomes slightly curved in the direction of the substrate transport (L2), which
indicates air currents impinging on the backside of the curtain. No curvature is seen on the
right picture (H2). At collision (L3 and H3), the lower volume flow rate shows that the liquid is
pulled along with the substrate. The curtain at higher volume flow rate is still straightly
impinging onto the substrate. Marked differences can be seen during the deposition process
in the last pictures (L4 and H4). A wavy surface accompanied by a thin air layer between
substrate and coating liquid, and a strongly bent curtain is seen for low volume flow rate, where
the higher volume flow rate shows still a sharp contact line. Similar phenomena were observed
for most unsatisfactory coating experiments with RS3 Std. However, less strong waves on the
curtains could also be observed for fully coated substrates. The results of the coating

experiments are shown in Figure 82.
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Figure 79 - RS2 Std. video analysis. Left column: V;, = 0.7 I/min, Vimp = 107 m/s, vy, =
1.8 m/s; Right column: V, = 2.5 [/min, Vinp = 1.08 m/s, vy, = 5m/s.
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Figure 80 - RS3 Std. video analysis. Left column: V, = 0.85 I/min, Vimp = 1.18 m/s, vy, =
5m/s; Right column: V; = 1.1 1/min, vy, = 1.18 m/s, vg,, = 1.7 m/s.
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i) A =
Figure 81 - RS2 Std. Coating result. Left: V;, = 0.70 I/min, Vimp = 1.07 m/s, vg, = 1.8 m/s;

right: V, = 2.50 I/min, Vimp = 1.08 m/s, vg, = 5m/s.

Figure 82 - RS3 Std. Coating results. Left: V; = 0.85 I/min, Vimp = 1.18 m/s, vg, = 5m/s;

right: V; = 1.10 I/min, vy, = 1.18 m/s, v, = 1.7 m/s.

A higher volume flow rate leads to a higher inertial force, which has evidently positive effects
on the coatability in the Curtain Coating process. Besides the volume flow rate, fluid inertia can
be increased by increasing impingement velocity. This influence is discussed in the following
chapter.
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6.1.3 Impingement Velocity

The impingement velocity is primarily controlled by the curtain falling height, and high values
positively affect the coating process. Preliminary tests indicated that the ideal length should lie
between five and fifteen centimeters. Tests with a curtain falling height of five centimeters
showed poor behavior during the deposition step. Twelve and fifteen centimeters gave
insufficient curtain stability. Therefore, tests were made with edge guides of seven and nine
centimeters length. In Figure 83 and Figure 84, the influence of the impingement velocity on
coating of RS2 Std. and RS3 Std. curtains is shown.

-3
=

Figure 83 - RS2 Std. impingement velocity effects. Left column: V;, = 1.29 I/min,
Vimp = 1.07m/s, Vg, = 4.2 m/s; Right column: V; = 1.29 I/min, vy, = 1.24 m/s, vgy, =

4.2m/s.
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The only difference between the right and the left columns in Figure 83 is the curtain falling
height and, consequently, the impingement velocity. Viscous drag imparted by the substrate
seems to pull the left curtain slightly forward, which is not the case for the curtain on the right.
None of the curtains on these photos reveals air impingement. The difference does not look
severe during the process, but the corresponding coated substrates below exhibit remarkable
differences. Although the picture to the right shows coating failures, the best part is coated,
which is not the case for the lower impingement velocity on the left. Similar trends could be

seen at V; = 1.55 I/min, vy, = 5m/s and V; = 1.08 I/min, vy, = 2.6 m/s for, where v;,,, =

1.07 and 1.24 m/s, respectively (see appendix Figure 125 and Figure 124).

Figure 84 - RS3 Std. impingement velocity effect. Left column: V; = 0.93 I/min, Vimp =

1.18 m/s, vy, = 3.7 m/s; Right column: V;, = 0.93 [/min, Vimp = 1.33m/s, vg, = 3.8 m/s.
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The coating processes illustrated in Figure 84 left and right are the same, except of two points:
the left column shows a coating process of lower impingement velocity and a slightly lower
velocity of the transport plate. The second point should positively affect coatability for a fixed
volume flow rate. However, the curtain on the left shows again more disturbances caused by
the collision with the transport plate and air currents. The right curtain with the higher
impingement velocity looks flatter, with a sharp contact line. This is also seen from the resulting
products, which shows failure for the lower impingement velocity. Similar trends could be seen
for comparisons of V; = 0.86 I/min, vg,, = 459 m/s, Vi, = 1.18 m/swith V; = 0.81 I/min,

Vsyp = 4.33M/S, Vi, = 1.33m/s and V, = 0.91 I/min, v, = 3.90 m/s, Vinp = 1.16 m/s with

V, = 091 l/min, vg,, = 420 m/s, Vi, = 1.33 m/s (Figure 127 and Figure 126 ).

Generally, the larger curtain falling height gave better behavior during the deposition process,
while the curtain stability was good enough to reach minimum coated masses with this higher
curtain falling height. The edge guides of 9 cm length were set as the standard for all the

following experiments. Again, the positive influence of fluid inertia was proven in this section.
6.1.4 Operability Window

The foregoing sections reveal the importance of fluid inertia for successful deposition of thin
films with the considered device. The influence of surface tension was investigated separately
by Mayr-Melnhof Karton by varying surfactant concentrations for both coatings. It can be
shown that too high surface tension forces make the coating process unfeasible. The liquid
tends to detach from the edge guides, and contraction occurs far upstream. A stable curtain
over the entire edge guide length cannot be established. By increasing the surface tension,
the maximum possible curtain falling height is substantially decreased, which leads to low
impingement velocity accompanied with the negative effects discussed above. The effects of
viscosity and substrate velocity were investigated in the following section, and the applicability
of a coating window of the form of Figure 10 was checked. Especially the boundary for
successful deposition of low grammage of coating was investigated. For each coating liquid,
the Reynolds numbers just inside and just outside the window at two different substrate
velocities were recorded. An experiment was assessed as 'coatable' if the substrate is
uniformly coated without visual defects. Three different RS2 Std. were tested (Table 4). One
was produced as usual, and one with a lower content of solid. This leads to a substantial
decrease of viscosity. The liquid produced as usual was stored for 20 days after the
experiments. It is known that the viscosity of RS2 Std. increases with increasing storage time.
Three different RS3 Std. were tested (Table 8). One was produced as usual, and one was
produced with a higher content of solid. This leads to a substantial increase of viscosity. The
liquid produced as usual was stored for 20 days after the experiments. It is known that the
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viscosity of RS3 Std. decreases with increasing storage time. The boundary of the operability
window must lie between points just inside and just outside of the coating window at the same
substrate velocity. RS2 Std. was coated at grammages from 4 to 10.25 g/m?, in steps of
1.25 g/m2. RS3 Std. was coated at grammages from 6 to 13.5 g/m?, in steps of 1.75 g/m?. The
grammage is related to the totally dried state of the coating, and was investigated for substrate
velocities of 4.25 and 5 m/s. Capillary numbers for RS2 Std. were in the range of 5-25 and for
RS3 Std. 2.5-6. Tabular data is given in the appendix, Table 37.

Coating Window

25 P 1

RS2 No. 1 coatable
© 2 RS2 No. 1 not coatable
e 151 RS2 No. 2 coatable il
& RS2 No. 2 not coatable
RS2 No. 3 coatable
1| ©  RS2Na. 3not coatable
RS3 No. 1 coatable

o0

b RS3 No. 1 not coatable
£ RS3 No. 2 coatable —
0.5 < RS3 No. 2 not coatable o
RS3 No. 3 coatable F--—"1
RS3 No. 3 not coatable B —

D 1 1 1 1 1 1 1 1 1

0 0.5 1 1.5 2 25 3 3.5 L 4.5 5
v v

sub’ - imp

a

a

Figure 85 - Coating Window boundary estimation of RS2 Std. and RS3 Std. The dashed lines
indicate the boundary positions.

The applicability of the coating window is obviously violated for this device, as seen in Figure
85. The main difference of the used device compared to standard apparatuses is the
discontinuous working principle, which accompanies strong disturbances in the curtain. The
liquid is not in steady state, which makes characterization impossible in the same way as for
steady-state processes. The boundary of the coating window is shifted with varying viscosity
of the suspension. From the data above, it can be said that higher viscosity shifts the operability
window to lower Reynolds numbers. This agrees with intuition since high viscosity fluids tend
to balance disturbances more efficiently. Further analysis, if higher or lower substrate velocities
are beneficial, led to ambiguous results, and a clear recommendation cannot be given from
the conducted experiments (appendix, Figure 128). The coating window was modified by

incorporation of the capillary number. The capillary number shows the influence of surface
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tension forces and can furthermore account for the positive effects of viscose forces that were
seen in the Coating Window in Figure 85. This led to the modified coating window as shown in

Figure 86.

Modified Coating Window

5
RS2 No. 1 coatable
4571 © RS2 No. 1not coatable
RS2 No. 2 coatable
4r £ RS2 Mo. 2 not coatable
RS2 No. 3 coatable
3.57T O RS2 No. 3 not coatable
O RS3 Mo. 1 coatable
ar ' RS3 Mo. 1 not coatable
o ¢ RS3 No. 2 coatable o
o 257 < RS3 No. 2 not coatable ,-rr
O  RS3 No. 3 coatable O_~" Y
2r O RS3 No. 3 not coatable P
sl - — _Re=1.EQF[vEubNimp}[h'Ca} . - -
] B’Q' -~
- ’B‘I
0.5 _~T§ o
. B
.
0 b= . . . . . . . . .
0 02 04 06 08 1 12 14 16 18 2
{usubwimpj{lﬁcm

Figure 86 - Modified Coating Window.

The modified coating window gives a linear correlation that agrees well with experimentally
determined boundary positions. The equation to find the Reynolds number on the boundary is

given by:

Vsub i

Re = 1.297
Vimp Ca

(171)

With the Reynolds number Re, the substrate velocity v, the impingement velocity v;,,, and
the capillary number Ca. The boundary of the coating window for both coating types (RS2 Std.
and RS3 Std.) can be described by the same correlation. This indicates that the boundary of
the coating window is independent of the suspension type, in contrast to the results found for
the stability criterion as discussed in section 6.1.1. The correlation can be used to predict
minimum film thicknesses realizable for coatings of known density, dynamic viscosity and

surface tension.
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6.2 Drying of Coatings

6.2.1 Substrates Coated with Pure Water

6.2.1.1 Validation of Simulations

Before comparing simulation results to the experiments, results are compared to idealized

curves to ensure that results comply with general findings in practice. For this, substrate data

of untreated ACK 350 cardboard was used. The simulation conditions are summarized in Table

23.

Table 23 - Simulation conditions for validation

Ondad O a e
Wsubzo (t = 0) 0.50
Teup (E=0) 24 °C
Tinys 125 °C
Vamb 350 L/min
Pamb 0.4
Loup 0.36 m
Larying 500 s
At 05s
Ax 7.2mm
Substrate Position 0.18 m

Comparison data for an ideal paper drying processes were extracted from the book of Karlsson

(2009) [29]. In most transient drying processes, the focus of interest lies on the temperature

and moisture content of the substrate (Figure 87).

moisture content
=

o

inf

e

Simulated Drying Process (T,

=125 °C)

L
50

L
100

L
150

L L L L
200 250 300 350 400
time ins

450

20
500

substrate temperature in *C

WEB TEMPERATURE

| Z1
\ /
- \/
- /
w /
z /
g | «
W \
[+ 4 \
S \
. L
!7 \
e
= ‘n‘ \
r N\
l
! Zeot
DRYING TIME

Figure 87 - Predicted (left) and ideal (right) trend of water fraction and substrate temperature

during paper drying [29].
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Both, the predicted moisture content and the substrate temperature are similar to the ideal
curves. Shortly after the start, the moisture content falls slowly and the substrate temperature
rises fast. Thereupon, the reduction of moisture content accelerates, where the substrate
temperature reaches a plateau at 38.5 °C. At the latest drying stage, the moisture content
slowly converges towards zero and the substrate temperature rises steeply. Just before
reaching the drying air temperature, the substrate temperature flattens again. In the book of
Karlsson (2009) the first phase is called the ‘heat-up phase' [29]. After this, the 'constant rate
period' follows. This phase is followed up by the ‘falling-rate period'. The names of the latter

phases refer to the drying rate, which is another point of central interest (Figure 88) [29].

<10 Simulated Drying Process (Tinf=125 °C)

drying rate in kg;’(smz)
DRYING RATE

0 005 01 015 02 025 03 035 04 045 05 ’
moisture content  MOISTURE CONTENT _

Figure 88 - Predicted (left) and ideal (right) drying rate during paper drying [29].

Again, good agreement is obvious. At the beginning, the drying rate rises fast in both, the
predicted and the ideal case. A constant drying rate is followed up. In the ideal diagram, the
falling-rate period sets in abruptly, and the drying rate falls drastically. This is not the case for
the simulated results. Here, the drying rate gradually decreases before reaching a fast-falling
region. Furthermore, no flattening of the predicted curve is observed at low moisture contents.
Karlsson (2009) explains the falling-rate period as a result of several processes that are
hygroscopic effects, increasing diffusion resistance and a movement of the evaporation front
deeper into the substrate [29]. However, only hygroscopic effects are considered in the current
simulation, which can lead to deviations in the region of low water contents. A specific point of
interest in this thesis is the impact of the modification of Nusselt and Sherwood numbers
according to the adapted version of the work of Abramzon and Sirignano (1989) [32]. In the

theory, the effect on the dimensionless numbers must be higher for high drying rates. Since
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the drying rates discussed in this thesis are rather low, a small effect is expected (Figure 89

and Figure 90).

Comparison of Nusselt Numbers

- — _Nu0 (t=0 s}

MNu* (t=05)
- — Nu0 (t=500s)| |

MNu* (t=500 s)

-
=}

Nusselt number
N
I

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
substrate position in m

Figure 89 - Effect of Nusselt number modification during drying process.
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Sherwood number
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substrate position in m

Figure 90 - Effect of Sherwood number modification during drying process.

The curves of modified and standard correlations for the dimensionless transfer coefficients
nearly coincide. The impact of the madification is, as expected, low. The simulation assumes
a channel flow, where the boundary layer grows at the lower plate (that is the substrate). This
means that, at every instant of time, an undisturbed thermal and mass flow must be present
outside the boundary layer. Validity of this assumption is checked with the simulation itself, as

shown in Figure 92 and Figure 91.
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Figure 92 - Thermal boundary layer thickness along substrate length during drying.
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Figure 91 - Concentration boundary layer thickness along substrate during drying.

Both, thermal and concentration boundary layer are less than half the channel height. This
suggests that the assumption is correct. Since the boundary layers are less than half the
channel height, a possibly growing boundary layer at the upper plate should not influence the

assumptions of the simulation.
6.2.1.2 Validation of Drying Experiments

Drying experiments at different drying air temperatures and different drying times were
performed. Every experiment was performed three times. This means that overall 36
experiments for evaluation of water fractions for four different drying times and three different

drying air temperatures were performed. Subsequently, 9 experiments were performed to
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characterize the substrate temperature during the drying process at three different drying air

temperatures. Important conditions are summarized in Table 24.

Table 24 - Experimental conditions for drying experiments (Ts, o = 24 °C, Wsyp n20,0 = 0.125)

Condition Investigated Points

Drying Air Temperatures [°C] 100, 125, 150

Drying Times [s] 20, 40, 60, 80

The experimental results were assessed in terms of plausibility of the drying trends and

reproducibility of the experiments (Figure 93).
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Figure 93 — Experimental drying results for substrates coated with pure water.

Both evaluation criteria show plausible trends. Drying at higher temperatures and for longer
drying times leads to lower water fractions and higher substrate temperatures. The sigmoidal
shape, as predicted for the water fraction from the ideal drying process, cannot be seen in the
drying experiments above. The reason for this could lie in too low drying times. The substrate
temperature exhibits the typical flattening curve. The standard deviations seem to be
sufficiently low. This suggests good reproducibility of the drying experiments, and confirms

both the principal drying procedure and the design of the dryer itself.
6.2.1.3 Comparison of Simulation and Experiments

The drying experiments are compared to the simulation results. Simulation and experimental
results in tabular form, as well as raw data, can be found in the appendix (Table 38 to Table
51). Simulation conditions are summarized in Table 25 and a graphical representation of a

drying process at a drying air temperature of 125 °C is shown in Figure 94.
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Figure 94 - Water fraction and substrate temperature
distribution during a typical drying process at Tinf =

125 °C predicted by the simulation.
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Mean values in the simulation were evaluated by the arithmetic mean for all nodes and by

considering the size of the control volume of the node:

2?=1 kiXsub i
Xsub, =—" (172)
sub,mean 27;;1 ki

With Xsup mean @S the mean quantity (water fraction or substrate temperature), the number of
nodes n, the node i and a factor which accounts for the size of the present control volume k;.
Fori=1andi=n,k; =1 otherwise k; = 2. This accounts for the half-sized control volumes

at the substrate edges (x = 0 and x = Lg,,;).

Table 25 - Simulation conditions for comparison with experiments

Condition Value

Weup 20 (t = 0)* 0.1275 0.126 0.124
Toup (t = 0) 24 °C 24 °C 24 °C
Ting 100 °C 125 °C 150 °C
Vamb 350 L/min
Pamb 0.4
Lsub 0.36 m
tdrying 80 s
At 0.1s
Ax 0.0072 m

*based on analysis of experimental results
6.2.1.3.1 Water Fraction

Figure 95 shows the comparison between simulated and measured water fractions. In
principle, the mean values for the water fraction of experiments and simulation agree well.
Especially the highest drying temperature case (E) shows relatively low deviations. Though,
two discrepancies can be identified for all drying temperatures. Firstly, the experimental water
fraction at low drying times (up to 20 s) seems to drop much faster than predicted. Interestingly,
at least for the lower drying temperatures (A, C), this effect is already balanced at the next
evaluation point (40 s). A similar effect can be identified in the article of Wilhelmsson et al. for
their investigations of paper drying machines B and C, as labeled in their article [30]. This effect
is somewhat counterintuitive, and could be explained by measurement problems (e.g.
evaporation losses after finishing the drying step). The second discrepancy occurs after long
drying times. Experimental curves tend to flatten more rapidly than predicted, which is clearly
more distinct for the lowest drying air temperature (A). A reason for this could be the increasing
diffusion resistance, as already discussed in chapter 6.2.1.1, which is not implemented in the
simulation. Lower drying air temperature can negatively affect this resistance, since the
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diffusion coefficient is a function of temperature. A difference of more than 10 °C of mean
substrate temperature is commonly seen between the lowest and the highest considered
drying air temperatures and at long drying times. The diffusion coefficient for gases at low
pressure can be estimated by D « T17> [35]. This gives an increase of around 6 % for the
diffusion coefficient for a temperature step from 40 to 50 °C. The prediction of water distribution
in the substrate is poor at the first sight. A good part of this impression is caused by the large
deviation at low drying times (20 s). If one considers the possibility of experimental problems
at this point, the prediction quality seems to be more favorable. The principal forecast that
water fraction increases with the downstream position is confirmed, although the absolute
values, as well as the relative differences between the investigated regions, deviate. A reason
for this could lie in the used Nusselt number correlation. A correlation for constant substrate
temperature and perfect insulation of the upper plate was used in the simulation. Especially,
the constant substrate temperature deviates from the assumption for long drying times. An
analysis of the fluid phase and a more detailed investigation of water diffusion in the substrate

could help to understand the source of deviation, but is out of the scope of this thesis.
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Figure 95 - Comparison of water fraction results. With mean water fraction for 100, 125,

150 °C in A, C, E, respectively and water fraction at first, second and third position for 100,

125, 150 °C in B, D, F, respectively. First, second and third refer to the substrate area, which

was cut after drying in three plates of similar areas. The areas are counted in the main flow

direction.
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6.2.1.3.2 Substrate Temperatures
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Figure 96 - Comparison of substrate temperature results. With mean substrate temperature
for 100, 125, 150 °C in A, C, E, respectively and substrate temperature at position 1.5, 18
and 34.5 cm for 100, 125, 150 °C in B, D, F, respectively. Positions are measured from the

very upstream position of the substrate.

Figure 96 shows the comparisons between simulated and measured substrate temperatures.

It should be noted that the substrate temperature of the simulation was evaluated in the same
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region as the experimental data (between 1.5 and 34.5 cm) from the mean of all nodes in this
region (46 nodes). Predicted mean substrate temperatures (A, C, E) agree well with the
experimental results. Solely for the case of the drying air temperature of 100 °C (A), the
substrate temperatures are consistently underestimated by 2°C at an order of magnitude of
35 °C. Since for all other experiments deviations are smaller than 1 °C, and the shape of the
curves agree for any case, an experimental problem could be the reason. From the
experimental point of view, an incorrect initial temperature could be a possible cause. The
influence of an initial temperature of 30 °C instead of the assumed 24 °C is investigated by the

use of the simulation (Figure 97).
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Figure 97 - Predicted impact of higher initial temperature.

The simulation revealed that the increase of initial temperature by 6 °C cannot explain the
whole deviation. Analysis of the temperature distribution diagram Figure 96 (B) shows,
however, that the sensor at the substrate mid gave temperature data, higher than in the other
diagrams (D,F). This is a hint to measurement problems. The temperature distribution in the
substrate is fairly well reproduced, though particularly the temperature difference between the
position downstream and the mid is underestimated. For sure, this could be a subsequent error
from simplifications and poorly investigated diffusion properties already discussed in the water

fraction section 6.2.1.3.1.
6.2.1.3.3 Quality of the Simulation

The simulation produced results in good agreement with experimental values, which confirms
the used strategy. Deviations were found especially for lower drying temperatures and low

water contents, as explained above. A weakness of the simulation is the poor prediction of the
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effective water distribution in the substrate, which is not of central interest for this thesis. The
focus of interest lies on the prediction of a mean heat transfer coefficient for the considered
drying process. Mean temperatures and water contents in the region of interest (down to water
fractions of around 0.06) fit very well to the simulated results. Since the energies needed to
remove water and rise substrate temperature are well known from literature and experimental
data, the simulation is assessed to give excellent results for the prediction of the mean heat
transfer coefficient.

6.2.1.4 Evaluation of the Heat Transfer Coefficient
The mean heat transfer coefficient can be extracted from the simulation by:

Aconv

a=—"-"——
(Tinf - Tsub)

(173)

with the overall heat flux from the drying air §.,,,, extracted from the simulation, the drying air
temperature T;,; and the substrate temperature T,,;,. The mean heat transfer coefficient was
evaluated every 100 ms for a drying time of 80 s and at a drying air temperature of 125 °C
(Figure 98).
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Figure 98 - Heat transfer coefficient at different drying times and positions for drying air

temperature of 125 °C.

In Figure 98, it can be seen that the heat transfer coefficient does not vary with drying time,
and solely depends on the substrate position. The mean heat transfer coefficient over the
substrate length for all investigated drying air temperatures was calculated (Table 26). This

was done by integration of the fitting equation shown in Figure 98 that reads:
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a = — f;;e (ib + cx) dx (174)

Xe—Xg x

with the fitting parameter a, b and c, the upstream edge position of the substrate x, = 0 and

the downstream edge position of the substrate x, = Lg,,,.

Table 26 - Calculated mean heat transfer coefficients over substrate length for air flow of

Vamp = 350 I/min and different drying air temperatures.

Tint [°C] a [W/(m2K)]
100 13.59
125 13.86
150 14.25

6.2.2 Substrates Coated with RS2 Std. and RS3 _C

6.2.2.1 Drying Experiments

For comparison purposes, the coated mass was set in a way that the initial water content in
the substrate before drying is equal for both liquids at 0.113. This led to a grammage of
8.5 g/m?for RS2 Std. and 18.5 g/m?for RS3_C, always related to the fully dried state. The
values were oriented at the minimum coating grammage of RS2 Std. to produce fully coated
substrates. The following results were gained for different drying times at a drying air

temperature of 125 °C (Figure 99). Tabular data is given in the appendix Table 52 to Table 55.

Measured Mean Water Fraction During Drying at T, ;=125 °C Measured Mean Substrate Temperatures During Drying at T, =125 °C
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Figure 99 — Measured water fractions (left) and substrate temperatures (right) for RS2 Std.
and RS3_C coated substrates. The water fractions are the arithmetic means of three
measurements, substrate temperatures are single measurements (for RS2 Std. an outlier
was eliminated in which a sensor was not positioned correctly, therefore only two curves are

presented).
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6.2.2.2 Calculation of the Drying Energy

The consumed drying energy is calculated by the following equation:

n

Harying = ) [@Asup(Ting = Toune )] (175)
t=1

with the drying energy Hyring, the mean heat transfer coefficient for the considered conditions
a, the contact area between drying air and substrate A4,;,, the drying air temperature Ty, the
mean substrate temperature at the considered time step Ty, ¢, the time step index t, the
number of time steps n and the time step At. Finally, the specific drying energy can be found
by dividing the drying energy by the removed quantity of water, as presented in Figure 100.
Tables of results are given in the appendix Table 52 and Table 53.
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Figure 100 - Calculated specific drying energies for RS2 Std.- (8.5 g/m?) and RS3_C-
(18.5 g/m?) coated ACK 350 Std.

Drying of RS2 Std. and RS3_C coated substrates down to water fractions of 0.072 led to similar
energy consumptions. For both coatings, approximately 4.3 kJ/g removed H,O were found.
The drying characteristics seem to be quite similar down to water fractions of about 0.058.
After this, the curves diverge. The energy consumption of RS2 Std. rises much faster, which
could be explained by the barrier properties of the partly dried suspension. It is obvious that
decreasing the water fraction of RS2 Std. coated substrates to values lower than 0.043 is

hardly possible at the current conditions. The energy consumption of RS3_C coated
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substrates, on the other hand, steeply rises at much lower water contents, although much more
solid was deposited on these substrates (see coating grammages). The absolute values of the
specific drying energies are hard to compare to literature data, because values depend on the
nature of the coatings, the final water content, and on the substrate type. However, Karlsson
(2009) gives values of 2.8-5 kJ/g H-O as the energy consumption for drying of coated paper
materials in impingement dryers [29]. The order of magnitude of the evaluated energies is

thereby confirmed.
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7 Conclusions and Outlook

Investigations in the field of cardboard coating and drying were performed. A lab-scale Curtain
Coating unit was optimized and extended by a convection dryer. The Curtain Coating process
was investigated and standard procedures based on dimensionless numbers were applied to
characterize the process. A better understanding of the impact of physical material properties
on the coating process was developed. Reasons for deviations from continuous processes
were found and recommendations for further investigations were given. A convection dryer
was designed and installed at the coating unit. A drying process of cardboard, coated with pure
water, was modelled and a mean heat transfer coefficient in the dryer was extracted from a
simulation. Computed mean water fractions and mean substrate temperatures agree well with
experimental data. The specific drying energy for two different coatings on cardboard was
calculated using data from an experimental drying procedure. The study provides a basic
understanding of the coating process. It enables further investigations to ultimately predict
coatability in the Curtain Coating process based on material data and process settings. It
provides basic knowledge on the drying process of cardboard and can form the starting point

for the set-up of various drying experiments.
7.1 Conclusions Curtain Coating

Stability of the curtain was substantially increased with the proposed edge guide geometry on
the Curtain Coating die of the slide-fed type. The volume flow rate needed for stable curtains
could be reduced to approximately one third compared to the original geometry. The standard
stability criterion We > 2 was applicable, but the absolute values of the Weber number to find
a stable curtain showed data scattering for the investigated suspensions. It is assumed that
the high undissolved solid load complicates the flow situation, especially for RS3 Std. RS2 Std.
established stable curtains at lower Weber numbers (~2.5) than RS3 Std. (~3.7). The major
limiting phenomena for the deposition process are disturbances of the curtain. This is caused
by the collision of the transport plate and air currents with the curtain. If fluid inertia is increased
sufficiently, the process is affected positively, and the mentioned disturbances are not
observed anymore. The positive effects of fluid inertia could be seen in different experiments.
Increasing volume flow rate and increasing impingement velocity both led to better coatability.
The standard operability window, which was developed for continuous Curtain Coating
processes, is not applicable. Increasing viscosity seems to shift the coatability window to lower
Reynolds numbers. The standard operability window was modified by incorporation of the

capillary number. By this, a modified coating window was found, which gives a linear
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correlation to predict the boundary of coatability based on physical properties. The modified

coating window agrees well with experimental data.
7.2 Outlook Curtain Coating

Further modifications of the coating device are not necessary, since typical coating
grammages of the full-scale plant can be reproduced. First tests with multilayer curtains also
led to satisfactory results in terms of coatability. For better understanding of the current process
and the impact of the undissolved solids on curtain stability, experiments with well investigated
coating solutions could be planned. An extensively studied Curtain Coating liquid would be
agueous gelatin solution. The impact of the undissolved solid load on the stability of the liquid
sheet should be evaluated and incorporated into the stability criterion to enable the prediction

of curtain stability based on physical properties.
7.3 Conclusions Drying of Coatings

Mean water fractions and mean substrate temperatures of wet cardboard predicted by a
simulation agrees well with mean values from experiments. This confirms the assumptions for
the flow situation during the dryer design and the experimentally determined sorption
characteristics. The installed convection dryer yields highly reproducible results, which is a
positive indication for the developed drying strategy and the dryer design itself. Deviation of
predicted results from drying experiments of wetted substrates were mainly seen for the
effective temperature, and water fraction distributions within the substrate. A possible reason
for this is the used correlation for the Nusselt number, which is not strictly valid for the entire
drying time. Another reason could lie in the poor knowledge of moisture diffusion in the plane
of the cardboard sheet. At low water contents, the water fraction is slightly overestimated,
which could be due to not included effects, like the increase of diffusion resistance with
decreasing water content. The mean heat transfer coefficient extracted from simulation data
showed reasonable trends. Based on the good agreement of mean water fractions and
substrate temperatures of experiment and simulation, the heat transfer coefficient is able to
give good approximations for specific drying energies of different substrates and coatings. The
investigation of specific drying energies of a substrate with different coatings gave reasonable

results.
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7.4 Outlook Drying of Coatings

To clarify the origin of deviations between predicted and measured temperature and water
fraction distributions, the simulation could be extended by an analysis of the drying air flow and
diffusion effects in the plane of the cardboard. This would certainly lead to a more profound
understanding of the drying process, and improved data for the heat transfer coefficient and

diffusion properties of the deposited coatings could be obtained.
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Comparison of Mean Water Fraction @Different Resolutions
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Figure 101 - Influence of grid resolution on simulation results. Mean Water Fraction.
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Figure 102 - Influence of grid resolution on simulation results. Mean Substrate Temperature.

Table 27 — Ostwald-De Waele Parameter of RS2 Std. with coefficient of determination.

No Ko R?
0.974 0.469 0.9999
0.973 0.608 0.9999
0.975 0.461 0.9999
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Table 28 — Ostwald-De Waele Parameter of RS3 Std. with coefficient of determination.

No Ko R?
0.741 0.578 0.9906
0.749 0.270 0.9833
0.774 0.594 0.9836

Table 29 — Influence of high shear step on RS2 Std.: Upstream shear rate of 100 s*; High
shear step for 1 s; after 2 s at 40 s viscosity was compared. Shear rate and duration are in

conjunction with typical flow conditions for Curtain Coating.

0 403 414
500 400 433
1000 398 449
2000 370 424

Table 30 - Influence of high shear step on RS3 Std.: Upstream shear rate of 100 s; High
shear step for 1 s; After 1.5 s at 70 s viscosity was compared. Shear rate and duration are

in conjunction with typical flow conditions for Curtain Coating.

High Shear Rate [s7] 7 @ 100 s~ [mPas] n@70s1;1.5s [mPas]
0 175 194
500 166 190
1000 165 187
2000 162 173

Table 31 - Production of salt solutions.

Salt Solution Mass Salt Added [g]

10 mM NaCl 0.584
100 mM NacCl 5.840
5 mM NaBr 0.514
100 mM NaBr 10.289
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Calibration Assessment of SITA

Name Data _ Additional Criteria
Rel. rel.
Deviation Deviation
of A by nearly
Abs. Deviationof A givenby Correlation confidence normal
Aparatus given by confidence Coefficient Residue  interval>=2 distributed
Tenside Salt Solution  Additional Info ConstantA confidence interv.  interv. (=R} trend 0% R<0.98 R<0.99 residues
3mM_DTAB Sm_NaBr 6,251 0,68396 11,03 0,9964|n n n n j
0_5mM_SDS 100mM_Nacl 6,895 0,6951 10,08 0,9981|n n n n n
0_75mM_SDS 100mM_MNacl - 5,675 0,4315 8,66 0,9981|n n n n n
1mM_DTAB SmM_NaBr PEEK 5,139 0,4935 9,60 0,9971|n n n n ]
1mM_SDS 10mM_Nacl - 4,075 0,2618 6,42 0,9989|n n n n n
0_5mM_SDS 10mM_Nacl 4,3595 0,3953 9,07 0,9984|n n n n ]
0_2mM_SDs 100mn_Macl 5,2972 0,6567 12,40 0,9984|n n n n ]
2mM_5DS 10mM_Nacl 4,2272 0,1463 3,46 0,9996|n n n n j
1mM_SDS 100mM_Nacl 53,2985 0,3468 6,19 0,9989|n n n n n
3mM_DTAB 100mM_MNaBr 5,2594 0,2681 5,10 0,9991|n n n n j
3mM_SDS 10mM_Nacl 4,75 0,1506 3,17 0,9997|n n n n ]
4mM_DTAB 100mM_MNaBr - 6,2776 0,5589 8,90 0,9973|n n n n n
2mM_DTAB SmM_NaBr PEEK 7,0078 0,7609 10,86 0,9963|n n n n ]
2mM_DTAB 100mM_NaBr - 35,2191 0,2559 4,50 0,9992|n n n n i
mean 5,4
stddev 0,89

Figure 103 — Data of all solutions to evaluate the apparatus constant for the SITA bubble

pressure tensiometer.

Table 32- Production of surfactant solutions.

Surfactant Concentration [mM]

Mass Surfactant Added [mg]
SDS in 10 mM NacCl

0.1 5.8*
0.5 14.4
1 28.6
2 57.7
3 86.4
SDS in 100 mM NacCl

0.2 5.8
0.5 14.5

0.75 21.6
1 28.5

DTAB in 5 mM NaBr
1 31.3
2 61.7
3 92.5
5 154.8
7 216.0
10 308.4
12 370.1
DTAB in 100 mM NaBr

2 61.7
3 92.6
4 123.5

* 200 mL salt solution was used to increase the necessary mass of surfactant. SDS (Sigma
Aldrich; 74255-250G; 25.01.2017); DTAB (Sigma Aldrich; D8638-25G; 25.01.2017); NaBr
(Sigma Aldrich; 71329-250G; 25.01.2017); NaCl (Sigma Aldrich; S7653-250 G).
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Comparison Of Mean Substrate Temperature (Tm= 125 °C)
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Figure 104 - Simulation results for Tin=125 °C with different planar diffusion coefficients. Left

column shows results where the planar diffusion coefficient of water in the substrate was

divided by 10 after calculation as described in the Materials section. At the right column, it

was multiplied by 10.

Table 33 — Desorption results of untreated ACK 350 at 40 °C.

NaOH" MgCl," Mg(NOs)." NacCl’ KCI"
H.O activity [-] | 0.0626 0.316 0.4842 0.7468 0.8232
Dry Mass [g] 0.3986 0.3910 0.3792 0.3966 0.3909
Water Load [] | 0.0517 0.0647 0.0680 0.1087 0.1294

*NaOH (Sigma Aldrich, 71690-1KG, 18.06.2017); MgCl,*6H-0 (Sigma Aldrich, M9272-100G,
18.06.2017); Mg(NOs)2*6H20 (Sigma Aldrich; 237175-1KG; 18.06.2017); NaCl (Sigma
Aldrich; S7653-250G; 25.01.2017); KCI (Sigma Aldrich; P5405-1KG; 18.06.2017);
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Table 34 - Desorption results of untreated ACK 350 at 60 °C.

H.0 activity [-] 0.0362 0.2926 0.45* 0.7441 0.8022
Dry Mass [g] 0.3928 0.3999 3.3948 0.4020 0.3971
Water Load [-] 0.0517 0.0647 0.0680 0.1087 0.1294
*for details on the chemicals see Table 34
temperature — air flow characteristics 2.5
600 2.0 60 Hz
00 —_
Zam i? ” 50 HZ
® =
£ 300 210
£ 200 =
z 0.5
100
0 0

0 500 1000 1500 2000 2500
at0°C/101.3kPa air flow [Vmin]

3000 3500

atr20°C/ 101.3 kPa

2000 4000 6000 BOOO 10000 12000 1400016000
Air flow [L1'min]

Figure 105 - Achievable temperature for LHS 61L (left), characteristic pressure drop curve for
ASO blower (right).
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Figure 106 - Achievable temperature and characteristic pressure drop curve for comparable

system to Leister Mistral 6 System. Kindly made available by Leister Process Heat.
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MISTRAL SYSTEM Schnittstelle / Ansteuerung

Input 0 - 10V Input 4 — 20mA
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Figure 107 - Dependency of temperature and volume flow on power settings of Leister
Mistral 6 System.
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Figure 108 — Predicted velocity profiles along substrate width for inlet position Lew=10 cm

and Vmin.
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Figure 109 - Predicted midplane velocities for inlet position Lew=10 cm and Vmin.
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Figure 110 - Predicted velocity distribution at exit for inlet position Lsw=10 cm and Vmin.
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Figure 111 - Predicted velocity gradients at dryer bottom for inlet position Lsw=10 cm and

y position in m

Vmin.
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Figure 112 - Predicted velocity profiles along substrate width for inlet position Lew=10 cm and

Vmax-
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Figure 113 - Predicted midplane velocities for inlet position Lew=10 cm and Vmax.
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Figure 114 - Predicted velocity distribution at exit for inlet position Lew=10 cm and Vmax.
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Figure 115 - Predicted velocity gradients at dryer bottom for inlet position Lsw=10 cm and

y position in m

Vmax-
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Figure 116 - Predicted velocity profiles along substrate width for inlet position Lsw=22.4 cm

and Vmin.
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Figure 117 - Predicted midplane velocities for inlet position Lew=22.4 cm and Vmin.
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Figure 118 - Predicted velocity distribution at exit for inlet position Lew=22.4 cm and Vmin.
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Figure 119 - Predicted velocity gradients at dryer bottom for inlet position Lew=22.4 cm and

y position in m

Vmin.
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Figure 120 - Predicted velocity profiles along substrate width for inlet position Lew=22.4 cm

and Vmax.
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Figure 121 - Predicted midplane velocities for inlet position Lew=22.4 cm and Vmin.
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Figure 122 - Predicted velocity distribution at exit for inlet position Lew=22.4 cm and Vmax.
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Figure 123 - Predicted midplane velocities for inlet position Lew=22.4 cm and Vmax.

Table 35 — Air-Brush Pistol reproducibility.

Number Grammage H,0 [g/m?]
1 23.8
2 24.2
3 24.4
4 25.0
5 24.0
mean 24.3+0.4

Table 36 - ACK 350 Std. measured dry mass.

327.7

327.5

327.1

327.0

328.2

OO0~ lW NP

326.2

328.5

mean

327.5+0.7
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(o R TSN B

Figure 125 - RS2 coated substrate. V;, = 1.55 I/min, vy, = 5m/s, Vimp = 1.07 (left) and
1.24 m/s (right).

Figure 124 - RS2 Std. coated substrate. V; = 1.08 I/min, vy, = 2.6 m/s,
Vimp = 1.07 (left) and 1.24 m/s (right).
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Figure 126 - RS3 Std. coated substrate. V, = 0.86 I/min, v, =459 /s, Vimp =

1.18 m/s (left) and V, = 0.81 I/min, vy, = 4.33 m/s, Vimp = 1.33 m/s (right).

Figure 127 - RS3 Std. coated substrate. V;, = 0.91 I/min, vy, = 3.90 m/s, Vimp =
1.16 m/s (left) and V; = 0.91 I/min, v, = 4.20 m/s, vy, = 1.33 m/s (right).
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Table 37 - Applicability of coating window.

Coating _ Coated Mass Flow
Liquid Quality Masg Rat.e Vsub/Vimp
[g/m~] [g/min]
RS2 Std. 1 uncoated 6.5 27.69 0.31 3.89
RS2 Std. 1 coated 7.75 33.01 0.37 3.89
RS2 Std. 1 uncoated 6.5 23.53 0.27 3.31
RS2 Std. 1 coated 7.75 28.06 0.32 3.31
RS2 Std. 2 uncoated 7.75 33.51 0.22 4.00
RS2 Std. 2 coated 9 38.91 0.26 4.00
RS2 Std. 2 uncoated 6.5 23.91 0.16 3.41
RS2 Std. 2 coated 7.75 28.51 0.19 3.41
RS2 Std. 3 uncoated 4 21.70 0.52 3.80
RS2 Std. 3 coated 5.25 28.48 0.69 3.80
RS2 Std. 3 uncoated 4 18.4 0.44 3.23
RS2 Std. 3 coated 5.25 24.21 0.58 3.23
RS3 Std. 1 uncoated 8.5 24.43 1.03 3.74
RS3 Std. 1 coated 9.75 28.03 1.18 3.74
RS3 Std. 1 uncoated 9.75 23.82 1.00 3.18
RS3 Std. 1 coated 11 26.88 1.13 3.18
RS3 Std. 2 uncoated 9.75 27.49 2.33 3.71
RS3 Std. 2 coated 11 31.01 2.64 3.71
RS3 Std. 2 uncoated 9.75 23.36 1.99 3.16
RS3 Std. 2 coated 11 26.36 2.24 3.16
RS3 Std. 3 uncoated 11 32.49 0.92 3.76
RS3 Std. 3 coated 12.25 36.18 1.02 3.76
RS3 Std. 3 uncoated 12.25 30.75 0.87 3.20
RS3 Std. 3 coated 13.5 30.34 0.96 3.20
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Influence of Substrate Velocity on Coated Mass
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Figure 128 - Influence of substrate velocity on minimum reachable coated mass of RS2 Std.
and RS3 Std.
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Table 38 - Fitted untreated ACK 350 temperature during drying of pure water coated

substrates.

Tint [°C]  tarying[S] Repetition TQE)TS[ZCm:] Té‘fg[sn? . Téé‘i.gc(ﬁq] T;‘;be[;r?] Fit-Method
100 20 1 36.6 36.0 32.3 35.3 sigmoidal
100 20 2 35.8 36.1 33.1 35.5 polynomial
100 20 3 35.7 37.4 33.5 36.4 polynomial
100 40 1 39.5 37.7 34.5 37.5 polynomial
100 40 2 39.0 39.3 35.4 38.6 polynomial
100 40 3 38.7 39.0 35.6 38.4 polynomial
100 60 1 46.0 38.7 35.4 39.3 Nu-like
100 60 2 45.9 41.1 36.2 41.1 polynomial
100 60 3 44.6 40.1 36.4 40.2 Nu-like
100 80 1 53.4 40.0 36.0 41.4 Nu-like
100 80 2 53.8 42.2 36.6 43.2 Nu-like
100 80 3 514 41.5 36.8 42.3 Nu-like
125 20 1 40.5 38.1 32.7 37.6 sigmoidal
125 20 2 39.6 40.5 36.2 39.6 polynomial
125 20 3 38.5 39.8 35.9 38.9 polynomial
125 40 1 49.0 42.1 36.8 42.3 Nu-like
125 40 2 48.3 42.6 39.0 42.9 Nu-like
125 40 3 45.7 41.5 38.5 41.7 Nu-like
125 60 1 58.3 44.0 38.9 45.4 Nu-like
125 60 2 58.4 44.1 40.1 45.6 Nu-like
125 60 3 53.8 44.0 39.7 44.9 Nu-like
125 80 1 67.3 45.4 40.2 47.7 Nu-like
125 80 2 68.1 46.5 40.8 48.8 Nu-like
125 80 3 62.0 47.4 40.6 48.6 Nu-like
150 20 1 41.5 41.4 36.8 40.6 polynomial
150 20 2 36.4 38.2 36.5 37.6 | polynomial
150 20 3 45.1 45.1 37.3 43.8 polynomial
150 40 1 53.8 46.3 40.1 46.5 polynomial
150 40 2 54.1 46.7 40.6 46.8 Nu-like
150 40 3 58.4 47.1 41.8 48.1 Nu-like
150 60 1 68.1 47.2 41.5 49.4 Nu-like
150 60 2 70.1 52.8 42.5 53.9 Nu-like
150 60 3 69.4 49.4 45.2 51.5 Nu-like
150 80 1 81.5 47.9 42.9 51.2 Nu-like
150 80 2 70.1 52.8 42.5 60.3 polynomial
150 80 3 78.7 53.8 48.8 56.4 Nu-like
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Table 39 — Measured water fractions of untreated ACK 350 during drying coated with pure

water. Outlier were identified (red) if measured overall and local masses do not fit.

tarying [S] Repetition sample Wsub,Hzo [Kg/kg]
100 20 1 overall 0.106
100 20 1 13 0.100
100 20 1 2"9/3 0.112
100 20 1 33 0.109
100 20 2 overall 0.107
100 20 2 13 0.098
100 20 2 2"9/3 0.109
100 20 2 3/3 0.109
100 20 3 overall 0.108
100 20 3 153 0.097
100 20 3 2"9/3 0.112
100 20 3 3/3 0.112
100 40 1 overall 0.096
100 40 1 13 0.082
100 40 1 2"9/3 0.100
100 40 1 393 0.109
100 40 2 overall 0.101
100 40 2 13 0.083
100 40 2 2"9/3 0.104
100 40 2 3/3 0.108
100 40 3 overall 0.105
100 40 3 153 0.083
100 40 3 2"9/3 0.098
100 40 3 33 0.107
100 60 1 overall 0.082
100 60 1 13 0.067
100 60 1 2"9/3 0.084
100 60 1 393 0.094
100 60 2 overall 0.095
100 60 2 13 0.074
100 60 2 2"9/3 0.093
100 60 2 33 0.118
100 60 3 overall 0.089
100 60 3 1593 0.070
100 60 3 2"9/3 0.094
100 60 3 33 0.101
100 80 1 overall 0.082
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100 80 1 13 0.069
100 80 1 2"9/3 0.085
100 80 1 3/3 0.098
100 80 2 overall 0.080
100 80 2 153 0.062
100 80 2 2"9/3 0.081
100 80 2 33 0.093
100 80 3 overall 0.077
100 80 3 13 0.065
100 80 3 2"9/3 0.081
100 80 3 33 0.091
125 20 1 overall 0.099
125 20 1 153 0.085
125 20 1 2"9/3 0.104
125 20 1 3/3 0.102
125 20 2 overall 0.097
125 20 2 153 0.084
125 20 2 2"9/3 0.101
125 20 2 393 0.105
125 20 3 overall 0.105
125 20 3 13 0.080
125 20 3 2"9/3 0.099
125 20 3 393 0.102
125 40 1 overall 0.082
125 40 1 153 0.067
125 40 1 2"9/3 0.084
125 40 1 33 0.090
125 40 2 overall 0.086
125 40 2 153 0.071
125 40 2 2"9/3 0.087
125 40 2 393 0.098
125 40 3 overall 0.089
125 40 3 13 0.073
125 40 3 2"9/3 0.094
125 40 3 393 0.097
125 60 1 overall 0.074
125 60 1 1593 0.056
125 60 1 2"Y/3 0.080
125 60 1 33 0.089
125 60 2 overall 0.075
125 60 2 1593 0.061
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125 60 2 2"9/3 0.080
125 60 2 3/3 0.089
125 60 3 overall 0.075
125 60 3 13 0.060
125 60 3 2"9/3 0.079
125 60 3 393 0.089
125 80 1 overall 0.065
125 80 1 13 0.049
125 80 1 2"9/3 0.071
125 80 1 3/3 0.079
125 80 2 overall 0.062
125 80 2 153 0.047
125 80 2 2"9/3 0.070
125 80 2 3/3 0.080
125 80 3 overall 0.060
125 80 3 13 0.043
125 80 3 2"9/3 0.064
125 80 3 393 0.077
150 20 1 overall 0.096
150 20 1 13 0.082
150 20 1 2"9/3 0.098
150 20 1 3/3 0.106
150 20 2 overall 0.095
150 20 2 153 0.083
150 20 2 2"9/3 0.099
150 20 2 33 0.103
150 20 3 overall 0.095
150 20 3 13 0.084
150 20 3 2"9/3 0.099
150 20 3 393 0.102
150 40 1 overall 0.050
150 40 1 13 0.058
150 40 1 2"9/3 0.074
150 40 1 33 0.089
150 40 2 overall 0.071
150 40 2 1593 0.056
150 40 2 2"9/3 0.076
150 40 2 33 0.085
150 40 3 overall 0.069
150 40 3 13 0.057
150 40 3 2"9/3 0.071
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150 40 3 33 0.085
150 60 1 overall 0.057
150 60 1 13 0.039
150 60 1 2"9/3 0.062
150 60 1 33 0.073
150 60 2 overall 0.061
150 60 2 153 0.045
150 60 2 2"9/3 0.067
150 60 2 3/3 0.078
150 60 3 overall 0.060
150 60 3 153 0.047
150 60 3 2"9/3 0.062
150 60 3 393 0.077
150 80 1 overall 0.044
150 80 1 13 0.025
150 80 1 2"9/3 0.053
150 80 1 393 0.058
150 80 2 overall 0.039
150 80 2 153 0.025
150 80 2 2"9/3 0.048
150 80 2 3/3 0.052
150 80 3 overall 0.044
150 80 3 153 0.028
150 80 3 2"9/3 0.053
150 80 3 393 0.058
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Table 40 - Comparison experiments/simulation mean water fraction @ Tin=100 °C.

tarying [S] Wsub,H20,exp [KG/KQ] Wsub,H20,sim [K@/kg]
20 0.107+ 0.001 0.116
40 0.098 + 0.004 0.101
60 0.089 + 0.005 0.086
80 0.079 £ 0.002 0.072

Table 41 - Comparison experiments/simulation local water fraction @ Tin=100 °C.

Wsub,HZO,exp Wsub,H20,sim Wsub,HZO,exp Wsub,H20,sim Wsub,HZO,exp Wsub,H20,sim

tarying [S] [kg/kg] [kg/kg]] [kg/kg] [kg/kg]] [kg/kg] [kg/kg]]

193 203 39/3
20 16,002 0.113 6,001 0.118 £6.001 0.119
i e Bl BT e e D
60 o0 0.078 200 0.091 | 0.104+0.001 | 0.093
e T e T i ST 0.080

Table 42 - Comparison experiments/simulation mean water fraction @ Tin=125 °C.

tarying [S] Wsub,H20 exp [KQ/KQ] Wsub,H20 sim [KQ/KQ]
20 0.098* 0.111
40 0.085 + 0.003 0.091
60 0.075 £ 0.001 0.071
80 0.062 £ 0.002 0.055

* outlier was identified

Table 43 - Comparison experiments/simulation local water fraction @ Tin=125 °C.

W sub,H20,exp W sub,H20,sim W sub,H20,exp Wsub,H20,sim Wsub,H20,exp ~ Wsub,H20,sim

tavna [S] “rygig] [kglkgl]  [kg/kg]  [kg/kgl]  [kg/kg]  [kg/kgl]

13 2n9/3 39/3
20 0.084* 0.107 0.102* 0.115 0.104* 0.115
0 o itk e gkl e .
60 16,002 0.061 16,002 0.077 16,002 0.079
e e OHEA e Ul st Dt

* outlier was identified
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Table 44 - Comparison experiments/simulation mean water fraction @ Tin=150 °C.

tarying [S] Wsub,H20,exp [KG/KQ] Wsub,H20,sim [K@/kg]
20 0.095 = 0.001 0.105
40 0.070* 0.079
60 0.059 = 0.001 0.056
80 0.042 £ 0.002 0.038

Table 45 - Comparison experiments/simulation local water fraction @ Tin=150 °C.

Wsub,HZO,exp Wsub,H20,sim Wsub,HZO,exp Wsub,H20,sim Wsub,HZO,exp Wsub,H20,sim

t ryin
drying [kg/kg] [kg/kg]] [kg/kg] [kg/kg]] [kg/kg] [kg/kg]]
[s] 193 2nd/3 343
0.083 0.099 0.104
20 +0.001 0.100 +0.001 0.108 +0.001 0.110
40 0.057* 0.069 0.074* 0.085 0.086* 0.087
0.043 0.064 0.076
60 +0.003 0.045 +0.003 0.062 +0.002 0.065
0.026 0.051 0.056
80 +0.002 0.028 +0.002 0.042 +0.003 0.045

* outlier was identified

Table 46 - Comparison experiments/simulation mean substrate temperature @ Tin=100 °C.

tdrying [S] Tsub,exp [°C] Tsub.sim [°C]
20 35.8+0.5 34.5
40 38.1+0.5 36.9
60 40.2 £ 0.7 38.4
80 42.3+0.7 40.3

Table 47 - Comparison experiments/simulation local substrate temperatures @ Ti,=100 °C.

tdrying Tsub,exp [OC] Tsub,sim [OC] Tsub,exp [OC] Tsub,sim [OC] Tsub,exp [OC] Tsub,sim [OC]

[s] @ 1.5cm @ 18 cm @ 34.5cm

20 36.0 +0.4 36.2 36.5 +0.6 34.3 33.0+0.5 34.0
40 39.1£0.3 38.7 38.7 £0.7 36.7 35.1+£0.5 36.5
60 45.5 0.6 42.0 40.0+1.0 38.0 36.0 £0.4 37.8
80 52.9£1.0 47.6 41.2 +0.9 39.7 36.5 £0.3 38.3
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Table 48 - Comparison experiments/simulation mean substrate temperature @ Tin=125 °C.

tarying [S] Tsub,exp [°C] Tsub,sim [°C]
20 38.7+1.0 38.9
40 42.3+0.6 41.7
60 45.3+£0.3 44.2
80 48.4 + 0.6 47.8

Table 49 - Comparison experiments/simulation local substrate temperatures @ Tin=125 °C.

tdrying Tsub,exp [OC] Tsub,sim [OC] Tsub,exp [OC] Tsub,sim [OC] Tsub,exp [OC] Tsub,sim [OC]

[s] @ 1.5cm @ 18 cm @ 34.5cm
20 39.6 0.8 40.9 39.5+1.0 38.7 349+1.6 | 38.3
40 47.6 £1.4 44.8 42.0 +0.4 41.5 38.1+0.9 | 41.2
60 56.8 +2.2 50.1 44.0 £0.1 43.6 39.6 £0.5 | 43.2
80 65.8 +2.7 60.7 46.4 +0.8 46.6 40.5+0.3 | 45.8

Table 50 - Comparison experiments/simulation mean substrate temperature @ Tin=150 °C.

tarying [S] Tsub,exp [°C] Tsub.sim [°C]
20 40.7 £2.5 42.9
40 47.1 0.7 46.4
60 51.6 £1.9 50.2
80 56.0 £3.7 55.3

Table 51 - Comparison experiments/simulation local substrate temperatures @ Tin=150 °C.

tdrying Tsub,exp [OC] Tsub,sim [OC] Tsub,exp [OC] Tsub,sim [OC] Tsub,exp [OC] Tsub,sim [OC]

[s] @ 1.5cm @ 18 cm @ 34.5cm

20 41.0 £3.6 45.1 41.6 £2.8 42.6 36.9 £0.4 42.3
40 554 +2.1 50.1 46.7 £0.3 45.9 40.8 £0.7 45.6
60 69.2 £0.8 62.3 49.8 £2.3 49.5 43.1 1.5 48.7
80 81.2+1.9 80.9 53.4 £4.3 52.7 454 2.5 51.1
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Table 52 - Water fractions during drying at Tin=125 °C of RS2 Std. (8.5 g/m?) coated ACK

350 Std.
drying Repetitio o [K(Q
60 1 0.073
60 2 0.071
60 3 0.072
120 1 0.057
120 2 0.058
120 3 0.061
180 1 0.043
180 2 0.047
180 3 0.043
240 1 0.043
240 2 0.041
240 3 0.046

Table 53 - Water fractions during drying at Tin=125 °C of RS3_C (18.5 g/m?) coated ACK

350 Std.
drying Repetitio o |KQ
60 1 0.074
60 2 0.072
60 3 0.070
120 1 0.057
120 2 0.057
120 3 0.059
180 1 0.040
180 2 0.051*
180 3 0.033
240 1 0.033
240 2 0.031
240 3 0.034

* air bubbles in coating
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Table 54 - Substrate temperatures for RS2 Std. (8.5 g/m?) at ACK 350 Std. The third

repetition was excluded, since one sensor had poor contact with the substrate.

drving PO 0 Rep Rep
0 1.5 cm 30 30
0 18 cm 30 30
0 34.5cm 30 30
0 mean 30 30
20 1.5cm 44.5 38.4
20 18 cm 38.8 39.1
20 34.5cm 35.4 33.6
20 mean 39.6 37.0
40 1.5cm 55.7 45.7
40 18 cm 46.9 46.8
40 34.5cm 40.7 37.5
40 mean 47.8 43.3
60 1.5cm 64.1 52.1
60 18 cm 54.2 53.5
60 34.5cm 46.0 41.6
60 mean 54.7 49.1
80 1.5cm 70.1 57.7
80 18 cm 60.7 59.1
80 34.5cm 51.0 45.7
80 mean 60.6 54.2
100 1.5cm 74.2 62.5
100 18 cm 66.3 63.8
100 34.5cm 55.9 49.8
100 mean 65.4 58.7
120 1.5cm 76.7 66.7
120 18 cm 71.0 67.8
120 34.5cm 60.5 53.6
120 mean 69.4 62.7
140 1.5cm 78.1 70.4
140 18 cm 74.8 71.3
140 34.5 cm 64.9 57.0
140 mean 72.6 66.3
160 1.5cm 78.9 73.6
160 18 cm 77.7 74.3
160 34.5cm 68.9 60.0
160 mean 75.2 69.3
180 1.5cm 79.5 76.5
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180 18 cm 79.6 77.1
180 34.5 cm 72.5 62.2
180 mean 77.2 71.9
200 1.5cm 80.3 79.1
200 18 cm 80.4 79.6
200 34.5cm 75.6 63.6
200 mean 78.8 74.1
220 1.5cm 81.7 81.5
220 18 cm 80.2 82.3
220 34.5 cm 78.3 64.1
220 mean 80.1 75.9
240 1.5cm 84.2 83.9
240 18 cm 78.9 85.0
240 34.5 cm 80.5 63.4
240 mean 81.2 77.4

Table 55 - Substrate temperatures for RS3_C (18.5 g/m?) at ACK 350 Std.

tarying [S] Position Tsu [°C] Rep. 1 Tsun[°C] Rep. 2 Tsun [°C] Rep. 3
0 1.5cm 30 30 30
0 18 cm 30 30 30
0 34.5cm 30 30 30
0 mean 30 30 30
20 1.5cm 39.6 43.4 40.2
20 18 cm 37.0 38.8 35.9
20 34.5cm 34.1 34.8 32.7
20 mean 36.9 39.0 36.3

40 1.5cm 47.5 54.4 48.6
40 18 cm 43.6 46.9 41.9
40 34.5cm 37.9 39.3 35.7
40 mean 43.0 46.9 42.1
60 1.5cm 54.2 63.1 55.5
60 18 cm 49.6 54.1 47.9
60 34.5cm 41.6 43.7 38.9
60 mean 48.4 53.6 47.4
80 1.5cm 59.6 69.8 61.1
80 18 cm 55.1 60.5 53.7
80 34.5 cm 45.0 47.8 42.2
80 mean 53.2 59.4 52.3
100 1.5cm 64.0 74.8 65.5
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100 18 cm 60.1 66.2 59.3
100 34.5cm 48.3 51.6 45.6
100 mean 57.5 64.2 56.8
120 1.5cm 67.6 78.3 68.9
120 18 cm 64.5 71.1 64.6
120 34.5cm 51.5 55.1 48.8
120 mean 61.2 68.2 60.8
140 1.5cm 70.7 80.4 71.6
140 18 cm 68.5 75.2 69.5
140 34.5 cm 54.5 58.3 51.9
140 mean 64.6 71.3 64.4
160 1.5cm 73.3 81.5 73.7
160 18 cm 71.9 78.6 73.9
160 34.5cm 57.4 61.1 54.7
160 mean 67.5 73.8 67.4
180 1.5cm 75.7 81.9 75.4
180 18 cm 74.8 81.2 77.6
180 34.5cm 60.3 63.6 57.2
180 mean 70.2 75.5 70.1
200 1.5cm 78.0 81.6 77.0
200 18 cm 77.0 83.0 80.7
200 34.5cm 63.0 65.6 59.2
200 mean 72.7 76.8 72.3
220 1.5cm 80.5 81.1 78.5
220 18 cm 78.7 84.1 82.9
220 34.5cm 65.8 67.2 60.6
220 mean 75.0 77.5 74.0
240 1.5cm 83.4 80.4 80.2
240 18 cm 79.8 84.5 84.3
240 34.5cm 68.5 68.3 61.3
240 mean 77.2 77.7 75.3

Table 56 — Specific drying energy of RS2 Std. (8.5 g/m?) on ACK 350 Std. with initial water
fraction of 0.113.

Wsub,H2o [Kg/KQ] H 41ying [kJ/g H20 evaporated]
0.072 4.3
0.059 59
0.044 6.4
0.043 7.8
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Table 57 - Specific drying energy of RS3 Std. (18.5 g/m?) on ACK 350 Std. with initial water
fraction of 0.113.

Wsub,H20 [Kg/kg] H grying [kJ/g H20 evaporated]
0.072 43%0.1
0.058 6.0+0.2
0.036 59+0.2
0.033 7.1+£0.3
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Figure 129 - Full view of dryer inclusive coating pan.
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