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Abstract

A piezo driven ink jet print head is in principle an open
microfluidic system, there are no valves that control the
direction of the flow. In order to avoid flooding of the nozzle
plate at nozzle level a small under-pressure is maintained. In
equilibrium the meniscus of the ink is retracted and pinned to
the rim of the nozzle. This equilibrium is controlled by the
surface tension of the ink and the setting of under-pressure
controller. Operated at low frequencies, after droplet formation,
there is ample time for the ink to return to the equilibrium state
and to be ready for the next firing of a droplet. Driven at higher
frequencies, in between droplets, there is no time to return to the
equilibrium state and other mechanisms for refilling come into
view. When the meniscus has retracted in the nozzle, the next
pressure pulse needs to accelerate a relatively small amount of
ink. Moreover the viscous drag in a partly filled nozzle is less
compared to a completely filled nozzle. With a constant surface
tension pressure, the Washburn equation learns that the refilling
speed of a partly filled nozzle increases with decreasing filling of
the nozzle. Both effects are supposed to cause that a print head
driven at high frequency delivers enough fluid to nozzle to
maintain droplet emission. In this paper this theoretical
framework is extended by taken into account:

e Droplet formation on the dynamics of the fluid motion,

e Change of droplet volume at high frequencies,

e [nertia effects due to the variable mass in the nozzle.

A complete non-linear analysis will be outlined including:
e Limitation of the capillary pressure; only close to the
nozzle the capillary pressure becomes a linear
function of the meniscus displacement, otherwise it is a
constant,

o The dependence of the viscous drag on the filling of

the nozzle,

o The effects of droplet formation,

o [nertia effects due to the variable mass in the nozzle.

Calculations will be performed for a sample pump of which the
dimensions are representative for a standard print head. Two
inks will be investigated one with a viscosity of 0.01 Pa.s and
another with a low viscosity equal to 0.002 Pa.s.
The non-linear analysis will reveal many details of the fluid
dynamics of the ink in a print head, including effects of surface
tension, viscosity, droplet formation, pulse shape and repeat
rate.

Introduction

A piezo driven ink jet print head is in principle an open
microfluidic system, there are no valves that control the
direction of the flow. In order to avoid flooding of the nozzle
plate at nozzle level a small under-pressure is maintained. In
equilibrium the meniscus of the ink is retracted slightly and
pinned to the rim of the nozzle. This equilibrium is controlled by
the surface tension of the ink and the setting of the under-
pressure controller. Operated at low frequencies, after droplet
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formation, there is ample time for the ink to return to the
equilibrium state and to be ready for the next firing of a droplet.
Driven at higher frequencies, in between droplets, there is no
time to return to the equilibrium state and other mechanisms for
refilling come into view. Wijshoff [1,2,3] has described two
mechanisms depending on the filling of the nozzle. When the
meniscus has retracted in the nozzle, the next pressure pulse
needs to accelerate a relatively small amount of ink. Moreover
the viscous drag in a partly filled nozzle is less compared to a
completely filled nozzle. With a constant surface tension
pressure, the Washburn equation learns that the refilling speed of
a partly filled nozzle increases with decreasing filling of the
nozzle [4]. Both effects are supposed to cause that a print head
driven at high frequency deliver enough fluid to nozzle to
maintain droplet emission. In this paper the theoretical
framework of Wijshoff is extended by taken into account:

e Droplet formation on the dynamics of the fluid

motion,

e  Change of droplet volume at high frequencies,

e Inertia effects due to the variable mass in the nozzle.
First an estimate on the surface tension driven refilling is derived
giving a kind of upper bound for the driving frequency. As for
high frequency jetting the meniscus at the moment of firing may
be retracted far beyond the equilibrium position given by the
under-pressure controller, the droplet volume and droplet speed
as functions of the meniscus position will be derived. Finally a
complete non-linear analysis will be outlined including:

e Limitation of the capillary pressure; only close to the

nozzle the capillary pressure becomes a linear function
of the meniscus displacement, otherwise it is a
constant,

e The dependence of the viscous drag on the filling of

the nozzle,

e The effects of droplet formation,

e Inertia effects due to the variable mass in the nozzle.
Calculations will be performed for a sample pump of which the
dimensions are representative for a standard print head. Two
inks will be investigated one with a viscosity of 0.01 Pa.s and
another with a low viscosity equal to 0.002 Pa.s.

The non-linear analysis will reveal many details of the fluid
dynamics of the ink in a print head, including effects of surface
tension, viscosity, droplet formation, pulse shape and repeat rate.



Sample print head
In the analysis outlined in this paper we use a sample print
head as depicted in figure 1.
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Figure 1 Schematic of a Helmholtz type of print head; note the definitions
of the fluid motion in the throttle x, and the fluid motion in the nozzle x4

The dimensions are:
e Volume pump chamber V. =2%10"" m® (length 10
mm, cross-section 200 by 100 um?),
e Nozzle length Ly =75 pm, radius Ry =15 pm,
(A1 =707 um?),
e  Throttle length L, =500 pm, cross-section 40 by 40
pum’ (A = 1600 um?).
The ink is characterized by its surface tension y = 0.05 N/m,
viscosity g = 0.01 Pa.s and density p = 1000 kg/m?. Another
ink will be considered as well, with a viscosity of 0.002 Pa.s.

The wave speed in the system (or the speed of sound
corrected for the compliance of the environment) equals
c=1200m/s.

The pulse form used for driving the print has a leading edge
step of 0.1 us, the duration of the pulse equals 3.4 us. In order to
keep the pressure in the pump chamber above zero (no vacuum)
the pulse is switched off in a linear ramp during 25 ps. The
volume displacement of actuator is chosen equal to 40 pl.

Surface tension driven refilling

The fluid retracts in the nozzle after firing a droplet and
refilling starts due to surface tension. The situation is visualised
in figure 2. The droplet has separated and the meniscus has

retracted inside the nozzle.
/ Free flying
//,,,,/

Figure 2 Situation after droplet has separated from the fluid inside the
nozzle. The meniscus has retracted.

The capillary pressure is given by [5]:

2y cos 6
Pcap = R, (€Y)

A simple estimate can be found for the calculation the surface
tension driven filling time based by combining Hagen-Poiseuille
law [6] and the capillary under-pressure given above (1) into a
modified Washburn equation [4]:

_ 4’#R1 L1 n Lz V— 1 T[ 2
v = Ymcoso |\R? " R2 Rf) @

where @ is the contact angle of the ink on the inside surface of
the nozzle (usually in the nozzle 6 is small and taken equal to
zero) and V the volume of the droplet. Note that for refilling the
dimensions of the throttle are included in the time involved in
refilling due to surface tension. Capillary filling is only active
when the fluid inside the nozzle is behind the nozzle front. At
the moment the liquid approaches the rim of the nozzle, filling
due to capillary pressure starts to slow down until the meniscus
is flat or given by the under-pressure control of the print head

[7].

Droplet volume and speed

To describe droplet formation, in particular the conditions
to be met for droplet emission, droplet volume and speed and the
existence of satellites the approach developed in [9,10,11, see
also 12] has been followed.

In case of an under-pressure or at the moment a next pulse
is applied to the print head the meniscus has retracted over a
certain distance x,. When the print head is idling, this position
must be stable limiting the set under-pressure to:

2y
Punder—pressure < R_ cos 6 3)
1

A necessary condition for droplet formation is met as at the
same time the velocity of the fluid inside the nozzle is positive
and the meniscus position has passed the nozzle front. In case of
positive pulsing (directly after the leading edge of the pulse the
fluid starts to move out of the nozzle) the velocity and the fluid
displacement are given by (note that ¢ starts with the leading
edge of the pulse, v, denotes the amplitude of the mean
velocity of the fluid in the nozzle):

X1 (t) = VppaxSinwot

4)

vmax
x1(t) = —xp +
10 = —xg +

(1 — coswyt)

where x, measures the distance of the meniscus from the nozzle
front at the moment the velocity changes sign from negative to
positive. In case of no under-pressure control for low frequency
jetting x, equals the volume of the droplet V divided by the
surface area of the nozzle A;. Otherwise x, depends on the
motion of the meniscus caused by pulsing. The acoustic
properties of the print head are put in the angular frequency w.
For a Helmholtz type of print head the high angular Helmholtz
frequency and the low angular frequency of the surface tension
driven slosh mode are given by [7]:
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B 1(A1+A2)
“o=C v\ T L,

8y 1A,
Wslosh = ;ER_f’E

(For the sample print head and ink f, = wy/2/m = 48 kHz,
fstosh = Wsiosn/2/m = 14.3 kHz).

The meniscus passes the nozzle front at the moment t = ¢,
given by:

)

XoWo

coswgty =1 —

(6)

Umax

It is assumed that the jet issues from the nozzle like a
cylinder with the same cross-sectional dimensions as the nozzle.
Then the kinetic energy passing the nozzle front is given by:

1 t
T(®) = 5pofs f 3 (edt’ %
to

The fluid portion outside the nozzle moves as a solid mass of
which the kinetic energy is defined by (t > t;):

1
Ty = §P0A1 x1 (V2 () )

During outflow extra free surface is created. As the jet almost
moves like a solid cylinder, the increase in surface energy can be
expressed as with P, the perimeter of the jet (t > t;):

W =yPix,(t) = y2mR,x,(t) C)

The condition for the formation of a droplet is reached as soon
as the kinetic energy transported along with the fluid issuing
from the nozzle equals the kinetic energy of the cylinder
(droplet) plus the extra surface energy:

T =T, +W (10)

On substituting the expressions for the different energies given
above, this condition becomes:

2yPy
PoAs

f D) — v e = o) an
to

It is clear that this condition can only be fulfilled after the
velocity has gone through a maximum. Carrying out all the
integrations and lowering the type of the equation from cubic to
quadratic by factoring out (1 — cos wyt) a quadratic equation in
coswyt is obtained:
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2 6yPy 2
2c0s*wot — €OSW(tyCOSWot — | ———— + cos“ woty | = 0
PoA1Vinax
(12)
With solutions:
. to(1+3 |1+ i
oSt = rosto o(12 3P0 A1(VinaxCOSWoto)?
13)

The negative sign option makes sense in this case because
|coswot*| < 1. As coswot™ > —1, (wot* > m/2) the velocity
amplitude in the nozzle has to be above a threshold value
defined by:

2 4 coswyty — cos? wyty pody

6 yP
Vmax > J . (14)

The volume of the droplet and the droplet speed, respectively,
are given by:

v
V=A4%,(t") = A; [—xo + %(1 — cos wot*)]
0

(15)

%1 (t*) = Vg SIN Wt*

Figure 3 shows a typical result.

Droplet volume and speed as functions of static meniscus position
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Figure 3 Droplet velocity and volume as functions of the meniscus position
(positive inwards) for 6 m/s velocity amplitude in the nozzle. Dimensions
print head see sample print head.

Clearly is visible that the droplet volume decreases with
increasing meniscus position at the moment of applying the
pulse (defined positive inwards, generating instantaneously a
positive pressure). As mentioned earlier the static under-pressure
must be small, otherwise the nozzle empties itself into the pump
chamber and the ink reservoir, and the print head is no longer
operational. It will be shown later that the meniscus during high
frequency pulsing can be retracted over a larger distance. For a
non-retracted meniscus the droplet volume for the example
discussed measures 25 pl, to replenish this volume formula (2)
learns that 7, = 3.1 ms, allowing for a repeat rate of 3.25 kHz.

During jetting at higher frequencies the meniscus retracts
further and further, the print head delivers smaller but faster
droplets. Half the droplet volume means a twofold increase in
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jetting frequency. This mechanism explains, at least
qualitatively, why usually a print head can run at higher
frequencies than predicted by surface tension driven refilling
based on the low frequency droplet volume. It adapts the volume
of the droplets emitted.

Non-linear analysis of print head in the time
domain

The Helmholtz resonator type of print head is the simplest
configuration to develop a non-linear description of its action.
This analysis contains the following ingredients.

Surface tension effects

In the equilibrium situation the fluid at the end of the nozzle
forms a meniscus. The solid, fluid and air contact line pins at the
rim of the nozzle. The geometric details are depicted in figure 4.
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Figure 4 Geometric details of meniscus shape
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In case the fluid moves outwards the meniscus is deformed in
such a way that the curvature increases and as a consequence the
capillary pressure increases as well. The capillary pressure inside
the domed meniscus opposes the motion of the fluid column in
the nozzle. When the fluid retracts into the nozzle a concave
meniscus is formed. The capillary pressure is again opposing the
retracting motion of the fluid. The relation between the fluid
displacement x,, the dome height h and the radius of the nozzle
Ry reads [7]:

1
Agxy = gﬂh(3R% + h?) (16)

The radius of curvature of the dome R, follows from
(Pythagoras formula):

R% 4+ h?
Ry =— an

With Laplace equation [5] an expression is obtained for the
capillary pressure as a function of the fluid displacement x, [7]:

=—= ==X (18)
d

The approximated expression shows that the pressure depends
linearly on the fluid displacement x,, like a mechanical spring.

Expression (18) is only valid for small displacements. At
the very moment the radius of curvature becomes equal to the
radius of the nozzle, the capillary pressure becomes a constant.
In case the fluid in the nozzle moves more and more inwards the
capillary pressure becomes constant and equal to:

2y 1
Pcap = _R_lrxl < _ZRl (19)

It is assumed that a similar expression holds true for the case that
the meniscus moves outwards:

2y 1

Pcap =R_1:x1 >ZR1 (20)

For the sample print head, this means that expression (18) holds
true as long as |x;| < 3.75 um. When the nozzle front is wetted,
the capillary pressure vanishes. The capillary force acting on the
fluid in the nozzle is given by:

cap pcapAl (21)

Viscous force

Viscosity is opposing the motion of the ink in the nozzle, in
terms of force the Hagen Poiseuille relation [6] can be written as
(note that this equation holds for nozzle and throttle):

8ulL

= ApA = WQ = 8mulLx (22)

F viscous
In the throttle the length of the fluid column stays constant:

Fviscous,throttle = 8mul,x, (23)

In the nozzle the situation is different, for a retracting meniscus
the fluid column becomes shorter and consequently the viscous
drag will be reduced according to [1,2,3,4]:

x; <0, Foiscousnozzie = 8mu(Ly + x1)%; (24)

In case the meniscus is outside the nozzle the fluid column
length stays constant:

x; >0, Foiscousnozzie = 8muL, %, (25)

Inertia effects

To model the inertia force the effect of the varying mass in
the nozzle must be taken into account. To model this effect the
so-called rocket formula is used [13]:

U—+ Y F (26)

In terms of rocket science dm/dt is the ejected mass per unit
time and u the relative velocity of the ejected gas defined with
respect to the rocket. Special attention has to be paid to what
happens at the entrance of the nozzle. The Reynolds number of
the flow entering the nozzle or leaving the nozzle is about 10-50.
This value resembles the cigarette smoker dilemma, he can blow
out smoke in the shape of a jet, but he is never able to suck in the
jet. Or said otherwise, blowing out generates a jet, the stream
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lines are parallel; sucking in generates sink flow, the stream lines
are directed towards the mouth in a spherical manner. These two
effects are shown in figure 5 for the flow situation close to the
entrance of the nozzle seen from the pump chamber.

Direction of
fluid motion

— ]
N

v

/| Pump
chamber

E——

chamber

Figure 5 Stream lines close to the nozzle entrance. Left for the case that
the flow is towards the nozzle, depicted as sink flow, right the case is
depicted that the flow is from the nozzle into the pump chamber, shown as
a jet

In case the fluid flows from the nozzle to the pump
chamber the jet has the same velocity as the fluid in the nozzle
and u = 0. There is no thrust. For the sink flow case the
component of the impulse parallel to the axis of the nozzle must
be calculated (see figure 6)

Conical entrance
region nozzle

Figure 6 Flow kinematics near the nozzle for the sink flow case. All stream
lines are directed towards the nozzle. The entrance region is bounded by a
conical surface given by 6 = 0,. The flow is axisymmetric, the spherical co-
ordinates to define a point in space are 6, ¢ and r. The velocity vector v, is
positive towards the origin. The radius of the nozzle is denoted by R,; the
component of the velocity parallel to the axis is evaluated at the spherical
surface defined by r;.

Sink flow flow kinematics are described by:

Q
— S = A% 27
Yr 2mr2(1 — cos By) Q %1 @7
The integrated velocity component parallel to the axis of the
nozzle (r; = R,/ sin ;) can be found by evaluation of:

1 (%
V= —Zf v, cos 8 rydO2mry sin @ =
T[Rl 0

1. sin%6,
21 (1 —cosBy)
(28)

Note that the integrated velocity component is towards the
nozzle. The ejection speed (relative velocity) defined with
respect to the moving fluid in the nozzle follows from:

u=(7—1) (29)
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With limiting cases:

1
6p=0, -u=0, 6y = Su=-3 (30)

As the mass in nozzle varies with meniscus position the equation

of motion in fluid contained in the nozzle reads (x; =
0 coincides with rim):

" dm
pAL(L1+x1)% = uE + Z F
(€2))
Z F = pressure force — viscous drag

— surface tension force

For x%; >0, dm/dt >0 and u < 0, which means that the
“propulsion force” is actually negative, like the surface and
viscosity related forces. The equation of motion of the fluid
moving back and forth through the throttle can be derived
following the same lines as above; the only differences are that
there is no surface tension force and that the mass is constant:

pAzLy%; = —pA; — 8mpLyx, (32)

The closing relation connecting the fluid motion in the nozzle
and the throttle is given by:

2
pc

p =", AV AV = Apxy = Ayxy + AV (8) (33)
c

This set of equations is solved by first eliminating the pressure p
by substitution of the closing relation in the two equations of
motion and rewriting the two second order differential equations
into four first order differential equations by putting [14]:

dx; dx,
ac  Pv ac P2

(34
dp; p

2
= G(p2, X1, X2)

d
= F(p1,%1,%2), ar

dt

This set can be solved from given initial conditions by stepwise
integration.

A typical result is shown in figure 7 for the set of initial
conditions:

t=0:x1=x2=p1=p2=0 (35)
The non-linear calculation will be carried out along with the

droplet formation condition derived in the droplet formation
section.



Fluid displacement and velocity in nozzle as function of time
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Figure 7 Fluid displacement and velocity in the nozzle for low frequency
pulsing (fpwse = 3.3 kHz) for the sample print head, sample ink (y =
0.05 N/m, u = 0.01 Pa.s and p = 1000 kg/m°) and sample pulsing (0.1 us
leading edge, 3.4 us pulse duration and 25 us ramp-down time, volume
displacement 40 pl) case. The time step used is 1 0" s. The droplet formed
(see step in fluid displacement) has a volume of 22.7 pl and a velocity of
3.38 m/s

A number of features can be seen:

e Upon droplet formation the meniscus immediately
retracts to the zero position and continues to moves out
because the velocity is still positive.

e Directly after detachment of the droplet the mass
involved in the force balance has reduced accordingly,
causing the fluid velocity to increase for a short while.

e Because of droplet formation the meniscus retracts
over a considerable length, initially refilling takes
place at a constant rate driven by the constant capillary
under-pressure, at the moment the meniscus has pass
the point x; = —R;/4, the surface tension force
becomes dependent on position and the refilling starts
to slow down (first order behavior). It takes indeed
about 300 us before the meniscus has reached the
equilibrium position.

In figure 8 the pressure in the pump chamber is depicted for the
same case as described in the caption of figure 6.
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Figure 8 Pressure in pump chamber as function of time for low frequency
pulsing (fpwse = 3.3 kHz) for the sample print head, sample ink (y =
0.05 N/m, = 0.01 Pa.s and p = 1000 kg/m°) and sample pulsing (0.1 us
leading edge, 3.4 us pulse duration and 25 us ramp-down time, see black
line, and 40 pl actuator displacement). The time step used is 1 0"s.

Note that the pressure does not reach — 1 bar with respect to ambient.

Also in figure 8 the effect of the detachment of the droplet is
clearly visible. The pressure does not exceed lower values than -
1 bar, which means that cavitation is not occurring and that air
entrapment via the nozzle is not likely [15,16,17]. Droplet
formation helps to end up with higher positive pressures in the
pump chamber resulting in higher droplet velocities and a more
stable action of the print head, while at the same time limiting
the negative pressure.

The situation in terms of velocity, fluid displacement and droplet
formation for driving at a higher frequency (6.67 kHz) is
depicted in figure 9.
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Figure 9 Fluid displacement and velocity in the nozzle for higher frequency
pulsing (fpuise = 6.67 kHz) for the sample print head, sample ink (y =
0.05 N/m, u=0.01 Pa.s and p = 1000 kg/m°) and sample pulsing (0.1 us
leading edge, 3.4 us pulse duration and 25 us ramp-down time, volume
displacement 40 pl) case. The time step used is 10" s. The time window is
from 400-600 us. The first droplet formed has a volume of 22.7 pl and a
velocity of 3.38 m/s, after 450 us (the fourth droplet) the droplet volume has
decreased to 21 pl, at the same time the droplet velocity has increased to
3.69 m/s.

The frequency is now so high that the meniscus cannot reach the
equilibrium position anymore and the droplet is fired from a
retracted meniscus, ending up with a smaller droplet with a
higher speed compared to the first droplet. For experimental
evidence of the so-called first droplet phenomenon, see [18]. It
appears that the frequency can be increased to really high values
20 kHz, see figure 10.

Fluid displacement and velocity in nozzle as function of time
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Figure 10 Fluid displacement and velocity in the nozzle for very high
frequency pulsing (fyuse = 20 kHz) for the sample print head, sample ink
(y = 0.05 N/m, u = 0.01 Pa.s and p = 1000 kg/m’) and sample pulsing (0.1
us leading edge, 3.4 us pulse duration and 25 us ramp-down time, volume
displacement 40 pl) case. The time step used is 10" s. The time frame is
from 400-600 ps.The first droplet has a volume of 22.7 pl and a velocity of
3.38 m/s, after 550 us (the twelfth droplet) the droplet volume has
decreased to a constant value (not dependent on droplet number) of 8 pl, at
the same time the droplet velocity has increased to 4.32 m/s.

Figures 11 and 12 show what happens when the ink has a lower
viscosity (0.002 Pa.s instead of 0.01 Pa.s).
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Fluid displacement and velocity in nozzle as function of time
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Figure 11 Fluid displacement and velocity in the nozzle for low frequency
pulsing (fpwse = 3.3 kHz) for the sample print head, low viscosity ink
(y = 0.05N/m, u=0.002 Pa.s and p = 1000 kg/ma) and adapted pulsing
(0.1 us leading edge, 3.4 us pulse duration and 25 us ramp-down time,
volume displacement actuator 24 pl) case. The time step used is 10" s.
The droplet formed (see step in fluid displacement) has a volume of 23.4 pl
and a velocity of 2.91 m/s

Pressurein pump chamber as function of time
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Figure 12 Pressure in pump chamber as function of time for low frequency
pulsing (fpuse = 3.3 kHz) for the sample print head, low viscosity ink
(y = 0.05 N/m, u = 0.002 Pa.s and p = 1000 kg/m’) and adapted pulsing
(0.1 us leading edge, 3.4 us pulse duration and 25 us ramp-down time, see
black line, displacement actuator 24 pl). The time step used is 10" s.
Note that the pressure does not reach — 1 bar with respect to ambient.

Changing the viscosity from 0.01 Pa.s to 0.002 Pa.s shows some
remarkable effects:

e The low-frequency slosh mode oscillation is clearly
visible.

e Damping is poor, both for the high frequency
Helmbholtz oscillations as well as for the low frequency
surface tension driven meniscus motion.

e  The refilling of the nozzle is much faster, 42-43 us for
the low viscosity case compared to ~300 us for the
0.01 Pa.s case. This can be mainly attributed to the
decrease in viscosity and partly due the dynamic
effects related to the partial filling of the nozzle
because of the stronger oscillatory motion [1,2,3].

e The displacement of the actuator has been chosen
equal to 24 pl (for the 0.01 Pa.s ink 40 pl was needed),
in order to keep the negative pressure above than -1
bar. Droplet speed and size are comparable.

Figure 13 shows the behavior of a high frequency driven print
head filled with a low viscosity ink. Most clearly is visible that
the fast refilling even results in faster and bigger droplets. This is
partly due to the fact that the pulsing is almost tuned to the
natural timing of the print head. Pulsing starts at the maximum
of the velocity.
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Fluid displacement and velocity in nozzle as function of time
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Figure 13 Fluid displacement and velocity in the nozzle for very high
frequency pulsing (fpuise = 20 kHz) for the sample print head, low viscosity
ink (y = 0.05 N/m, u = 0.002 Pa.s and p = 1000 kg/m°) and adapted pulsing
(0.1 us leading edge, 3.4 us pulse duration and 25 us ramp-down time,
volume displacement 24 pl) case. The time step used is 10" s. The time
frame is from 400-600 us.The first droplet has a volume of 23.4 pl and a
velocity of 2.91 m/s, after 550 us (the twelfth droplet) the droplet volume
has increased to a constant value (not dependent on droplet number) of
28.2 pl, at the same time the droplet velocity has increased to 3.54 m/s.
The steady state droplet is formed out of two, in the fluid displacement
curve there are two steps downward. These two droplets are formed
directly after each other and merge to one droplet almost instantaneously.

Discussion and conclusions

The full non-linear analysis of a Helmholtz type print head
reveals that dynamic effects associated with partial filling of the
nozzle enhance the refilling of the nozzle after release of a
droplet [1,2,3]. The difference between the inertia effects linked
to outflow or inflow at the entrance of the nozzle seen from the
pump chamber reduces this effect, but for low viscosity inks the
dynamic refilling is still most clear. This effect can be so strong
that at high frequency jetting the droplets are larger and leave the
print head at higher speed and/or the nozzle front will be
flooded, despite the setting of the under-pressure controller.

Droplet formation reduces the amount of fluid in the nozzle
and consequently the pressure waves in the pump chamber.
Droplet formation makes it possible to use a larger displacement
of the actuator, resulting in a higher positive pressure in the
pump chamber leading to a higher droplet velocity and to a more
stable operation of the print head.

The pulse shape has chosen such that the leading edge sets
the ink in motion, the trailing edge is chosen to ramp down
slowly to avoid additional pressure waves that may lead to
cavitation and/or entrainment of small air bubbles.

For low viscosity inks the dynamic refilling is so effective
that over a broad range of frequencies the print head will
function well, in terms of delivering droplets with about constant
volume and constant speed even at very high frequencies [19].
For inks with a higher viscosity, however, refilling is much less
effective resulting a jetting of droplets with a decreasing volume
and higher speed with increasing frequency.
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