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Abstract 

At Océ Research & Development research is performed on inkjet printheads. By deforming an ink 
channel using a piezo actuator an acoustic pressure wave is created in the ink channel. These waves 
cause dropiets to be jetted from the nozzles of the printhead. 

It bas been observed that a thin ink layer is always present on nozzle plates that have been in contact 
with the ink for a certain time. The presence of this ink layer is often linked with the processes that 
lead to the failure of a nozzle. For instance: dirt particles captured in the thin ink layer might disturb 
the drop formation process in the nozzle which can lead to the entrapment of an air bubble. An air 
bubble in the nozzle can cause nozzle failure. 

To improve the performance of the printhead the behavior of the ink film on the nozzle plate bas to 
be understood. The goal of this research is to get a better understanding of the wetting phenomena on 
the nozzle plate. 

Artificially aged nozzle plates have been used for the experiments in this report. These aged nozzle 
plates show the same behavior as plates that have been in service for a longer time. 

Two types of flows have been observed on the nozzle plate: 

• Ink on the nozzle plate of a printhead at rest accumulates in a central wetting band in the middle 
of the nozzle plate. 

• A trunk flow develops towards a nozzle that is actuated. 

It is observed that aged nozzle plates are always covered by a thin precursor film. This film is crucial 
to the development of the observed flows. No flows have been observed on dry nozzle plates that were 
not covered by a film. 

The trunk flow bas also been observed towards nozzles that are only actuated and not jetting any 
droplets. A jetting induced airflow can therefore, not be the main driving mechanism. There must 
be an additional driving force that drags the liquid towards the nozzle. Possibilities are: gravitational 
effects, nozzle plate vibration, surface tension gradients, pressure differences, and electtic effects. 
Differences in the laplace pressure between the central wetting band and the nozzles have been found 
to be not high enough to explain the observed flows. Electtic effects are also not very likely since 
the nozzle plate is entirely made out of conductive materials. Experiments showed that gravitational 
effects and vibrational effects are not the main driving mechanisms. 
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The most likely deiving mechanisms are differences in the surface tension of the ink across the 
nozzle plate. Surface tension differences can be caused by thermal differences or differences in the 
composition of the ink. 

Expeeiments revealed that thermal differences across the nozzle plate can not be the deiving 
mechanism bebind the observed flows. 

lt is very well possible that differences in the surface tension of the ink are caused by variations in the 
composition of the ink. The composition of the mixture on the nozzle plate can vary due to: 

• Evaporation of a volatile component from the ink film. 

• Varlation in the concentration of surface active components in the ink film. 

The flow towards the middle is probably deiven by a surface tension difference induced by the 
evaporation of the acid from the ink layer. The trunk flow is probably induced by an increased surface 
tension around the nozzle due to the enhanced mixing of the ink in the actuated nozzle. 
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List of symbols 

Physical properties: 

V kinematic viscosity m2s-1 

1] dynamic viscosity Pa· s 
p density kgm-3 

I surface tension Nm-1 

c speed of sound ms-1 

p pressure Pa 
h layer thickness m 

Jetting properties: 

f vo v actuation frequency Hz 
Vact actuation voltage V 
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Introduetion 

Océ is a leading provider of digital document management technology and services. Océ develops 
and produces high speed, high quality, print and copier devices. 
At Océ, research is done into inkjet technologies. Inkjet is the jetting of ink drops onto a substrate. 
These substrates vary from paper and cardboard to textiles and glass . 
The ink drops are jetted from a device that is called a printhead. The printhead moves back and forth 
over the substrate wbile the dropiets are jetted onto the desired location. 
The printhead rougbly consists of an ink reservoir where the ink is stored and an ink channel to 
transport the ink througb tbe bead. On top of the printhead there is the nozzle plate with two arrays of 
nozzles. The nozzle is a smal I hole from where the ink leaves the printhead. 

Droplets are jetted from the printhead by applying an acoustic pressure pulse to the channel that 
transports the ink towards the nozzles. The acoustic waves result in an acceleration of the ink in the 
nozzle and subsequently dropiets cao be jetted. The processof applying a pressure pulse toa nozzle 
is called the actuation of a nozzle. 

One of the major problems in high speed inkjet devices is the stability of the jet process. In order 
for the prints to achieve the desired quality, billions of dropiets have to be jetted faultlessly. If, for 
instance, one single nozzle fails and stops jetting, no dropiets arrive at the substrate anymore from 
this nozzle and white stripes will appear on the resulting print. An exaggerated picture of what such a 
print looks like is shown in tigure 1. 

f 

-- --~~·-

Figure 1: A picture of a boat. Because of nozzle faiture white stripes appear on the print. 

The white stripes ruin the print and therefore, nozzle failure is not acceptable. 

vii 
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The main nozzle failure mechanism is an air bubble occurring in the nozzle or ink channel. Due to 
the actuation process this air bubble will grow and eventually damp the pressure pulse so no dropiets 
can be jetted any more. It is, therefore, necessary to understand how these air bubbles are entrapped 
into the nozzles. Wetting of the nozzle plate probably plays a cru ei al role in this process. 

The nozzle plate is wetted by a thin film of ink as a secondary effect to tbe jet process. For instance, 
ink will Ieak out of tbe nozzle onto the nozzle plate when the ink meniscus in the nozzle oscillates. 
The wetting of a nozzle plate increases in importance as nozzle plates get damaged and corroded, 
i.e. when tbey get "older". Old plates display a more severe wetting behavior than new ones. The 
presence of an ink Iayer on the nozzle plate is often Iinked with nozzle failure. For example, the ink 
layer could facilitate tbe transport of dirt particles to tbe nozzles. These dirt particles can disturb tbe 
drop formation process which can cause the entrapment of an air bubble via the nozzle. 
Understanding the behavior of the thin ink film on the nozzle plate is, tberefore, crucial to improve 
the stability of the printbead. 

The goal of this research project is to get a better understanding of tbe wetting phenomena on the 
nozzle plate. 

Outline 

In this research nozzle plate flow phenomena that can influence the jet stability and the driving 
mechanisms behind these flows are investigated. 

The thesis starts with a short explanation a bout tbe printhead in chapter I. 

In chapter 2 a theoretica! basis is given to understand the flows on the nozzle plate. More extensive 
theoretica! derivations are given in the appendix. 

Chapter 3 presents the ex perimental setup used to observe the nozzle plate flows. The experiments are 
executed on an artificially aged nozzle plate. The ink layer thickness is visualized using interference 
techniques. 

In chapter 4 the experimental results are discussed. Experiments are perforrned using jetting and 
non-jetting actuation pulses. The chapter ends with a discussion of the possible driving forces for the 
observed flows. 

In chapters 5, 6, 7, and 8 the possible driving mechanisms behind the observed flows are discussed. In 
chapter 5 the role of gravity is analyzed, chapter 6 analyses the effect of nozzle plate vibrations, the 
flow caused by a surface tension gradient is discussed in chapter 7, and other effects that can induce a 
flow in the liquid layer are discussed in chapter 8. 

The thesis ends with the discussion and conclusions of the research in chapter 9. 



Chapter 1 

The printhead 

There are two major drop-on-demand inkjet technologies, namely : thermal actuation technology and 
piezo actuation technology. This research is performed on a printhead using piezo technology. The ink 
channel is actuated by deforming the ink channel leading towards tbe nozzles with a piezo actuator. 
Eacb channel bas its own piezo element and can tbus be actuated separately from all other channels. 
This technology is called drop-on-demand (DOD). The setup of tbe printbead is discussed in the next 
section. 

1.1 Printhead setup 

In a printhead tbere are two arrays of ink channels. Each ink channel terminates into a nozzle where 
the ink dropiets are jetted from. A schematic cross-section of the printhead is shown in tigure 1.1. 

Figure 1.1: Schematic cross-section of a printhead. The ink reservoir is to the left of the secondary 
filter. In the actual situation the printhead is oriented downwards. 

At the other side of the head the ink channels are connected to the ink reservoir (not shown in the 
figure) . Between the reservoir and the channels a filter prevents dirt particles from getting into the 
channels. In the actual setup the printhead is jetting downwards and therefore, a negative pressure is 
maintained above the filter to prevent the ink from leaking out of the nozzles. Hotmelt ink is used as 
a jet liquid in these printbeads. To prevent the ink from solidifying a temperature of T = 130°C is 
maintained in the head. 

1 
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1.2. NOZZLE INSTABILITY 2 

The two arrays of nozzles lay in the nozzle plate. A picture of the nozzle plate aod a cross section of 
a nozzle is displayed in figure 1.2. 

nozzle plate 

@@@@@@@@@@@@@@@~@@@@@ 

\ no~zle surrounded by 
sa u eer 

moving meniscus 
ink while actuated 

Figure 1.2: A nouleplate with two arrays ofnou les. 

To actuate a nozzle a voltage is applied to the corresponding piezo element. Consequently, the piezo 
element deforms aod causes ao acoustic pressure wave to travel tbrough the channel. These waves 
accelerate the ink in the nozzle and if the acceleration is strong enough, i.e. the actuation voltage 
is high enough, drops are jetted from the nozzles. If the voltage is too low, the ink meniscus in the 
nozzle will only oscillate. A typical value for the transition voltage between jetting and non jetting is 
Vact = 45V. 
More information about the actuation of the nozzles can be found in [3] and [ 4]. 

1.2 Nozzle instability 

Nozzle failure is a major problem in inkjet devices. Jetting with failing nozzles wiJl result in 
deteriorated prints. 

It is described in [4] that air bubbles entrapped in a nozzle cao cause the nozzle tostop jetting. It is 
believed that nozzle plate wetting plays a crucial role in the entrapment of air bubbles. 
The nozzle plate is wetted by ink as a secondary effect to the jet process. For instance, ink willleak 
out of the nozzle onto the nozzle plate when the ink meniscus in the nozzles oscillates. Figure 1.3 
shows a picture of a wetted nozzle plate. 

The presence of this thin ink layer on the nozzle plateis often linked with nozzle failure [4] : 

• Over time dirt particles will accumulate in the ink layer. Flows in the ink layer can transport 
these particles to the nozzles. A partiele that reaches a nozzle can disturb the drop formation 
process which cao cause the entrapment of air bubbles in the nozzles. These air bubbles can 
cause nozzle failure. 

• Besides the transportation of dirt particles the ink layer itself cao also cause disturbances. At a 
criticallayer thickness, the ink layer can cause cavity collapse and subsequently the entrapment 
of air bubbles in the nozzle. 
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Figure 1.3: Picture of a nozzle plate covered by a thin wetting layer. One array of nozzles is indicated 
with smalt arrows. Dirt particles accumulare in the wetting layer, the arrow indicates the flow 
direction of these particles. 



Chapter 2 

Theoretica) aspects 

This chapter gives a short de scription of the theories that are relevant to onderstand the flows on the 
nozzle plate. First a description of the relevant dimensionless groups is given. Second the theory 
about contact angles and the wetting of surfaces is briefly described. Finally an equation for the flow 
in thin liquid layers is formulated. 

2.1 Flow characteristics 

A dimensionless group is a quantity, which describes a eertaio physical system. For the experimenter, 
different systems, that share the same description in terms of dimensionless groups, are equivalent. 
The following dimensionless groups apply to the flow on the nozzle plate. 

2.1.1 Reynolds number 

The Reynolds number is used to determine whether the inertial or viscous forces are dominant in a 
flow. The Reynolds number is defined as the ratio between the inertial force and the viscous force: 

Re= pVh 
rJ ' 

(2.1) 

with p(kgjm3
) the density of the liquid and ry(Pas) the dynamic viscosity. The ink layer on the 

nozzle plate can be described in terms of a characteristic thickness h, a characteristic velocity V and 
the radius of curvature R. If the Reynolds number is small, Re « 1, viscous forces dominate. 

2.1.2 Bond number 

The Bond number is the ratio between gravity and surface tension 1 and is often used in the motion 
of bobbles and droplets. In this specific case the Bond number is defined as, 

Bo ~ gb..phR, 
I 

(2.2) 

where g is the acceleration due to gravity and !:::.p the difference in density between the fluid and the 
surrounding gas. 

4 



2.2. WETTING 5 

2.1.3 Capillary number 

The capillary number is used to determine whether the viscous force or the surface tension is 
dominant. The capillary number is defined as, 

Ca= ryV R 
I h 

For small capillary numbers capillary forces dominate over viscous forces. 

2.1.4 Capillary length 

(2.3) 

There exists a particular length, denoted ti, -
1 ( dimeosion m) beyond which gravity becomes important. 

It is referred to as the capillary length. 

/'i,-1 = v:r;pg. (2.4) 

Gravity is negligible for lengthscales: r < /'i,-
1

. When this condition is met, it is as if the liquid is 
in a zero-gravity environment and capillary effects dominate. The opposite case, when r > /'i,-

1 is 
referred to as the gravity regime. 
The distance /'i,- 1 can also be thought of as a peneteation length. If an initial horizontalliquid surface 
is perturbed, the perturbation dies out in a distance /'i,-1 . 

2.1.5 Overview of ink properties 

Table 2.1 shows an overview of the relevant ink parameters. 

Table 2.1: Ink parameters and measured flow quantities 

Ink parameters value 
Density p 1090kgm-::J 

Surface tension 1 30 · w-3 Nm-1 

Dynamic viscosity 17 0.01 · w-3 Pas 
Temperature T 130°C 

Speed of sound c 1250ms-1 

Characteristic velocity V lOttms-1 

Characteristic layer thickness h between lttm and lüwn 

Substitution of these values yields for the Reynolds number: Re ~ 1 · w-5 and therefore, the inertial 
forces are small compared to the viscous forces. 
The capillary length is ti,- 1 = 1.7mm. For sizes below the capillary length gravity is negligible. 
The values for the Bond and Capillary number depend on the local surface curvature and layer 
thickness. 

2.2 Wetting 

When a water drop is placed on a very clean sheet of glass, it spreads completely. By contrast, the 
same drop deposited on a sheet of plastic remains stuck in place. The condusion is that there exist 
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two regimes of wetting. The parameter that distinguishes them is called the "spreading parameter" S 
(dimensions N jm), which measures the difference between the surface energy (per unit area) of the 
system when dry and wet [1]: 

S = [Esystem]dry ~ [Esystem]wet (2.5) 

or, 

S = "tso ~ 'YsL ~ 'Y (2.6) 

where the three quantities are the surface tensions at the solid/air ("tso), solidlliquid hsL), and the 
liquid/air ("() interfaces, respectively. "( can both be viewed at as the energy that must be supplied 
to increase the surface area of the liquid by one unit, or as a force (per unit length) working on the 
surface of the liquid. Figure 2.1 shows all three surface tensions, working on a liquid drop. 

~<~~~~Y~e ___ m_o_P __ ~-Y~--~>- Jh 
x Yso Yst Yst Yso 

Figure 2.1: The suiface tensions that work on a liquid drop laying on a horizontal substrate. 

There are two wetting regimes: 

• S > 0: Total wetting. If the spreading parameter S is positive, the liquid spreads completely in 
order to lower its surface energy. The final outcome is a film of nanoscopic thickness resulting 
from the competition between molecular and capillary forces. 

• S < 0: Partial wetting. The liquid drop does not spread but, instead forms a spherical cap 
resting on the substrate with a contact angle e. A liquid is said to be "mostly wetting" when 
e < 1f /2 and "mostly non wetting" when e > 1f /2. 

2.2.1 The contact angle 

The contact angle e of a liquid drop laying on a substrate is determined by the three surface tensions 
that work on the contact line of the drop. Equilibrium of forces at the contact line simply yields, 

"(Cüs(O) ="tSO~ 'YSL· (2.7) 

Equation 2.7 is called the law of Young-Dupré. Substituting 2.6 in 2.7 yields, 

S = "f(cos(B) ~ 1). (2.8) 

2.2.2 Precursor film 

lt bas been observed that a very thin film precedes a spreading liquid droplet in a total wetting regime. 
This thin film is called a "precursor" film. These precursor films have typical thicknesses between 
lnm and lOOnm. Figure 2.2 shows a liquid drop and the very thin precursor film. 
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macroscopie drop 

r,::""'~~ 
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Young 
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Figure 2.2: In a total wetting regime a spreading macroscopie drop is announced by a very thin 
precursor film. Both the precursor film profile and the contact angle according to the Young model 
are shown. 

The presence of the precursor film affects the properties and wetting dynamics of a solid substrate. 
The behavior of the precursor film is govemed by microscopie effects (van der Waals forces etc). 

More information about surface tensions and precursor films can be found in appendix A. 

2.3 Very slow motions 

For small Reynolds numbers the inertial terrus in the Navier Stokes equations can be neglected. The 
motions at very low Reynolds numbers are very slow and are sametimes also called creeping motions. 
Assume that the horizontal dimensions of the liquid layer are much larger than the vertical dimensions 
(layer thickness). The velocity in the direction perpendicular to the flow (z direction, the direction of 
the layer thickness) then is much smaller than the horizontal velocity component, w « u, and the 
Navier stokes equation for the flow in the x direction (parallel to the flow) reduces to, 

(2.9) 

Solving this equation with the boundary conditions, no slip at the plate and no stress at the free surface 
yields for the average velocity in the x direction, 

h2 ä - p 
U=---. 

37] Ö.T 
(2.10) 

A full denvation of equation 2.10 is given in appendix B. Furthermore, a short description of the 
theory bebind a source/sink flow and a uniform parallel flow is given in appendix C. 



----------------------------------------------

Chapter 3 

Experimental setup 

The experimental setup used for the experiments described in this report is presented in this chapter. 

3.1 The experimental setup 

An overview of the experimental setup is shown in figure 3.1. 

Nozzle control unit 

lfa7era jÇ =rJ--

Figure 3.1: Overview of the experimental setup used to test printheads. The temperature in the 
printhead is controlled with the temperafure control unit and the nozzles are directed by the nozzle 
control unit. The drop formation process and the nozzle plate wetting phenomena are bath observed 
with cameras. 

Figure 3.1 shows a printhead attached to a temperature control unit and a nozzle control unit. The 
temperature of the head is controlled by the temperature control unit. A dedicated setup is used to 
direct the actuation of the nozzles. Each nozzle can be actuated individually and the actuation voltage, 
the jet frequency, and the shape of the actuation pulse can be adjusted. The drop formation process 
as well as the ftows on the nozzle plate are visualized with a camera. In accordance with the actual 

8 



3.2. INTERFEREN CE TECHNIQUES 9 

situation the printhead in this experimental setup is oriented downwarcts and a negative pressure is 
maintained above the channels to keep the ink from leaking out of the nozzles. 

3.2 Interference techniques 

A camera is used to visualize the ftows on the nozzle plate. Interference techniques enable the 
determination of the layer thicknesses of thin films on the nozzle plate. The liquid film is illuminated 
with a parallellight beam with a wavelength .\. Figure 3.2 displays such a light beam falling on a 
liquid film. 

parallellight 
souree 

ei 1 

/ I 

Figure 3.2: Parallel light beams falling on a liquid film. ni and n f are the refractive indexes for air 
and the fluid respectively. 

A part of the light beams will be reftected by the liquid surface. Another part of the light beams is 
refracted at the air liquid interface, then reftected at the solid liquid interface and again refracted at 
the liquid air interface. The refracted beams interfere with the reftected beams to form an interference 
pattern. 
SneU' s law yields for the angle of refraction e f, 

sin(e1) = ni sin( ei)· 
nf 

(3.1) 

The difference in optical path length !:::.L between the reftected and the refracted beam in tigure 3.2 is 
then given by: 

!:::.L = nf. Ladb- ni. Leb· 

The optica! path length trough the liquid Labd is, 

2h 
Labd = · 

cos(e1) 

The path length Leb is given by, 

(3.2) 

(3.3) 

Leb= Lab sin(Oi) = 2h tan(OJ) · sin(Oi) = 2h tan(e1) · nf sin(e1 ). (3.4) 
ni 

Combining equations 3.2, 3.3, and 3.4 results in: 

1 . 
!:::.L = 2hn1( (e ) - tan(e1) sm(e1)) = 2hn1 · cos(e1 ). cos f 

(3.5) 
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There will be an interterenee minimum if ó.L = 1/2 · nÀ and a maximum if ó.L = nÀ, with na 
positive integer. 
The nozzle plate is illuminated with a LED with a wavelength of ).. = 545nm under an angle of 
45°, the refractive index of ink is approximately n1 = 1.45. The thickness difference between a 
constructive and destructive interterenee fringe, therefore is, ó.h = 108nm. 

3.3 The nozzle plate 

Fresh, unused nozzle plates exhibit another type of wetting behavior than used, damaged plates. Fresh 
plates generally look very clean and oot much ink accumulates on them. On the contrary, large pools 
of ink accumulate on nozzle plates that have been in contact with ink for a eertaio time. We will call 
these nozzle plates "aged" nozzle plates. It is oot yet understood what causes this transition in wetting 
behavior, there are several theories: 

• Corrosion. The nozzle plates are made of nickel which in time will corrode. It is possible that a 
nickel oxide layer gradually grows on top of the plate (for instanee due to reaction with the ink) 
and that this layer exhibits another type of wetting behavior. 

• Damaging. The nozzle plate might get damaged over time, for instanee due to the cleaning 
process. A damaged nozzle plate might display another type of wetting behavior than 
undamaged plates. 

Since they display a moreseveretype of wetting behavior "aged" plates are of special interest to this 
research and therefore, a deliberately aged nozzle plate is used for the experiments described in this 
report. To effectively "age" the nozzle plate it bas been treated with a sodium hydroxide solution. The 
flows that have been observed on this artificially aged nozzle plate are also observed on nozzle plates 
that have been in service for a longer time. 



Chapter 4 

Observed flows 

The flow phenomena that have been observed on artificially aged nozzle plates are presented in this 
section. First a short description of the flow phenomena that have been observed during previous 
research is given. Second the observed flow phenomena for a) the printhead at rest, b) when one 
nozzle is actuated and jetting, and c) when one nozzle is actuated and not jetting are presented. Finally 
an overview of the possible driving mechanisms bebind the observed flows is given. 

4.1 Previous research 

An extensive description of earlier observed nozzle plate flow phenomena is given in [3]. The 
described experiments have been performed on a medium aged nozzle plate. Two important types 
of flows have been observed: 

• Experiments with a jetting pulse showed a radial sink like flow developing towards the actuated 
nozzle. The experiments have been performed on a nozzle plate covered by a uniform ink film 
of approximately 25p,m thick. The flow has been visualized using tracer particles, the velocity 
of these particles is measured to be approximately u = w-4mj s. The sink flow has been 
observed fora wide range of DOD frequencies. Small deviations are observed but are probably 
caused by variations in the ink layer thickness. 

• Experiments with a non jetting pulse showed a dipole like flow fielddeveloping in the ink layer. 
The dipole fields are always oriented in the same direction as the ink layer thickness gradient. 

An airflow generated by the jet of dropiets originating from the nozzle is believed to be responsible 
for the observed sink flows. The airflow causes a shear stress at the free surface of the liquid layer and 
in this way drags the ink flow towards the nozzles. The mechanism bebind the dipole fields remains 
unknown. 

4.2 Flows on the nozzle plate of a printhead at rest 

Before investigating the flows caused by nozzle actuation we start with an investigation of the flow 
pattems on the nozzle plate of a printhead at rest, i.e. no nozzles are actuated. 

11 
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Observations 

As has been mentioned in section 3.3 a chemically treated nozzle plate is used for the experiments. 
The nozzle plate is artificially aged to simulate a nozzle plate of a printhead that has seen ink contact 
fora longer time. 

Aged nozzle plates are always covered by a thin ink film of some form. The ink leaks out of the 
nozzles or remains on the plate after wiping (cleaning the plate with a wiper). It is impossible to fully 
remove this wetting layer by normal means (cleaning the head with a wiper). 
The ink layer on the nozzle plate always draws together in an equilibrium position. This equilibrium 
position is a wetting band laying on the middle of the nozzle plate. A schematic representation is 
given in tigure 4.1. The thickness and shape of this "central wetting band" depend on the amount of 
liquid available on the plate, typical thicknesses being between 1 and lüp,m. 

precursor film 

precursor film 
nozzle sWTounded by 

Figure 4.1: Equilibrium position of the ink layer in the middle of nozzle plate. The rest of the nozzle 
plate is covered by a thin precursor film. 

Deforming the central wetting band will induce a flow towards the middle till the equilibrium position 
is regained. This flow towards the middle of the nozzle plateis clearly visible after cleaning the nozzle 
plate with a wiper. Just after wiping the plate is covered by an almost uniform ink layer with two thick 
ink ribbons occurring above both nozzle arrays. Figure 4.2 shows one of these ink ribbons drawing 
towards the middle of the plate. 

The ink ribbon immediately starts moving towards the middle in an almost uniform parallel flow. The 
thick ribbon moves faster than the thinner film and sweeps all the ink in the thinner film together. The 
velocity of the ink ribbon is maximal just after wiping and gradually decreases till the equilibrium 
position is reached and the ink stops moving. The ribbon thickness (measured using interterenee 
techniques) remains approximately constant over the entire movement, the ribbon thickness is h ~ 
2.5p,m. A typical velocity for this moving ribbon is < u >= 15p,m/ s. 
The ribbon can be viewed at as a one-dimensional drop. Figure 4.3 shows a schematic representation 
of the one dimensional movement of the ribbon from tigure 4.2. 

Not surprisingly, the sameforce that draws the ribbon towards the middle also applies to small dropiets 
appearing on the nozzle plate, a striking observation of this phenomena is presented in section 4.4. 
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A B 

c D 

Figure 4.2: Aft er wiping the ink accumulates on the middle of the nozzle plate. The array of nozzles 
is at the bottam of each picture. The moving inkfront is indicated with a white arrvw. The white fine 
approximately indicates the position of the ribbon. The thickness of the ink ribbon can be estimated 
by counting the inteiference fringes. Picture a: t = 75s, b: t = 125s, c: t = 175s, d: t = 275s 

Analysis 

The distance between the front of the moving ink ribbon and the nozzles, x (as indicated in figure 
4.4) , as a function of time and the velocity of the ribbon, u, as a function of x are plotted both linearly 
and logarithmically in figure 4.5 . 

The distance between the flow front and the nozzles in figure 4.5 is measured at a layer thickness of 
h = 432nm and not at h = 0. It is shown in appendix D that the averaged (over the thickness of 
the layer) flow velocity in the ribbon only equals the front velocity at h = 0. Measuring the position 
of the front at h = 432nm however, is much easier than at h = 0 since the interference fringes are 
much clearer at this thickness. The thickness profiles for the moving ribbon at different times are also 
presentedinAppendix D. 

It is very difficult to calculate the actual flow velocity in the layer from the measured interference 
pattems. Another option would be to measure the velocity in the layer with tracer particles. 
Unfortunately experiments with 530nm fluorescent particles have been unsuccessful (no particles 
have been observed in the flow, see appendix D). The measured position time dependency of the flow 
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Figure 4.3: Schematic representation of the observed flow pattem s on the nozzle plate (on a head in 
rest) after wiping. The pictures show a cross section of the nozzle plate with the ink layer on top. 
Picture A: The ink distribution immediately after wiping. The nozzle plate is covered by an almast 
uniform ink film and two thick ink ribbons occurring above the nozzle arrays. Picture B: The ink 
starts to draw towards the middle from bath sides of the nozzle plate. The jast rnaving thick ribbon 
sweeps the slower rnaving thinfilm tagether like a bulldozer rnaving sand. Picture C: An equilibrium 
position is reached on the middle ofthe nozzle plate. The remaining parts ofth e plate are still covered 
by a very thin (precursor) film . Picture D: Random drops occurring on the nozzle plate wilt also draw 
towards the middle. 

central 
wetting 
band 

~14----x_.c: 
__/no:c 

Figure 4.4: The disrance x between the rnaving inkfront and the nozzles. 

front will therefore, be used to characterize the flows in this report. It has to be remarked that the front 
velocity calculated from these values probably differs from the actual velocity in the flow. 

The position of the ink front, x , as a function of time in tigure 4.5 can be approximated by: 

x(tt- x0 = c · (t - to) , (4.1) 

where xo is the position of the flow front at t = to. We define to as the time when the flow front is at 
the nozzle (at position x = 0), and hence x0 = 0. Equation 4.1 can then be written as : 

(4 .2) 
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Figure 4.5: A: Position of the moving inkfront versus time for the flow towards the middle. To me as ure 
the position time dependency snapshots have been taken of the flow with a frequency of 1H z. The 
nozzle is situated at position x = 0 and the ribbon starts moving at t = to. B: Logarithmic plot of 
x( t ) versus t . C: Absolute velocity of the ink front versus the position of the front, the veloeities are 
computedfrom the measured values offigure A. D: Logarithmic plot of u( x ). 

where c1 = (5.9 ± 0.1) · w-5m , c2 = 1s-1 , c3 = 0.61 ± 0.02, and t 0 = Os. The velocity of the 
moving ink front as a function of its position x is plotted in tigure 4.5 C and D. The velocity in tigure 
D can be approximated by: 

(4.3) 

with C4 = (1 ± 0.05) · 10- 8ms- l , Cs = 1m-l, and C6 = - 0.91 ± 0.05. 
Since we are interested inthebest possible description ofthe data in tigure 4.5 C and D, the fit in figure 
D has been calculated independently from the fit in equation 4.2. The calculated fit parameters from 
equation 4.2 do not correspond to the parameters from equation 4.3 which is caused by deviations 
between the proposed model to describe the flows (equations 4.2 and 4.3) and the measured data. 

The mechanism that drags the liquid towards the middle still has to be investigated. Several 
possibilities will be outlined in section 4.6. 
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4.3 Flows on a nozzle plate during nozzle actnation 

The previous section described a flow towards the middle ofthe nozzle plate. However, when a nozzle 
is actuated, locally (around the actuated nozzle) an additional flow pattem is superimposed on the flow 
towards the middle. 

4.3.1 Actnation with jetting 

Observations 

The flow pattem that develops when a single nozzle starts jettingis presented in tigure 4.6. 

a b c 

d e f 

Figure 4.6: Flow pattem on the nozzle plate when one single nozzle is actuated and j etting. The 
central wetting band slowly defomiS and a trunk like flow develops towards the jetting nozzle. The 
nozzle is actuated with a (2, 3, 2) (2 micro seconds up, 3 micro seconds flat, 2 micro seconds down) 
trapezium puls and the actuationfrequency is ! voD = 30kHz . The actuation voltage is Vact = 70V. 
Picture a: t = 20s, b: t = 350s, c: t=390s, d: t = 408s, e: t = 428s, f t = 448s 

At first the central wetting band remains unchanged. However, after a while the central wetting band 
slowly deforms and gradually a flow creeps in the direction of the nozzle. Because of its particular 
shape this flow is called a "trunk flow". After a certain time the trunk reaches the nozzle and the 
thickness of the trunk starts to increase. A typical velocity for the trunk flow is < v >= 8p,mj s. Flow 
pattems as displayed in tigure 4.6 have also been observed in previous experiments with printheads 
that have seen ink contactfora Jonger time. 
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Analysis 

The position of the trunk front as a function of time and the velocity of the front as a function of its 
position are plotted in figure 4.7. The nozzle is at position x = xo = 0 and the trunk reaches the 
nozzle at t = t 0 = 381s. The position of the trunk front bas been measured at h = 150nm. The 
measured front velocity might differ from the velocity elsewhere in the trunk flow. 
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Figure 4.7: A: Position x(t) ofthe trunkfiow plottedas ajunetion of timet. The nozzle is at position 
x = 0. The position is measured at a constant layer thickness of h = 150nm. B: Logarithmic plot of 
x(t). In order to be able to fit the data linearly, the position x (t) has beenplottedas a junction of the 
time to - t . C: The absolute velocity ofthe trunkfront as ajunetion ofthe position x . D: Logarithmic 
plot of the absolute velocity as a function of x. 

Equation 4.2 and equation 4.3 are fitted through the measured values in figure 4.7 Band D respectively, 
the calculated values for the fit parameters are given in table 4.1. To obtain the most accurate fit for 
the values in figure D the fit bas again been calculated independently from the fit in tigure B, which 
means that the fit parameters from both figures do not correspond. 

Table 4.1 shows that the position of the trunk front is approximately proportional to x (t ) ex - (t 
t0 ) 0·54 and the velocity of the trunk front is approximately proportional to u(x) ex x-12. 

The measured values for x(t) , plotted in 4.7 B, deviate at two important points from the linear fit. As 
can be seen, at the start of the trunk formation process the trunk moves slowly and when the trunk 
approaches the nozzle it accelerates. The slow start might be caused by a reaction time, apparently it 
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Table 4.1: Flow characterization for the jetting trunk. The nozzle is at position x = xo = 0 and the 
trunk reaches the nozzle at t = to = 381s. 

position x(t) = c1 (c2(t- to))c3 velocity u(x) = c4(cs · x)C6 
parameter value parameter value 

Cl -(6.46 ± 0.06) . w-5m C4 (8 .0 ± 0.1) · 10- lUmS-l 

C2 l s - 1 es lm- 1 

C3 0.54 ± 0.02 C6 - 1.2 ± 0.2 

takes some time for the central wetting band to react on the start of the actuation process. 

4.3.2 Actnation without jetting 

It has been observed that a trunk flow develops towards a jetting nozzle. We will now investigate the 
flow pattem that develops when a nozzle is actuated but not jetting (the actuation voltage is nothigh 
enough to jet droplets). 

Observations 

Figure 4.8 shows the flow which develops from the central wetting band when a single nozzle is 
actuated and not jetting. However, the ink meniscus in the nozzle moves vigorously up and down. 

As can be seen the trunk flow also develops towards an actuated but not jetting nozzle. 
The non-jetting trunk is only slightly slower than the jetting trunk and bas a typical velocity of < 
v >~ 6f.Lm/ s. The difference in velocity is probably caused by the difference in actuation voltage 
Getting: Vact = 70V, non-jetting: Vact = 40V) and hence a less vigourous meniscus movement 

Analysis 

Figure 4.9 displays the position of the ink front, x as a function of time together with the velocity of 
the front as a function of x. The position x bas been measured at a thickness h = 150nm. The trunk 
reaches the nozzle at t = t0 = 370s. 

Equation 4.2 and equation 4.3 are fitted through the measured values in tigure 4.9 Band D respectively, 
the calculated values for the fit parameters are given in table 4.2. 

Table 4.2 shows that the the position of the trunk front is approximately proportional to x(t ) ex -(t 
t0)0·44 . The velocity of the trunk front is approximately proportional to u( x) ex x-1.8 . However, as 
can be seen, this fit is very inaccurate . 
The measured values for x(t) plotted in 4.9 B, deviate at the same two points from the linear fit as 
x(t ) for the jetting trunk. 

Comparing the observed flows from different experiments is very difficult because the amount of 
Iiquid on the nozzle plate is variable. lf there is less liquid on the plate, the central wetting band is 
thinner and/or further away from the nozzles. Th is affects the trunk developing time. 



4.3. FLOWS ON A NOZZLE PLATE DURING NOZZLE ACTUATION 

etting 
and 

actuated 

onozzle 

g 

b 

19 

Figure 4.8: Developing flow pattem for an actuated nozzle, the nozzle is nol jetting, the ink meniscus 
however, moves vigorously up and down. The nozzle is actuated with a (2, 3, 2) (2 micro seconds up, 
3 micro seconds flat, 2 micro seconds down) trapezium puls with f DO D = 30kHz. The actuation 
voltage is Vact = 40V. Picture a: t = 5s, b: t = 200s, c: t = 300s, d: t = 400s, e: t = 500s, f 
t = 550s, g: t = 575s, h:t = 600s, i: t = 625s. 

Table 4.2: Flow characterizationfor the nonjetting trunk. The nozzle is at position x= xo = 0 and 
the trunk reaches the nozzle at t = to = 370s. 

position x( t) = c 1 ( c2 (t - to) )c3 velocity u(x) = c4(c5 · x)c6 

parameter value parameter value 

Cl -(8.3 ± 0.1) · 10 -t>m C4 (3.0 ± 0.5) · 10 · l~ms · I 

C2 l s- 1 cs lm- 1 

C3 0.44 ± 0.03 C6 - 1.8 ± 0.5 

The variabie position and shape of the central wetting band make it very difficult to examine the 
actuation voltage and DOD frequency dependency of the trunk flows. For thick central wetting bands, 
trunks have been observed for actuation voltages as low as Vact = 25V, for more common central 
wetting bands trunks only develop above Vact ~ 35V. For Vact = 40V trunks have been observed 
for DOD frequencies above 20kHz, but it is oot unlikely that at different wetting conditions they still 
occur for lower F DOD· Trunks have been observed at FDoD = 10kHz and an actuation voltage of 
Vact = 80V. 
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Figure 4.9: A: Position x ofthe inkfront as ajunetion of time tfor the trunkflow that develops towards 
a nozzle that is actuated but not jetting. The nozzle is at position x = 0. The position is measured at a 
constant layer thickness of h = 150nm. B: Logarithmic plot ofx(t). In order to be able to fit the data 
linearly, the position x(t ) has beenplottedas ajunetion ofthe time to-t. C: The absolute velocity of 
the trunk front as a junction of the position x. D: Logarithmic plot of the velocity as a junction of x. 

4.4 Moving droplet 

Observations 

A striking demonstration of the earlier described flows (the flow towards the middle and the flow 
towards the non jetting actuated nozzles) is displayed in tigure 4.1 0. 

Figure 4.10 shows a tiny droplet positioned somewhere close to the array of nozzles. The white arrow 
indicates the flow direction of the droplet, the white circle indicates an actuated nozzle. As can be 
seen when no nozzles are actuated the droplet gradually moves towards the rniddle. However, when a 
nearby nozzle is actuated the droplet starts moving towards this nozzle. 
The moving droplet bas a diameter of approximately d = 130J-tm and an approximate thickness of 
h = 720nm (measured by interterenee techniques). As can be seen the droplet does not spread and 
moves as a whole across the nozzle plate. 

Furthermore the following observations are made: 

• The nozzles must be actuated to attract the droplet 
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Figure 4.1 0: Pictures of a moving drop let. The droplet draws towards the middle when no nozzles 
are actuated. However, when a nearby nozzle is actuated the drop starts moving towards the actuated 
nozzle. The white arrow indicates the flow direction of the droplet, the white circle indicates an 
actuated nozzle. Three nozzles are visible close to the droplet, nozzle number 1, number 2, and 
number3. 

• Even tiny dropiets at a relatively long distance from the middle move towards the middle. 

• The nozzle plate seems to be covered by a very thin film , a precursor film. This film seems to 
facilitate the "communication" between the middle and the droplet and between the nozzle and 
the droplet The precursor film has a maximum thickness of h max '::::' lOOnm 

Analysis 

Figure 4.11 shows the position x( t) and the velocity u( x) for the droplet moving towards an actuated 
nozzle for two droplet trajectories. 

Equation 4.2 is fitted through the measured values fordroplet 2 in tigure 4.9 B. lt is not possible to 
fit the data in tigure 4.11 D. An overview of the fit parameters is given in table 4.3. No fit has been 
calculated for the droplet in trajectory 1 since t 0 is unknown for the movement of this droplet 
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Figure 4.11: Position x (t) as a function of time t and u(x ) (absolute) for the rnaving drop/et. The 
nozzle is at position x = 0. 

Table 4.3: Flow characterization for the rnaving droplet in trajectory 2. The nozzle is at position 
x = xo = 0 and droplet 2 reaches the nozzle at t = to = 23s. 

position x(t ) = c1(c2 · t) c3 
trajectory 2 

parameter value 

Cl -(3.7 ± 0.03) 0 w -vm 
C2 ls- 1 

C3 0.57 ± 0.2 

4.5 Discussion of the observed flow phenomena 

Three types of flows have been observed on the nozzle plate. The flows are summarized in figure 4.12. 

A thin ink layer is always present on the nozzle p1ate. lt is impossible to remove this thin film by 
normal means (wiping). Abundances in ink on the nozzle plate of a printhead at rest accumulate in 
an equilibrium position on the middle of the nozzle plate. This equilibrium position is called the 
"central wetting band". Ink drops somewhere on the nozzle plate will always try to flow towards this 
equilibrium position. The driving forces bebind this flow will be discussed in section 4.6. 
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Figure 4.12: Observed fiows on the nozzle plate. In reality the nozzle plate is oriented downwards. 

Tbe flow of ink drops towards the middle can be considered quasi one dimensional. Tbe position 
of the moving ink front as a function of time is, in a first order approximation, proportional to 
x(t) o:: y'f=To. 

It bas been observed that a trunk flow develops towards a jetting nozzle as well as towards a nozzle 
tbat is actuated but not jetting. Tbe observed trunk flow migbt be able to disturb the jet process, for 
example, by transporting dirt particles towards tbe nozzles. To prevent the trunk flow from developing 
we need to understand wbicb mecbanism drives the ink towards tbe nozzles. 

Just like for the flow towards the middle, the position of tbe moving trunk front as a function of time 
is, in a first order approximation, proportional to Jt- t0 . However, it is evident from figures 4.7 and 
4.11 that the flows decelerate close to the central wetting band and accelerate close to the nozzles. 
Wbat causes these deviations still bas to be investigated. Since the front velocity of botb tbe flow 
towards tbe middle and the trunk flow are proportional to Jt- t0 , the same driving mecbanism is 
probably responsible for both flows. 

Tbe trunk flow bas also been observed towards a nozzle that is only actuated and not jetting any 
droplets. Since no dropiets are jetted tbere is no jetting induced airftow. Tbe airftow, described in 
[3], cantbus not be the main driving mecbanism bebind the observed trunk flows and there must be 
another, unknown, force working on tbe liquid layer. Since the velocity for the non-jetting trunk is 
only a little bit smaller tban the velocity for tbe jetting trunk, it is very likely tbat the unknown force 
is the dominant driving force bebind both trunks (tbe difference in trunk velocity is probably only 
caused by tbe difference in actuation voltage and subsequently a less vigorous meniscus movement). 

Actuating different nozzles enables us to steer a tiny droplet across the nozzle plate. If no nozzles 
are actuated tbe droplet will draw towards tbe middle and if a nearby nozzle is actuated the droplet 
will move towards tbat nozzle. Tbere seems to be a means of communication between the drop and 
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the central wetting band and between the drop and the nozzles. A precursor film, covering the entire 
nozzle plate is believed to be responsible for this communication. 

The existence of the precursor film is probably crucial to all the flows on the nozzle plates, the 
precursor film seems to facilitate the "communication" between the actuated nozzle and the central 
wetting band. Without the precursor film the ink in the central wetting band would not be able to sense 
whether a nozzle is actuated or not. No such nozzle plate flows have been observed on less wettable 
nozzle plates (for instance: nozzle plates that have an anti-wetting coating). The difference between 
the observed flows and the flows described in [3] might be explained by the different conditions of the 
nozzle plates that have been used. 

4.6 Driving mechanisms 

In order to properly understand the wetting phenomena on the nozzle plate we have to understand 
which mechanism drives the observed flows. There are several possibilities: 

l. Gravitational effects. Gravity working on a suspended liquid film will try to pool the liquid 
together in a pendant drop. Gravitational effects might be responsible for the flow towards the 
middle. 

2. Nozzle plate vibrations. If a nozzle is actuated, the nozzle plate around the nozzle vibrates. This 
vibration might induce the tronk flow towards the nozzles. 

3. Surface tension gradients. A gradient in the surface tension of a liquid induces a flow in the 
liquid layer. There are several mechanisms that can cause a surface tension gradient: 

• Thermal differences. Surface tensions are temperature dependent, a thermal gradient can 
therefore, cause a flow in a liquid layer. 

• Differences in the composition of the nozzle plate. If the composition of the nozzle plate 
varles between the nozzle and the middle so does the surface energy of the plate. A 
gradient in the composition of the plate will, therefore, drag the liquid towards regions of 
higher surface energy. 

• Differences in the composition of the ink layer. The composition of the ink might change 
due to evaporation and/or chemical reactions. The surface ten si on of the layer depends on 
the composition of the layer and therefore, a composition difference can cause a surface 
tension gradient. 

4. Pressure gradients. A pressure difference, for instance, differences in the Laplace pressure 
(pressure due to surface cuevature) can induce a flow in a liquid layer. 

5. Electrostatic effects. Electric fields can induce a motion in a liquid layer containing charge 
carriers. 

To find out whether one of these mechanisms is responsible for the observed flows, the effect of each 
mechanism on the ink flow will be examined in the following chapters. 



Chapter 5 

The influence of gravity on a thin ink film 

The role of gravity in the flows observed on the nozzle plate is discussed in this chapter. The question 
will be addressed whether gravity can pull the ink towards the middle to form a pendant drop and 
in this way can be responsible for the observed flow towards the middle. Since the tronk flow is 
only observed towards actuated nozzles and not on a printhead at rest, gravitational effects can not be 
responsible for this flow. 

Consicter a liquid film suspended under a flat horizontal plate. Two opposite effects act on the surface 
of the film: gravity tends to distort it by transporting dense liquid downward, while surface tension 
resists any tendency to increase the surface area. If the volume of liquid suspended under the plate is 
large enough a drop can form and fall off the plate. If there is not enough liquid, i.e. the liquid film 
is not very thick, the film will only deform to a steady state shape. This steady state shape is called a 
pendant drop and is found when gravity and surface tension forces are in equilibrium with each other. 
If the volume of liquid is not restricted the drops can grow and detach from plate. Drops can only 
become unstable after reaching a eertaio size. The instability of a suspended film breaking up into 
an array of dropiets is called the Rayleigh-Taylor instability. The Rayleigh-Taylor instability will be 
discussed in the next section. 

5.1 Rayleigh-Taylor Instability 

Figure 5.1 shows a disturbed liquid film suspended under a flat horizontal plate. 

x 

-E---------;7 

Figure 5.1: A thinfilm suspended under a fiat plate. Thefilm thickness is modulated with an amplitude 
8h around a median value ho, the wavelength ofthe modulation is.\. 

The suspended film thickness is modulated with an amplitude 8h about the median value ho according 

25 
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to: 

h =ho+ 8hcos(qx). (5.1) 

Witb q = 27T I À tbe wavevector of tbe modulation, tbe wavelengtb À is assumed to be large compared 
to ho. 
Two opposite effects act on tbe surface, gravity and surface tension. The energy difference per unit 
lengtb in tbe direction perpendicular to tigure 5.1 between a wavy film and a flat one over a distance 
À is: 

1À 1 1À !lE =- -pg(h- ho)2dx + 1(ds- dx). 
0 2 0 

(5.2) 

Wh ere ds = J 1 + ( dh I dx) 2dx is tbe curved lengtb of tbe liquid air interface, for small deformations 
tbis can be approximated by ds ;::j dx[1 + 1l2(dhldxf]. Equation 5.2 cantben be integrated to yield, 

!lE = ~18h2 
À· (q2

- t>;
2

). (5.3) 

!lEis negative when q < t>; and tberefore, wavelengtbs witb À > 27Tt>;- 1 are unstable, which means 
that drops onl y can detach from tbe plate if the drop diameter is greater tban 27T t>; - 1 . 

There is an in fini te number of unstable wavelengtbs, namely all wavelengtbs greater tban 21r t>; - 1 . 

However, in practice one single mode gets selected. The particular wavelengtb that grows fastest and 
overshadows all otbers is given by, 

(5.4) 

and wins out for kinetic reasons. The exact denvation of equation 5.4 is given in [1]. For ink on a 
nozzle plate tbis wavelength is À* = 0.016m, which is more than the widtb of tbe nozzle plate. 

5.2 The pendant drop 

As bas been mentioned before a liquid film suspended under a horizontal plate may, under tbe 
inftuence of gravitational and surface tension forces, evolve to a pendant drop. To compute tbe steady 
state shape of a pendant drop, tbe total energy E of tbe drop needs to be minimized. 

We will now follow tbe de scription of tbe pendant drop problem as stated in [ 1 0]. 
For simplicity we assume tbat tbe drop under study bas an axially symmetrical shape. Let A denote 
tbe area of tbe droplet surface, V its volume ,and G its gravitational energy. The total energy of the 
droplet is then given by: 

E=~rA+G. (5.5) 

Furthermore, the droplet volume is assumed to be constant and equal to Va. The contact angle of the 
ftuid on tbe supporting surface is o: and is also constant. The total energy is now a functional of tbe 
drop profile, r, as depicted in tigure 5.2 
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Figure 5.2: Schematic representation of a pendant drop. 

r cao be represented in parametrie form in the r - z plane, where the z axis coincides with the axis 
of symmetry. Moreover, if the parameters is defined as the are length, the coordinates of an arbitrary 
point P(r,z) on the are, are given as r = r(s) and z = z(s). 
Now the area, the volume, the gravitational energy, and the contact angle of the droplet are written as: 

A 27r 1 ras, (5.6) 
!r 

V 
2

7r 1 (r 2z'- rzr')as, (5.7) 
3 lr 

2 

G 1rg 1 pz2rr's, (5.8) 
!r 

a tan -I [z' (s) /r' (s) ]lz=O· (5.9) 

where primes stand for derivatives with respect to the are length. Because of symmetry reasons, the 
line integrations involved are taken along the right half of the drop profile appearing in tigure 5.2. 

The total energy of the drop can now be minimized using variational calculus, the minimization is 
subject to V = Vo and to equation 5.9 for the contact angle. The problem stated above can only be 
solved numerically. A full description of the solution is beyond the scope of this report and therefore, 
we would like to refer to: [10]. 

5.3 Turning the head upside down 

As discussed earlier in this chapter two opposite effects act on the surface of a suspended film: gravity 
tends to pullliquid downwards, while surface tension resists any tendency to increase the surface area. 
For a suspended film, gravity will try to pull the liquid together to form a (pendant) drop. 
These two opposing effects also act on a liquid film laying on top of a horizontal plate. Only in this 
case, gravity tries toflatten the film and smear the liquid out over the surface. Figure 5.3 shows gravity 
working on both a suspended film and a film laying on top of a plate. 

A normal, downwarcts oriented, nozzle plate with a suspended film exhibits a flow towards the middle 
of the plate. If the printhead is tumed upside down, the ink film is now laying on top of the nozzle 
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Figure 5.3: Gravity working on a suspendedfilm and a film laying on top ofthe horizontal plate. 

plate, a flow towards the middle can still be observed. If gravity was the main driving mechanism 
bebind the flow towards the middle on the downwarcts oriented head then the flow should not occur 
anymore after turning the head upside down. Instead, for the upside down head gravity should try to 
smear the liquid out over the surface. 

5.3.1 Discussion 

The observation of a flow towards the middle on an upside down head indicates that the role of gravity 
is limited in the flow and that gravity is not dragging the ink towards the middle of the nozzle plate. 



Chapter 6 

Vibration indoeed flow on top of the 
nozzle plate 

Nozzle plate vibrations can also induce a flow in an ink film. The effect of these vibrations on the ink 
film is discussed in this chapter. 
The only souree of vibration in the printhead is the actuation of a nozzle. If a nozzle is actuated 
a pressure pulse is applied to the ink channel and hence the nozzle plate will oscillate. Therefore, 
nozzle plate vibrations can only be a driving mechanism for the flow towards the nozzle, and not for 
the flow towards the middle. 
A theoretical analysis of the induced flow is given in the next section. 

6.1 Theoretical analysis 

Plate oscillations can induce a flow in a thin liquid film laying on top of the nozzle plate. Suppose a 
flat plate is oscillating around an axis in the plate as displayed in figure 6.1. 

Fcentrifugal 
~:,Y 
' I x 
L_~ 

Figure 6.1: Side view of a liquid drop on an asciilating plate. 

The angular velocity 0 of the plate varies harmonically in time and can be described by: 

a 
0 = ycos(wt) · w (6.1) 

Where a is the vibration amplitude, l is the position, and w the angular frequency of the oscillation. A 
thin liquid film with thickness h is now placed on top of the plate. As a re sult of the centrifugal force 
a flow will develop in the film. To analyse this flow we write the equations of motion for the film in 
the rotating frame of the plate. The full equation of motion for a fluid in a rotating frame can be found 
in [2] and reads: 

29 
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dD. Ö'!l 1 2 P 1 2 2 
--x x+-- u x (w + 2!2) =-V'{-V +-- g ·x--(!?. x x) } + vV' u. (6.2) dt - ät - - - 2 p -- 2- - -

The relevant terms for the flow in the -x- direction are: 

OUx dD.z ä 1 2 1 äp 2 ä2
ux 

- -u w - 2u !?. - y- = -- · -V - --. +!?. x+ v-- (6.3) 
ät Y Y z dt äx 2 p äx z äy2 

Taking the time average for all terms yields, 

ä 1-2 -2 ä2
ux 

0=---V +!?. ·x+v--. 
äx 2 z äy2 

(6.4) 

For small Reynolds numbers (Re < < 1) we now find the following differential equation, 

(6.5) 

Solving this equation with boundary conditions Ux = 0 at y = 0 and 'Ux = Umax at y = h, where h is 
the layer thickness, results in, 

1 -2 
Ux = 

4
v D.zxy(y - 2h) (6.6) 

Averaging this velocity over the thickness of the layer and taking x = l yields, 

1 -n;zh 
< Ux >= 12_v_ (6.7) 

with, 

(6.8) 

Simulations in Ansys and measurements with a Speckle interferometer described in [3] show that 
the maximum nozzle plate vibration amplitude is a = 5 · w-9m. A typical oscillation frequency is 
w = 27r. 2. 104 s-1' the kinematic viscosity is V= w-5m 2 Is. Assume a= w-8m, l = 1mm, and a 
film thickness of h = w-5m, equation 6.7 then yields for the maximum velocity Ux = 3nmj s. This 
is much smaller than the observed velocity. 

6.2 Measurements with a sealed nozzle 

An experiment bas been set up to determine whether nozzle plate vibrations can be responsible for 
the flow of the ink towards the nozzle. A single nozzle on the nozzle plate bas been sealed with a 
drop of epoxy resin, disabling fluid contact between the ink in the nozzle and the ink on the plate. The 
experimental setup is shown in tigure 6.2. 

The sealed nozzle is now actuated together with an open nozzle. As can be clearly seen in tigure 6.2, 
only the open nozzle attracts ink and no ink is moving towards the sealed nozzle. Contact between 
the ink in the nozzle and the ink on the plate is necessary to enable a nozzle bound flow. 
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Figure 6.2 : Picture ofthe nozzle plate, one nozzle is sealed with epoxy. 

6.2.1 Discussion 

Theoretica! calculations and experiments with a sealed nozzle showed that nozzle plate vibrations are 
not capable to induce the in chapter 4 described flow towards the nozzles. 



Chapter7 

Surface tension gradients 

When a liquid is deposited on asolid there are three surface forces acting on the liquid, lso at the 
solid/air interface, ISL at the solid/liquid interface, and 1 at the liquid/air interface. Figure 7.1 shows 
all three surface tensions, acting on a one dimensionalliquid drop with diameter l and height h. 

o( 

x Yso YsL YsL Yso 

Figure 7.1: The sulface tensions that work on a liquid drop laying on a horizontal substrate. 

A gradient in either of the three surface ten si ons can cause a flow in the drop. 
The purpose of this chapter is to find out which effects can cause a surface tension gradient and what 
the resulting effects are on the flow. First a general description of the motion of an ink drop due to a 
gradient in surface tension is given. 

7.1 General description of the motion 

Let us assume that the surface tensions lso, ISL, and 1 are spatially non-uniform. We will now 
describe the movement of a fluid induced by a gradient in these surface tensions. 
The motion of a drop is determined by balancing the capillary driving force against the viscous 
resistance force of the drop in motion. For simplicity reasons we consicter the motion of a one 
dimensional drop of diameter l (along the x- axis) and extending in a direction parallel to the y
axis. The described motion may occur in either a capillary regime (l < ~>:- 1 ) or a gravity regime 
(l > K:-1). 

We will follow the denvation of the motion for the drop as described in De Gennes et. al. [1]. 

Driving force FD. 
De Gennes et. al. first consicter the force caused by the differences in 1 so (x) and 1 s L (x). Con si der 
the difference in surface energy U of the plate between a dry plate and a plate covered by a liquid drop 
between A and B ( tigure 7 .2). 

32 
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V 
ink drop 

1~1 
Al< >I B I< >I x 

dx1 dx2 

Figure 7.2: Displacement of a one dimensionalliquid drop. 

If we displace the drop by a di stance dx, the surface energy U varles by dU: 

Equation 7.1 is only valid if the dropiets shape doesnotchange and dx1 = dx2 = dx. 1 

The difference in surface energy generates a driving force FD (per unit length) given by, 

dU 
FD =- dx = -("fsL- 'fso)s + hsL- 'fso)A· 

Viseaus Resistance Force Fv. 
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(7.2) 

De Gennes et. al now consicter the effect of a position (x) dependent 'f 2. The viscous resistance force 
Fv (also per unit length) is the integral of the viscous stress a xz within the liquid/solid interface (z=O): 

Fv = LB axz(O)dx. (7.3) 

The net liquid flow in the drop is a superposition of a Poiseuille flow created by the pressure gradient 
~ and the shear stress due to ~~ exerted on the free surface of the liquid. The resulting velocity 
profile 'U( x, z) can be found by looking at the creeping flow equation, 

82
'U dP 

7] 8z2 = dx' (7.4) 

where 7] is the dynamical viscosity. No slip yields zero velocity at the solid liquid interface, u(z = 

0) = 0. The boundary condition for the flow at the free surface (z = h) is: 

a'U a~r 
7] · a)z=h = axz(Z = h) = ax. (7.5) 

The solution for the velocity 'U( x, z) is then found by solving equation 7.4 with the boundary 
conditions at z = 0 and z = h, 

1 dP 2 z a1 'U( x, z) = --(z - 2hz) + --. 
27] dx 7] ax 

(7.6) 

1 Assuming the droplet shape constant is rather suspicious si nee a ditTerenee in 1( x) wil! induce a shear stress on the 
free surface of the liquid (as we wil! see later) which might cause drop deforrnations. 

2Though it is not mentioned in [1] the following denvation is only valid fora thin drop with small contact angles, i.e. 
the free surface of the drop is approximately flat. 
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Averaging the velocity in the z- direction yields, 

1 1h 1 dP 2 1 O'f <u( x)>=- u( x, z)dz = ---h + --h. 
h 0 3ry dx 2ry ox 

(7.7) 

The velocity profile u( x, z) yields for the viscous stress at the solid liquid interface: 

ou(x, z) dP O'f 
axz(Z = 0) = T] oz lz=O =- dx h + OX. (7.8) 

Integrating u(x, z) (equation 7.6) over the thickness ofthe drop yields the flow, J(x), 

1h 1 dP h2 8~t 
J(x) = h· < u(x) >= u(:r, z)dz = ---h3 + --. 

o 3ry dx 2ry ox 
(7.9) 

Con servation of mass yields, 

oh 8 
ot + ox J(x) = O. (7.10) 

Assuming that the drop is stationary, i.e. the drop shape stays constant, leads to: 

oh 
ot = o. (7.11) 

We now suppose that the drop moves as asolid body over the substrate with a translation velocity V, 
the flow rate is now given by3: 

J(x) = h(x)V. (7.12) 

Combining equations 7.9 and 7.12 yields for the pressure gradient: 

(7.13) 

With the help of equation 7.13 the pressure gradient dPjdx can be eliminated from equation 7.8 
resulting in, 

V 1 O'f 
axz(z = 0) = 3ryh- 2ox· 

The viscous resistance force acting on the substrate now becomes, 

(7.14) 

(7.15) 

The second term in equation 7.15 is called The Marangoni contribution. The Marangoni force leads 
to a displacement towards regions of high surface tension ~~. 

The equation of motion. 
The equation of motion for the drop can be obtained by balancing the driving force Fv with the 
viscous resistance force Fv and is given by: 

(7.16) 

3We could also take V as the velocity of the drop at maximum thickness, 7.12 would then yield: lrrwx = hrnax V. 
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Solving this equation with the help of equations 7.2 and 7.15 yields for the velocity of the drop: 

V= .!!_{d(ÎSO- ÎSL) + ~ dÎ}. 
3ry dx 2 dx (7.17) 

The direction ofthe motion ofthe drop thus depends on ÎSo(x), ÎSL(x), and Î(x). 
Contact angle hysteresis is not included in this calculation. To include contact angle hysteresis, the 
equilibrium of forces must be written in the following form, 

Fv = Fv- Î(cos(Breceding)- cos(Oadvancin9 )). (7.18) 

7.1.1 Theory versus observations 

We will now try to estimate the necessary gradient in surface tension to explain the following, in 
chapter 4 observed, nozzle plate flows: 

• The ink suspended under the nozzle plate accumulates in a central wetting band on the middle 
of the nozzle plate. 

• A trunk flow develops from this central wetting band towards the nozzles when a nozzle is 
actuated. 

Suppose that the flows are only driven by a gradient in the surface tension Î' equation 7.17 reduces 
to: 

(7.19) 

Table 7.1 shows the veloeities of the two flows together with the difference in surface tension, ~Î' 
necessary to induce them ( calculated with the help of equation 7 .19). For the trunk flow the necessary 
difference in surface tension is computed to induce the flow in the precursor film (h = 100nm) and 
in a wetting band of thickness h = lJLm. 

Table 7.1: Difference in suiface tension over a distance ~x = 1 mm necessary to induce the described 
flows. 

flow 
middle 
trunk 
trunk 

layer thickness 
2.5JLm 
lJLm 

100nm 

velocity (JLm/s) ~Î (Njm) 
15 --'--~---=-3 .-':::-6 -'--. ~10,..-_7--l 

6 3.6. 10_4 

6 3.6. 10-3 

The maximum value for ~Î calculated in table 7.1 is approximately 10% of the normal surface tension 
of the hotmelt ink (Î = 32 · 10-3 Njm). Hence, a flow driven by surface tension gradients is not 
unrealistic. 
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7.1.2 Surface tension gradients 

The surface tensions of an interface depend on the temperature and the composition of the interface, 
"!(T, c), "(so(T, c), and 'YsL(T, c). Thus, there are two effects that can cause a gradient in surface 
tension: 

1. Thermal differences. Surface tensions are temperature dependent, a thermal gradient can 
therefore cause a surface tension gradient across a liquid film. 

2. Differences in the composition of an interface. The surface tension of a liquid is determined by 
its composition. If the composition of a liquid film varies, for example due to evaporation, the 
surface tension also varies. There are two types of composition gradients for the flows on the 
nozzle plate: 

• A difference in the composition of the surface where the drop is laying on. 

• A difference in the composition of the drop itself. 

The effect of thermal differences on the flow will be presented in section 7 .2, the effect of composition 
differences in the plateis discussed in section 7 .3, and the effects due to changes in the ink composition 
will be discussed insection 7.4. 

7.2 Temperature gradients on a nozzle plate 

The surface tensions of a liquid drop on a plate are temperature dependent Hence, a thermal gradient 
cao induce a flow in the drop. We will now consicter the flow in a drop induced by these thermal 
gradients. 

7.2.1 Theory 

A thermal gradient modifles all three surface tensions, 'Yso(T(x)), "(sL(T(x)), and "f(T(x)). 
Therefore, the spreading parameter S also depends on the temperature and thus on the position x 
on the plate. In actdition to a gradient in S there is another effect, caused by the inhomogeneity of the 
surface ten si on 'Y( x), which causes a stress at the free surface of the liquid. This particular effect is 
called the "Marangoni effect". There thus are two motion inducing phenomena in the drop: 

1. A gradient in the surface energy of the plate. This gradient tends to drive the liquid towards 
regionsof higher S. 

2. The Marangoni effect, which tends to drive the liquid in the opposite direction, toward the 
colder regions, the regions with higher 'Y· 

lt is impossible to predict a-priori where a liquid drop will end up moving. 

We again study the motion of a one dimensional drop ofwidth l (along the x- axis) and extending in 
a direction parallel to the y- axis. A schematic representation of such a drop moving under a thermal 
gradient is shown in figure 7.3. 

With ~ = ;if 'Z equation 7.17 can be written as, 
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Figure 7.3: Movement of a drop with thickness h induced by a thermal gradient between A and B. 

V= .!!:._{ d('Yso - lsL) + ~ d1} . dT. 
3ry dT 2 dT dx 

(7.20) 

The Marangoni contribution is the second term in equation 7.20. The Marangoni force leads to a 
displacement towards regions of high surface ten si on 1. 
lf there is no contribution from the solid (Fd = 0 and d('Yso- lsL)/dT = 0), the drops will move 
towards highervalues of 1, which means towards the cold. Therefore, the Marangoni effect drives 
drops in an unexpected direction, towards regions where S is smaller. 

7.2.2 Theory versus observations 

Assume that the flow on the nozzle plate is only driven by Marangoni effects and there is no 
contribution from the solid. The temperature dependenee of the surface tension 1 of the ink around 
T = 130°C is d1 jdT = -0.1 . w-3 Nm-1 K- 1. Table 7.2 displays the necessary temperature 

difference to induce the nozzle plate flows, the effects due to lso (T) and lsL (T) have been neglected 
from the calculation. 

Table 7.2: !::lT = Tmiddle - Tnozzle over a distance !::lx 
observed on the noule plate. 

1mm necessary to induce the jlows 

flow type layer thickness velocity {J_tm/ s) !::lT COC) 
middle 2.5f-1,m 15 -3.6 
trunk 1f-l,m 6 +3.6 
trunk lOOnm 6 +36 

The theory thus prediets that the ink will flow towards the colder regions on the nozzle plate (under 
the assumption that the flow due to the temperature dependendes in lso and lsL can be neglected). 
If the middle of the nozzle plate is colder than the areas around the nozzles, the ink will flow towards 
the middle, if the middle is warmer, the ink will flow towards the nozzles. 
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7.2.3 Additional experiments todetermine the effect ofthermal differences 

In this section the temperature profile across the nozzle plate is measured. Forthermore the actual 
direction of the ink flow due to a thermal gradient is established experimentally. 

Temperature measurement 

To measure the temperature profile across the nozzle plate tiny copper-constantane thermocouples are 
pusbed against the plate at various positions. A temperature difference of b.T = Tmiddle- Tnozzle = 

3.2 ± 1.2°C bas been measured, which means that the middle is warmer than the edges of the plate. 
There is no measurable temperature difference around the nozzles due to nozzle actuation. Hence, the 
tronk flow cannot be explained by thermal differences. 

Flow direction 

A thermally indoeed gradient in the surface tension 1 will drive the ink towards the colder regions on 
the nozzle plate. An experiment is now setup to establish the actual flow direction of the ink due to a 
thermal gradient. A schematic overview ofthe used experimental setup is shown in figure 7.4. 

Nickelplate 

Th= 125 oe ~ Tc= 50 oe 

d 

Figure 7.4: Experimental setup todetermine the direction ofthe inkflow. 

The experimental setup consists of a nickel plate, with the same properties as the nozzle plates, 
suspended between two aluminium blocks. The two blocks are separated by a distance d = 1.3cm. 
One of the alominurn blocks can be heated, in this way a temperature gradient of ~~ = 5.8 -103 Km -l 

is created over the nickel plate. 
A little piece of ink is now dropped on the hot part of the plate and the movement of the ink is followed 
with a camera. Picturesof the movement of the ink drop are shown in figure 7.5. 

As can be clearly seen the ink drop quickly moves towards the colder regions which indicates that the 
Marangoni effect dominates. The position of the moving ink drop as a function of time is plotted in 
figure 7.6. 

Figure 7.6 shows that the ink drop gradually slows down while traveling to the colder regions on the 
plate. The viscosity of the ink increases with decreasing temperature and therefore, the drop slows 
down. The viscosity of the ink as a function of the temperature is plotted in figure 7. 7. 

Figure 7.8 shows the measured velocity of the ink drop versus its position on the plate. Forthermore 
the figure also shows the velocity as a function of the drop position calculated with the help of equation 
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a b c 

d e f 

Figure 7.5: The movement of an ink droplet due to a temperafure gradient. The piece of ink is 
deposited on the hot part of the plate (to the leftof each picture), a band of solidifying ink is clearly 
visible at the right of each picture. a : t = 0.68s, b: t = l .8s, c: t = 4s, d: t = 7 s, e: t = lOs, f 
t = 20s 
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Figure 7.6: The position -x- of the front of the ink drop as a function of time. The drop thickness 
can be calculatedfrom the drop radius and is approximately h = 0.2mm. 

7.20 and tigure 7.7. 

Equation 7.20 only calculates the drop movement caused by a gradient in the surface tension 1 (T), 
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Figure 7.7: Ink viscosity versus temperature. 
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Figure 7.8: Velocity as ajunetion ofthe position - x- on the plate. The prediered velocity basedon a 
pure Marangonifiow is plotred tagether with the measured velocity fromfigure 7.6 

the effect due tod( 1so (T) -"(sL (T)) / dT bas been neglected. Th is effect however, drags the drop in 
the other direction, towards the hotter parts of the plate. The moving drop will thus be slowed down 
by these effects and the measured velocity will be lower. 

7 .2.4 Discussion 

Since the temperature in the middle of the nozzle plate is higher than the temperature around the 
nozzles and a thermal gradient over the plate drives the ink towards the cold, a thermal gradient can 
not be responsible for the observed flow towards the middle. Since no temperature change bas been 
observed during nozzle actuation, it is not very likely that a thermal gradient is responsible for the 
trunk flow. 
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7.3 Transport towards regions with higher surface energy 

A gradient in the composition of the plate causes a gradient in the surface energy of the plate. A liquid 
suspended under the plate will always move towards the more wettable regions, the regions with a 
higher surface energy. The flow phenomena induced by an (assumed) difference in wettability of the 
nozzle plate are discussed in this section. 

7 .3.1 Theory 

Suppose somehow over time, due to corrosion or interaction with the ink, eertaio regions on the 
nozzle plate became more wettable. Ink will now flow from the less corroded regions towards the 
more corroded, more wettable, regions. 

The induced motion can again bedescribed by equation 7.17: 

V= ~{dhso -[sL) + ~ d[ }. 
3ry dx 2 dx 

(7.21) 

Assume that the surface tension 1 does notdepend on the position x. We find for the velocity of the 
drop, 

V = ~ dhso - /sL) = ~ . dS. 
3ry dx 317 dx 

(7.22) 

7.3.2 Theory versus observations 

Table 7.3 shows the necessary differences inthespreading parameterS to induce the observed flow 
phenomena on the nozzle plate. 

Table 7.3: f1S = Smiddie - Snozzle over a distance f1x 
observed on the nozzle plate. 

1mm necessary to induce the fiows 

flow type layer thickness 
f----:-:--:':''----1---=--::--:c 

middle 2.5f1m 
tronk 1fJ,m 
tronk 100nm 

velocity (fi,m / s) 

15 
6 
6 

f1S (Njm) 
1.8. w

-1.8. w-4 

-18. w-4 

In ordertodrag the liquid towards the middle, the area around the middle thus bas to have a larger S. 
For the tronk flow, the spreading parameter bas to be larger around the nozzles. 

7.3.3 Contact angle measurements and discussion 

To measure whether there exist a difference in surface energy across the nozzle plate, the contact 
angles of three types of liquid have been measured at various positions on the plate. The used 
liquids are: H20, CH2h, and ethylene glycol. The measurements with these three liquids show 
no significant difference in the contact angles for each liquid across the plate. It can, therefore, be 
concluded that there is no difference in surface energy across the nozzle plate. 
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7.4 Differences in the composition of the ink 

Variations in the composition of the ink can cause differences in the surface tension 'Y of the ink 
across the nozzle plate. The effect of these composition differences on the ink layer is discussed in 
this section. 

7.4.1 Theory 

A difference in the composition of the ink can induce a difference in the surface tension 'Y across the 
ink layer which causes a Marangoni type flow in the layer. Consicter a flow in a thin liquid layer only 
driven by these Marangoni effects. Equation 7.17 now red u ces to (at constant layer thickness h ): 

V=.!!.._ d"f. 
6ry dx 

(7.23) 

Soppose that the surface tension of the ink film, 'Y, is a function of the concentration C of component 
X in the ink film, 

~f = "f(C). (7.24) 

This surface tension applies to a shear stress on the free surface of the liquid resulting in the following 
boundary condition for the flow in the ink layer, 

(7.25) 

Distribution of component X across the nozzle plate 

Suppose that somewhere on the nozzle plate there is an infinite reservoir of component X with radius 
Ro (for example the nozzle) as shown in figure 7.9. 

R 

Figure 7.9: Reservoir with radius Ro. In the reservoir the concentration of component X is CA· At a 
distance R the concentration becomes eB. 

The con centration of component X at this position ( r = R 0 ) is CA. At a di stance R from the reservoir 
the con centration of component X is C B. Between r = Ro and r = R the entire plate is covered by a 
thin precursor film. 

Soppose that the distribution of component X across the nozzle plateis governed by diffusion. We will 
now estimate the time scale for the ditfusion of component X through the thin ink layer that covers 
the nozzle plate between r = R0 and r = R. 
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The diffusion coefficient for a liquid with the same viscosity as the (hot)ink is typically of the order 
of D ::::::::: 10-9m 2 Is ([9]). We further assume that bulk diffusion and surface diffusion are of equal 
importance. 
Let us consider the observed flows on the nozzle plate. Suppose that the infinite reservoir of 
component X is the nozzle with radius r = Ro and the central wetting band lies at r = R. 
A typical distance between the nozzle with radius Ro and the central wetting band at r = R is 
L = 1 · 10-3m. The typcal time scale for a molecule of component X to diffuse trough the ink layer 
over this distance then is approximately t = L 2 I D = 103 s, which is in fairly good agreement with 
the timescales for the developing trunk flow (t ::::::::: 4 · 102 s ). 

The estimated diffusion time scale is in good agreement with the time scales for the flows on the nozzle 
plate. If the distribution of component X is governed by diffusion then this diffusion is probably not 
stationary. However, for simplicity reasons, we now assume that the distribution of component X 
across the surface of the nozzle plate is governed by quasi steady diffusion. The con centration is then 
given by: 

where vr is the two dimensional nabla-operator. In polar coordinates equation 7.26 red u ces to: 

1 a DG 
--(r-) = 0. r ar ar 

(7.26) 

(7.27) 

Solving this equation with the boundary conditions for the concentration at r = Ro ( C = CA) and 
r = R (C = CB) yields for C(r), 

C(r)- CA ln(riRo) 
CB-CA ln(RIRo)" 

(7.28) 

We now suppose that the surface tension 1 is linearly dependent on the concentration of component 
X with proportionality constant {3: 

1 =a+ {3C. (7.29) 

Combining equations 7.23, 7.28, and 7.29 results in the following equation for the velocity in the thin 
ink layer: 

h b..{ 1 
V= 677 In( RI Ro) r' 

(7.30) 

where b..~f = {3( CB - CA) is the difference in surface tension between Ro and R. A difference in 
concentration of component X across the nozzle plate thus induces a flow in the thin film which can 
be described by equation 7 .30. 

A flow will develop between Ro (nozzle) and R ( central wetting band) as aresult of the concentration 
difference. Let us assume that the front of this flow moves with the local velocity of the precursor film 
justin front of it. The velocity of the ink front, Vfront• canthen bedescribed by: 

h b..{ 1 
Vfront = ( I ) · 67] ln R Ro r fr-ont 

(7.31) 
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Solving with initial conditions Tfront(to) = ro yields for the position ofthe front, Tfront• as a function 
of time: 

2 2 h b.r 
(rfront- ro) = 31] ln(R/ Ro) . (t- to). (7.32) 

The velocity ofthe ink in the layer is proportional to the thickness ofthe layer (u ex: h). When the ink 
layer is very thin the flow velocity is very low and, thus, convection plays an unimportant role. In this 
case the distribution of component X trough the thin precursor film is probably entirely govemed by 
diffusion. As soon as the thicker trunk starts flowing convection will probably increase in importance 
which affects the distri bution of component X. 

7.4.2 Theory versus observations 

The flow phenomena observed in chapter 4 satisfy x ex: Jt - t0 and V 
approximation (the flow front reaches the nozzle at t = t 0 ). 

Equation 7.30 now yields for the fit parameter c4 ( see chapter 4): 

h b.~f 

c4 = 61] ln(R/ Ro)" 

ex: x - 1 in a first order 

(7.33) 

Assume that the central wetting band is at R = 1mm from the nozzle and that Ro = 50tLm. The 
difference in surface ten si on, b.r, between the nozzle and the rnaving ink front, necessary to induce 
the flow towards the middle and the trunk flow, can now be calculated. The computed values for bath 
flows are displayed in table 7.4. 

Table 7.4: Ó./ = Îmiddle - Înozzle necessary to induce the flows observed on the nozzle plate. The 
values are estimated using equation 7.33. 

flow type layer thickness C4 (m/s) b.r (Njm) 
middle 2.5/Lm 1. 10 -1; 7.2. 10 -4 

trunk 1Mm 8. w-1o -1.4. w-3 

trunk lOOnm 8. w-1o -1.4. w-2 

For the derivation of equation 7.30 it bas been assumed that the flow on the nozzle plate is govemed by 
the quasi steady diffusion of ink component X across the nozzle plate. The observed flows deviate at 
two important points from the linear fit: the flows accelerate around the nozzles and decelerate close 
to the central wetting band. The acceleration is probably caused by increasing convective effects when 
the trunk approaches the nozzle. Since the concentration of component X is most likely uniform in 
the central wetting band the flows decelerate around the middle. Furthermore, the thermal differences 
across the nozzle plate will also have an effect on the flows. 

7 .4.3 Additional experiments 

Suppose that the nozzle plate flows are driven by a difference in the composition of the ink layer. This 
hypothesis could be falsified by doing an experiment withapure liquid ( existing only out of one single 
component) which is not sensitive to surfactants. If a printhead tilled with pure liquid (subsequently 
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the nozzle plate is also covered with this liquid) still exhibits the flows, then the flows can oot be 
caused by variations in the composition of the liquid. 
An experiment is done with a printhead filled with pure silicon oil. Silicon oil bas a very low surface 
tension and is not sensitive to surfactants. 
The silicon oil forms a thin uniform wetting layer on top of the nozzle plate. No nozzle plate flows 
(as have been described in chapter 4) have been observed in this wetting layer fora head at rest, for 
a jetting nozzle, and for an actuated non jetting nozzle. Therefore, the hypothesis that the flows are 
caused by differences in the composition of the ink is confirmed. 
Furthermore, since no flows occurred towards an actuated nozzle, this experiment also confirms that 
nozzle plate vibrations are not capable of dragging liquid towards the nozzles. 

7.4.4 Mechanisms bebind the inhomogeneities in the ink 

There are several mechanisms that can cause inhomogeneities in the composition of the ink across the 
nozzle plate. The possibilities are discussed below. 

lok de-esterification 

Ink is produced according to a so called esterification process, the re action equation is given below: 

acid+ alcohol ~ ink +water. (7.34) 

When a eertaio acid and a eertaio alcohol are mixed together, they react to form ink and water. The 
ink water mixture is in equilibrium with the acid alcohol mixture. If the water is removed by heating 
the mixture, the equilibrium shifts entirely towards the ink side. 
In a wet environment melted ink can de-esterify and a mixture of ink, acid and alcohol can be formed4. 

The water, responsible for starting this de-esterification process, can either originate from within the 
ink or from water vapor in the air. Diffusion of water into the ink is relatively easy since the ink layer 
on the nozzle plate is very thin. In previous experiments it bas been observed that the weight of a 
melted ink drop gradually decreased due to de-esterification of the ink foliowed by the evaporation of 
the acid [ ll]. However, it might also be the case that the used liquid was never pure and was a mixture 
of acid, alcohol and ink. 

Evaporation 

Evaporation possibly plays a crucial role in the process of creating composition differences across the 
nozzle plate. When the ink is heated toT= 130°C acid bas been observed to evaporate from the ink. 
If the acid evaporates from the thin film the surface tension changes. Since the nozzle is an infinite 
acid reservoir, acid will diffuse into the thin layer again from the nozzle. Evaporation thus induces 
an acid concentration difference between the nozzle and the middle of the plate (the concentration at 
the nozzle being higher than in the middle), this difference bas an effect on the surface tension of the 
film and can thus induce a flow in the layer. If the acid deprived ink in the middle bas a higher surface 
tension than the acid richer ink at the nozzles, ink will flow from the nozzles towards the middle. 

4It is not unlikely that the ink is never pure and that there always is a low amount of acid molecules present in the ink, 
even without de-esterification. 
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Surface active components 

Surface active components are molecules that are effective in reducing the surface tension of a liquid. 
Let us consider water and washing detergent ( washing detergent as a surface active component) as an 
example. The surface active component molecules of the detergent contain two parts: a hydrophilic 
part, which is eager to mix with water, and a hydrophobic part, which repels water. The hydrophilic 
part is often formed by a polar head. This polar head likes liquids with a high dielectric constant such 
as water. It is energetically desirabie for the surface active components polar head to be mixed with 
water. However, this situation is not very desirabie for the surface active components hydrophobic 
tail. There are two possible ways for the hydrophobic part to avoid contact with the water, the surface 
active componentscan either form micelles (clusters of surface active components together) or flow 
to the free surface. At the free surface the polar head will be directed towards the water and the 
hydrophobic tail will point outwards. This layer of surface active components at the free surface 
greatly affects the surface tension of the liquid. 

The thin ink film on the nozzle plate could also be contaminated by some sort of surface active 
component. These surface active components might come from within the ink (acid) or from the 
outside. 
Suppose a volatile surface active component is mixed trough the ink, evaporation and diffusion of this 
surface active component could explain why the ink draws towards the middle of the nozzle plate. For 
a thin ink layer on the nozzle plate the mechanism could work as is displayed in figure 7.1 0. 

Surface active componentsin the ink imply that the nozzle (and the ink channel) is an infinite surface 
active component reservoir. Surface active component evaporation creates a concentration difference 
between the nozzles (high) and the middle ofthe plate (low). This creates a surface tension difference 
over the plate (lower surface tension around the nozzle and higher surface tension in the middle) and 
hence, the ink will flow towards the middle. 

Dynamica! surface fension 
In some cases, interfaces between ink and air are created rather quickly. If this process is very rapid, 
the surface active components have to diffuse from within the liquid towards the surface, which takes 
a finite time T. If the distance to the interface is l, the laws of diffusion teil us that: 

(7.35) 

where D is the diffusion coefficient of a single molecule of surface active component. For soap in 
water the typical time T for the surface active component to travel to the surface trough a monolayer 
of thickness l = O.lJ-Lm is of the order of w-4 s (see [1 ]). In other words, if a new water air interface is 
created, it takes the surface active components about 10-4 s to flow towards the surface and lower the 
surface tension of the water. The surface tension for time scales lower than T is called the dynamica} 
surface tension (')'dyn). 

Fora distorted ink/air interface the dynamica! surface tension (')'dyn) could be different from the static 
surface tension ( '"Ystat). The dynamical surface tension of the ink bas been measured using the so called 
pulsating bubble technique. In this technique an air bubble is formed in a small vessel containing the 
test fluid. The air bubble is attached to a capillary. Pressure pulses are supplied to the bubble with a 
eertaio frequency till the bubble detaches from the capillary and the pressure suddenly drops. The size 
of the bubble is proportional to the radius of the capillary which is approximately R = lmm. The 
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Figure 7.10: Dijfusion of surface active components through the thin ink layer. Figure A: A uniform 
ink distribution on the nozzle plate, the surface active components uniformly evaparate from the thin 
film. The nozzle is an infinite surface active component reservoir. Figure B: Surface active component 
concentration on the nozzle plate. Figure C: Surface tension difference in the liquid on the nozzle 
plate caused by a difference in surface active component concentration. Figure D: The surface tension 
gradient causes the ink to flow towards the middle. Figure E: Nozzle actttation enhances mixing in the 
nozzle and the surface tension around the nozzle changes. Hence, nozzle actuation causes a flow from 
the central wetting band to the nozzles. Figure F: Surface tension across the nozzle plate. When the 
nozzle is actuated the surface tension at the nozzle is larger (dynamic surface tension) than the static 
surface tension. Therefore, ink wilt flow towards the nozzle. 

surface ten si on can now be computed via the Laplace pressure. The surface tension of the ink versus 
the pre ss ure pulse frequency is plotted in tigure 7 .11. 
Figure 7.11 shows that the surface tension of the ink increases with the pulse frequency. This indicates 
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Figure 7.11: Surface fension 1 of the ink versus the bubble frequency. Measurements for frequencies 
higher than IOH z are not possible with the pulsating bubble device. At a certain frequency ( f > 
IOH z) the surface rension wil! reach an asymptote. In this limit the surface fension equals the surface 
fension of the test liquid without any surface active components. 

that there is a surface active material present in the ink (which is probably the acid). The dynamic 
surface tension of the ink thus is higher than the static surface tension. Actuation causes the ink 
meniscus in the nozzle to oscillate and the ink air interface is distorted. The surface tension of the ink 
in the meniscus will now be higher than the static surface tension of the ink. An actuated nozzle will 
then attract liquid from its surroundings as can be seen in figure 7.10 E and F. 
In order for the nozzle to attract ink from the central wetting band it is crucial that the precursor film 
between the nozzle and the band starts flowing towards the nozzle and does notbreak up. 

7.4.5 Discussion 

The observed flows on the nozzle plate do, in a first order approximation, satisfy the description of a 
flow caused by a gradient in the composition of the ink. The ink decomposes into a mixture of several 
components due to de-esterification. There are two mechanisms that can cause a surface tension 
gradient in the ink layer on the nozzle plate: 

• Evaporation. 

• Surface active components. 

It is hypothesized that the flow towards the middle is driven by a surface tension difference induced 
by the evaporation of the acid from the ink layer. Since the nozzle is an infinite acid reservoir, 
the concentration of acid around the nozzle will be higher than in the middle. The higher the acid 
concentration the lower the surface tension. Though it is very likely that the acid is surface active to 
the ink, the exact effect of the acid on the ink layer still bas to be investigated. 
The trunk flow is probably induced by the difference between the dynamica! and static surface tension 
of the ink. The ink meniscus in a nozzle at rest bas a surface tension 1 = 1stat, the ink in an actuated 
nozzle bas surface tension 1 = ~(dyn· It bas been confirmed with measurements that the dynamica! 
surface ten si on of the ink is much higher than the static surface tension. 



Chapter 8 

Other effects 

Besides gravity, vibrations, and surface tension gradients there also are some other effects that cao 
cause a flow in the thin ink layer. These effects are: 

• Pressure gradients. 

• Electro static effects. 

Short descriptions of the above stated effects are given in the following sections as well as an analysis 
of their relevanee to the observed flows. 

8.1 Differences in Lapface Pressure 

The Laplace pressure is the pressure in a bubble or drop due to surface curvature. The Laplace pressure 
is given by (see appendix A), 

(8.1) 

The radii R are the surface curvatures. According to 8.1 large dropiets have a larger radius of 
curvature and therefore, a lower Laplace pressure. On the contrary small dropiets have a higher 
Laplace pressure. These small dropiets will, therefore, empty in large dropiets with a lower pressure. 
Maybe it is this effect that drives the small droplet towards the central wetting band. The droplet 
senses the lower pressure in the central wetting band. Consider a liquid film with height h(x) and 
length l as depicted in figure 8.1. 

----------------~L-------------~ x 

1 

Figure 8.1: An ink layer with thickness hand length se ale l on top of the nozzle plate. 
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Surface curvature approximately satisfies: 

(8.2) 

The pressure difference induced by the difference in surface curvature then is: 

(8.3) 

The velocity induced by this pressure difference is, 

Öp h2 !h3 

u~--=-- äx TJ ry[3 · 
(8.4) 

With a typicallayer thickness of h = 1-10-6m and a typicallength scale of l = 1-10-3m equation 8.4 
yields for the velocity of the flow: u = 3.2nm/ s, which is much slower than observed. Furthermore 
the tiny droplet moving towards the middle (chapter 4) is moving as a whole droplet If it were due to 
pressure differences one would expect the droplet to slowly disappear. 

8.2 Electrostatic effects 

An electtic field can induce motion in a liquid. The motion in a liquid drop containing positive charge 
carriers is displayed in tigure 8.2. 

insulating 

layer \ 

E 
> 

Figure 8.2: The movement of a positively chargedink drop due to an electric field. The drop needs to 
lay on an insuiaring layer otherwise the charge carriers can leak away. 

The positively charged drop moves in the direction of the electtic field. 
The research field of electrowetting bas many interesting applications, for more information we refer 
to [1]. 

8.2.1 Resistivity measurements 

The resistivity between the top of the nozzle plate and the rest of the printhead has been measured. 
In order not to pierce trough a possible insulating oxidation layer on top of the nozzle plate, carbon 
electrodes have been used for the measurements. The resistivity measured between the top of the plate 
and the head is approximately R = 40ft This value is very low and probably entirely caused by the 
contact resistivity between the electrodes and the nozzle plate. This indicates that there does not exist 
an insulating layer on top of the nozzle plate. 
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8.2.2 Discussion 

The resistivity measurements of the nozzle plate proved that the plate is entirely conductive. Since 
there is no insulating layer the principle described above can not be responsible for the observed nozzle 
plate flows. Furthermore the used ink has a resistivity of approximately 8 · 103!1m, which means that 
an ink layer will decharge in less than a millisecond and therefore, there can be no electrostatic effects. 



Chapter 9 

Discussion and conclusions 

A thin ink layer is observed to be always present on nozzle plates that have been in contact with the 
ink for a eertaio time. Doderstanding the flows in this ink layer is crucial to prevent the failure of the 
nozzles in the printheads. 
Two types of flows that have been observed on the nozzle plate are presented in this report: 

• Ink on the nozzle plate of a printhead at rest accumulates in a central wetting band. 

• A trunk flow develops towards a nozzle that is actuated. 

For bath flows the movement can be considered one dimensional and the position of the rnaving ink 
front is, in a first order approximation, proportional to x(t) IX vr=tQ. 
The observed flows deviate at two points from x(t) IX Jt=Iü. Close to the central wetting band the 
flow decelerates and the flow accelerates when it approaches the nozzles. Since bath flows share the 
same position time dependencies, the same mechanism is probably responsible for driving the flows. 

A trunk flow develops easier from a thick central wetting band close to the nozzles than from a thin 
band far away from the nozzles. The amount of liquid in the central wetting band is not constant for 
each experiment. The variabie amount of liquid in the central wetting band makes it impossible to test 
the DOD-frequency and actuation voltage dependendes of the trunk flow. 

It is found to be impossible to wipe the entire ink layer off the nozzle plate by normal means (wiping). 
Always a very thin precursor film (thicknesses of approximately lOOnm) remains present on the 
plate. The role of this precursor film is very important in the formation of the flows. No trunk 
and middle flows have been observed on nozzle plates that were not covered by a precursor film. The 
precursor seems to act as a means of communication between the nozzle and the central wetting band, 
probably by serving as a medium through which eertaio ink components can diffuse. However, how 
the precursor film exactly works still bas to be investigated. 

Since the trunk flow bas also been observed towards nozzles that are only actuated and not jetting 
droplets, the airflow described in [3] can not be the main driving mechanism. There must be an 
additional driving force that drags the liquid towards the nozzle. Possibilities are: gravitational effects, 
nozzle plate vibration, surface tension gradients, pressure differences, and electric effects. 
Laplace pressure differences across the nozzle plate have been found to be not high enough to explain 
the observed flows. Electric effects are also not very likely since the nozzle plate is entirely made out 
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of conductive materials. Furthermore experiments showed that gravitational effects and vibrational 
effects are not the main driving mechanisms either. 

The most likely driving mechanism bebind the flow is a gradient in surface tension. Surface tension 
gradients can be caused by thermal differences or differences in the composition of the ink or the 
nozzle plate. 

Experiments showed that a surface tension difference causes an ink drop placed on a substrate exposed 
to a thermal gradient to flow towards the cold. Since the middle of the nozzle plate has been measured 
to have a higher temperature than the regions around the nozzles, this effect can not be responsible 
for the flow towards the middle. No difference in temperature has been observed around the nozzles 
when a nozzle is actuated and therefore, a thermal difference can also not be responsible for the tronk 
flow. 

By doing contact angle measurements it has been established that there exists no difference in the 
surface energy of the nickel across the nozzle plate. 

The only remaining mechanism is a difference in surface tension caused by variations in the 
composition of the ink. The observed flows on the nozzle plate, in a first order approximation, satisfy 
the description of a flow caused by a difference in the composition of the ink. 

The described flows have not been observed when a single component liquid is used as a jet liquid 
(the entire nozzle plate was covered by the liquid). If the nozzle plate flows would also have been 
observed for experiments with a single component liquid then composition differences could not be 
the driving mechanism. 

The difference in surface tension across the nozzle plate is caused by variations in the composition of 
the ink. An important role in these composition variations is probably played by the de-esterification 
of the ink, the ink decomposes in an acid and an alcohol. The composition of the mixture on the 
nozzle plate varles due to a combination of the following mechanisms: 

• Evaporation of a volatile component from the ink film. 

• Surface active components that lower the surface tension of the ink film. 

The flow towards the middle is probably driven by a surface tension difference induced by the 
evaporation of the acid from the ink layer. Since the nozzle is an infinite acid reservoir, the 
concentra ti on of acid around the nozzle will be higher than in the middle. Though it is very likely that 
the acid acts as a surface active component to the ink, the exact effect of the acid on the ink layer still 
has to be investigated. 
The trunk flow is possibly induced by the difference between the dynamica! and static surface tension 
of the ink. Actuation causes the ink meniscus in the nozzle to oscillate and the ink air interface is 
distorted. The surface tension of the ink in the meniscus will now be higher than the static surface 
tension. It has been confirmed with measurements that the dynamica! surface tension of the ink is 
higher than the static surface tension. 

If composition differences in the ink are the souree of the flows on the nozzle plate the occurrence of 
the flows can be avoided by using another type of ink. This however, is not a very viabie solution. 
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Insteadit would be better to use nozzle plates with poor wetting conditions. In this way the occurrence 
of the thin precursor film can be prevented and subsequently the nozzle plate fiows will not occur any 
more. 
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Appendix A 

Wetting phenomena 

More information about the physical origin of surface tensions and surface tension related effects is 
presented in this appendix. 

A.l Surface tension 

Physical Origin 

A liquid is a condensed state in which molecules attract one another. When the attraction is stronger 
than thermal agitation, molecules switch from a gas phase to a phase that is dense, although still 
disordered. We call this phase a liquid. A molecule in the midst of a liquid benefits from interactions 
with all its neighbors. Suppose the cohesion energy per molecule is U formolecules inside the liquid. 
By contrast, a molecule that wanders to the surface loses halfits cohesive interactions and finds itself 
short of roughly U j 2. This is the fundamental reason that liquids adjust their shape in order to expo se 
the smallest possible surface area. The surface ten si on is a direct measurement of this energy shortfall 
per unit surface area. 
Although its origin can be explained at the molecular level, the surface tension r is a macroscopie 
parameter defined on a macroscopie scale. 

A.l.l Mechanical definition 

Suiface work 
Suppose one wants to distart a liquid to increase its surface area by an amount dA. The work required 
is proportional to the number of molecules that must be brought up to the surface, i.e. dA. One can 
write: 

8W=rdA (A.l) 

where ris the surface tension. The surface tension is expressedinunits of J · m-2 and is the energy 
that must be supplied to increase the surface area by one unit. 

Capillary Jo rees 
The surface tension can also be viewed as a force per unit length and one can express r in terms of 
N · m-1. 1 then is the force (per unit length) exerted by the liquid on a line in the surface of the 
liquid. In other words, if one wants to displace the contact line of a liquid, the necessary applied force 
(per unit length) is r. 
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A.1.2 Laplace pressure 

Surface tension is at the origin ofthe overpressure existing in the interlor of drops and bubbles. As one 
passes across the curved surface or interface of such a drop, a jump in pressure occurs. The increase 
in hydrostatic pressure !lp that occurs upon traversing the boundary between two ftuids is equal to the 
product of the surface tension and the curvature of the surface ( C = k + J

2 
): 

1 1 
!lp='!(-+ -) 

R1 R2 
(A.2) 

where R1 and R2 are the radii of the cuevature of the surface. Equation A.2 is called Laplace's 
theorem, for a full denvation see [1]. 

A.2 Contact between three phases: Wetting 

When a water dop is placed on a very clean sheet of glass, it spreads completely. By contrast, the 
same drop deposited on a sheet of plastic remains stuck in place. The condusion is that there exist 
two regimes ofwetting. The parameter that distinguishes them is called the "spreading parameter" S, 
which measures the difference between the surface energy (per unit area) of the substrate when dry 
and wet [1]: 

S = [Esubstrate]dry - [Esubstrate]wet (A.3) 

or, 

S = '/SO - '/SL - '/, (A.4) 

where the three coefficients '/ are the surface tensions at the solidlair, solidlliquid, and the liquidlair 
interfaces, respectively. Figure A. I shows all three surface tensions, working on a liquid drop. 
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Figure A.l: The surface tensions that workon a liquid drop laying on a horizontal substrate. 

There are two wetting regimes: 

• S > 0: Total wetting. If the spreading parameter S is positive, the liquid spreads completely in 
order to lower its surface energy. The final outcome is a film of nanoscopic thickness resulting 
from the competition between molecular and capillary forces. 

• S < 0: Partial wetting. The liquid drop does not spread but, instead forms at equilibrium a 
spherical cap resting on the substrate with a contact angle (). A liquid is said to be "mostly 
wetting" when () < 1r /2 and "mostly non wetting" when () > 1r /2. 
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A.2.1 The contact angle 

The contact angle e of a liquid drop laying on a substrate is determined by the three surface tensions 
that work on the contact line of the drop. Equilibrium of forces at the contact line simply yields, 

')'cos( 0) = '/SO - '/SL· (A5) 

Equation A.5 is called the law of Young-Dupré. Substituting A.4 in A.5 yields, 

S = 'Y(cos(O)- 1). (A.6) 

A.2.2 The precursor film 

Transition from Macroscopie to Microscopie 

A description of thin liquid films based on macroscopie concepts is adequate as long as the dimensions 
of the drops and layers under consideration exceed the range of interactions between molecules. If, 
on the other hand, we wish to study thin films (of thicknesses h less than a micron), we must take into 
account the range of interactions between molecules. 
Let us place a film of thickness h on a solid substrate. If the film is thick (say more than lOOnm), 
we can ascribe to it an energy '/SL + 1' corresponding to the independent contributions from the two 
interfaces, namely the solid/liquid and liquid/air interface. 
At the other extreme, when the film becomes very thin (h ---} 0), we must reeover the energy of the 
bare solid ('lso). The question we now turn our attention to is: What is the dependenee of the energy 
per unit surface area between those two limits? We define, 

Energyjm2 = '/SL + ')' + P(h) (A.7) 

where P(oo) = 0 and P(O) = S. One might think that the function P(h) should vary over a narrow 
range of thicknesses of about the size of a liquid molecule. Actually, there often are long-range 
contributions to P( h). In particular, 

• When the various solid and liquid molecules interact via van der Waals forces. 

• When we deal with solutions of large polymers. 

• Due to electrostatic interactions. 

An additional pressure term, called the disjoining pressure, can be defined: 

dP 
II(h) = -

dh 
(A.8) 

The disjoining pressure can be viewed at as the necessary pressure difference to cause the ropture of 
the film. 

It goes beyond the scope of this report to go into more detail about the theories bebind the microscopie 
interactions in the liquid. For more information about the affect of the long-range contributions and 
the disjoining pressure we invite the reader to investigate [1], [7], and [8]. 
One particular microscopie effect, called the precursor film, is very important to explain the wetting 
phenomena on the nozzle plate. We will give a short explanation about the precursor film below. 
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The precursor film 

It has been observed that a very thin film precedes a spreading liquid droplet in a total wetting regime. 
This thin film is called a "precursor" film. These precursor films have typical thicknesses of between 
lnm and lOOnm. The presence of the precursor film affects the properties and wetting dynamics of 
a solid substrate. The behavior of the precursor film is govemed by microscopie effects. A precursor 
film really sticks to the surface and is very hard to clean. 
More information about precursor filmscan be found in [1], [7], and [8]. 



Appendix B 

Very slow motions 

For small Reynolds numbers the inertial terms in the Navier Stokes equations can be neglected. 
Suppose that the x and y directions are along the nozzle plate, and the z direction is perpendicular 
to the nozzle plate. The motions at very low Reynolds numbers are very slow a.lld are sometimes 
also called creeping motions. For creeping motions the Navier Stokes equation and the equation of 
continuity assume the form [5]: 

\lp = ry\121! 

\J.1J =0 

(B.l) 

(B.2) 

Assume that the horizontal dimensions of the layer are much larger than the vertical dimensions (layer 
thickness). We canthen assume that the velocity in the z direction, w = 0. Equation B.l now reduces 
to, 

äp Ö2'U 
(B.3) 

äx T] äz2 ' 

äp ä2v 
(B.4) 

äy T] äz2 · 

This system of equations must be supplemented with the same boundary conditions as the full Navier 
Stokes equations, namely no slip at the nozzle plate and no stress at the free surface, this gives the 
following boundary conditions: 

u(O) = v(O) = 0 

äu äv 
äz lz=h = äz lz=h = 0 

(B.5) 

(B.6) 

Solving the momenturn equations B.3 and B.4 with the boundary conditions B.5 and B.6 results in the 
following velocity profiles: 

1 äp 
u(z) = --z(z- 2h) 

2ry äx 
1 äp 

v(z) = --. z(z- 2h) 
27] äy 
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(B.7) 

(B.8) 



The average velocity in the x- direction is given by, 

- 1h 1 1 8p h2 8p u= ---z(z- 2h)dz = ---
0 21] h ax 31] ax 

A similar equation can be obtained for the average velocity in the y- direction. 
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(B.9) 



Appendix C 

Flow patterns 

In order to classify the experimental results some characteristic flow examples are presented in this 
appendix. 
For a full denvation of the described velocity profiles as well as a consideration about potential flow 
theory we invite the reader to investigate [6]. 

C.0.3 Uniform parallel flow 

Consider a uniform parallel flow with flow velocity V in a layer with uniform layer thickness as 
depicted in tigure C.l. 

x 

Figure C.l: A unijamt parallel flow with velocity V and angle a. 

The velocity components of this parallel flow expressed in po lar coordinates are: 

Vr = V(cos(o:) cos(O) +sin( a:) sin(O)) 

ve = V(- cos( a:) sin(O) +sin( a:) cos(O)) 

C.0.4 Source/sink flow 

Consider a souree placed in the origin of tigure C.2. 
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(C.l) 

(C.2) 



----------------------------- - - - -

63 

x 

Figure C.2: Representation of a souree flow, the souree is plaeed in the origin of the figure. 

A pure radial flow will originate from the source. Suppose that the souree has a strengthof Q(m2s). 
The radial velocity Vr is then given by: 

dr _ _ Q 
--Vr--
dt 21Tr 

vo = 0. 

(C.3) 

(C.4) 

The souree strength Q is equivalent to the 20 volume flux originating from the source. The velocity 
field due toa sink can be found by replacing the souree strength Q with the sink strength -Q. 
Consider a fluid element in a souree flow. The distance R(t) between the souree and the fluid element 
as a function of time can be calculated by integrating equation C.4, 

1R 1t Q rdr = -dt. 
0 to 21T 

(C.5) 

Solving equation C.5 yields for R(t): 

R(t) = ;gy't- t 0 • (C.6) 

C.0.5 Non uniform layer thickness 

For the derivations of the flow veloeities in the previous sections it is assumed that the liquid layer 
thickness is constant and time independent. As a result of mass conservation, a non-uniform layer 
thickness will cause a deviation of the described velocity profiles. Assume the layer thickness, h, is 
only dependent on r. For a sink of strength Q, the velocity magnitude is given by: 

1 
lvl rv rh(r). (C.7) 

Assume, for example, that h( r) "' r, this will result in a r-2 dependenee of the velocity magnitude. 
Generally, the ink layer thickness neither is cylindric symmetrical nor only dependent on the distance 
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from the nozzle. For more information about the effect of a nonuniform layer thickness on the velocity 
magnitudes we refer to [3]. 



AppendixD 

Flow front measurements 

To characterize the flow towards the middle and the tronk flow that have been described in chapter 4 
the positions of the moving ink fronts have been measured as a function of time. However, the flow 
front velocity does not equal the flow velocity in the moving ink layer. 
It is very difficult to calculate the actual flow velocity in the layer from the measured interference 
pattems. It would be easier to measure the flow velocity with tracer particles. However, experiments 
with 530nm fluorescent tracer particles have been unsuccessful, no particles where observed in the 
flow (this can either be caused by the fact that the particles were to large to be carried by the flow or 
because the optical instruments were not strong enough to observe the particles). Smaller particles are 
not available. 
In the following section it is shown that the velocity of the flow front only equals the velocity of 
the bulk flow at h = 0. In the final section the thickness profile of the ink ribbon and the tronk are 
measured for different times. 

D.l Front velocity versus flow velocity 

Figure D.l shows a schematic representation of a moving ink front. 

Flow front 

h 

ah!àx 

Figure D.l: Schematic representation of a moving inkfront. 

The flow velocity, u f, at a constant thickness h fora one dimensional ink front is given by: 

Equation D.l can be written as: 

Bh 
u ~ ät f ~-Bh· 

Bx 
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(D.l) 
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(0.2) 

Equation 0.2 is also valid for the front velocity at the centerline (symmetry axis) of a two dimensional 
flow. Figure 0.2 displays a contour plot of such a two dimensional flow, the centerline is the line at 
y = 0. 

y h=l 

x 
~----<~---<~1--1---+-----+ centeriine 

h=4 
h=2 

Figure 0.2: Contour plot of a trunkfiow. Lines of constant thickness are indicated by h = 1, h = 2, 
etc. 

Conservation of mass yields for the flow: 

(0.3) 

where Q = ( Ux, uy) is the flow velocity averaged over the thickness h. Combining equations 0.2 and 
0.3 yields: 

äh ä ä äh 
-
8 

= --
8 

(hux)- -
8 

(huy) = -Ufx-ä . 
t x y x 

(0.4) 

At a thickness h = 0 this results in: 

(0.5) 

Expanding the first term from equation 0.5 around the position of the flow front, x= x f yields: 

(0.6) 

When h = 0 the first term in equation 0.6 vanishes. Afterexpanding the thickness h around x = x f, 
Ux becomes, 

UJx(1JiJJ(X- XJ) 
Ux = (Ï~)J(X _ XJ) = Ufx· 

(0.7) 

The front velocity thus only equals the actual velocity of the flow at h = 0. For front veloeities 
measured at larger thicknesses, the actual velocity of the flow will differ from the front velocity. 
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0.2 Thickness versus position 

The thickness profile as a function of time of both the flow towards the middle and the trunk flow are 
presented in this section. 

The thickness of the moving ink ribbon as a function of the distance from the nozzle (x) for different 
times is plotted in figure D.3. 
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Figure D.3 : Thickness ofthe ribbon versus the position ofthe inkfront x. The position at h = 0 is the 
position of the front. Figure A: Thicknesses versus positionfor different times t. Figure B: Thicknesses 
versus position (x - xo) for different times t. 

As can beseen the thickness position dependency only slightly varles over time and there is oot much 
deformation. 
Figure D.4 shows a more detailed thickness profile of the ribbon at t = 50s. 

The thickness of the moving trunk as a function of the distance towards the nozzle (x) for two different 
times is plotted in figure D.5. 
As cao be seen the thickness profile of the trunk deforms and the steepness of the profile decreases 
when the trunk approached the nozzle. 
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Figure D.4: Thickness profile ofthe rnaving ribbon at t = 50s. 
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Figure D.S : Thickness ofthe rnaving trunk versus the position x - Xo . 
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