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Abstract

There are many parameters that influence droplet ejection
performance, i.e. printing quality, of inkjet print head such as
ejection velocity and directionality of ink droplet. Ink droplet
with larger ejection velocity from an inkjet print head nozzle
exit will be less affected by the surrounded air disturbance
and keep a good directionality. The printing quality of a
thermal bubble inkjet print head is also affected by bubble
growth dynamics. It depends on the proper geometry and
size designs of micro-fluidic ink channel within the inkjet
print head such as nozzle orifice, ink firing chamber and
heaters. This work used computational fluid dynamics (CFD)
method to study the parameters and effects on droplet
ejection performance of thermal bubble inkjet print head for
both top and back shooting type of thermal bubble
nucleation. The numerical scheme, volume of fluid (VOF)
method, has been used to deal with the interface between
surrounded air and droplet liquid.

Introduction

High dispensing accuracy is an important issue for the highly
resolution inkjet printing and industrial printing applications
on the manufacture of PLED display, color filter and biochip,
etc. There are many parameters that influence droplet
ejection performance, i.e. printing quality, of inkjet print
head such as ejection velocity and directionality of ink
droplet. Ink droplet with larger ejection velocity from an
inkjet print head nozzle exit will be less affected by the
surrounded air disturbance and keep a good directionality.
The printing quality of a thermal bubble inkjet print head is
also affected by bubble growth dynamics. Asai et al.’
conducted both numerical simulation and experimental
measurements to obtain the temporal variation of the ejected
droplet length. Chen et al.” used a one-dimensional model to
describe the unsteady conduction problem, bubble growth,
and ink motion of the top-shooter thermal inkjet print head.
Their results show that the threshold operating voltage for
ink ejection decreases with the heat pulse width. Ink droplet
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with larger ejection velocity from an inkjet print head nozzle
exit will be less affected by the surrounded air disturbance
and keep a good directionality. Yang et al.’ present the study
with numerical predictions on thermal bubble print head and
reveal that a three-step voltage heating condition (with less
thermal energy input) results in a larger mean inkjet nozzle
exit velocity than the one-step voltage heating method. The
larger heat flux rate from the print head heater to the ink
chamber results in larger bubble pressure and inkjet exit
velocity. It also depends on the proper geometry and size
designs of micro-fluidic ink channel within the inkjet print
head such as nozzle orifice, ink firing chamber and heaters.
Chiu et al.* discussed the size effects of the micro fluidic
channel on the droplet ejection process. He concluded that
the double-feed-channel model is a better design than the
single-feed-channel model.

Fabrication methods of the commercial inkjet print head
are the dry film layer made of polymeric material is
laminated on the chip and forms the ink flow channel pattern
by photolithography process. The sandblast process is
introduced to form a through slot that passes the chip for ink
feeding. Contamination and crack of the silicon wafer are
commonly seen during the sandblast process. In addition, the
sandblast ink slot on a chip increases the difficulty of the
circuit layout. The nozzle plate is then attached to the chip
one-on-one by the adhesive characteristic of the dry film.
However, the alignment accuracy of the nozzle plate to the
chip is limited and hard to control the error within 3 pm. The
ejection performance of inkjet print head heavily depends on
the accuracy of the bonding process. The back shooting type
design of inkjet print head replace the sandblast process by
three-dimensional electroforming process, i.e. there is no ink
slot needed on the chip. The process will increase the nozzle
array density of the inkjet head because there is a larger
space for circuit layout in the limited small chip area and one
doesn’t have to consider how to pass the circuit through the
ink slot. This type of back-shooting design could have the
high printing quality and it provides a non-assembly
packaging process of inkjet head products. It could solve the
miss alignment problem between the inkjet chip and nozzle
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plate, especially for higher density array of thermal bubble
heaters.

The aim of this study is to investigate the factors that
affecting the droplet ejection process for both top and back
shooting type design. Computational Fluid Dynamics (CFD)
method has been applied to study these parameters of
thermal bubble nucleation. The numerical scheme, volume of
fluid (VOF) method, has been used to deal with the interface
between surrounded air and the liquid droplet.

Theoretical Model and Numerical Scheme

The physical properties such as surface tension and viscosity
of the working fluid are important factors that affect the
droplet ejection behavior. It is necessary to simulate on the
ejection performance of the micro-fuel injector with working
fluid of gasoline. Theoretically, the ejection of droplet
phenomenon is governed by Navier-Stokes equations with
appropriate boundary conditions describing fluid interface
motions. Volume of fluid (VOF) method resolves the
transient motion of the gas and liquid phase using the
Navier-Stokes equations, and accounts for the topology
changes of the interface induced by the relative motion
between the gas and liquid phase. Therefore, the complex
fluid dynamic process during drop ejection is simulated with
CFD package FLOW-3D that employs the VOF method to
track effectively the transient fluid interface deformations
and disruptions. VOF method utilizes a finite difference to
represent the free surfaces and interfaces that are arbitrarily
oriented with respect to the computational grids. The VOF
defines a volume fractional function F that indicates the
fraction of the computational cell filled with liquid, and uses
a donor-acceptor algorithm to track the interface. There
exists a free surface interface while the value of F is between
zero and unity in a cell. Although VOF can locate the free
boundary nearly as well as a distribution of marker particle
method and needs less information-stored space, the method
is worthless unless an algorithm can be devised for
accurately computing the evolution of the F field. The time
dependence of F is governed by

oF
—+

FVeV =0
Jat

(M

The mass and momentum equations can be written as
the conservation form and homogeneous as follows
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where p is the density,  is the time, P is the pressure, V is
the velocity vector, F is the volume fraction function, t; is
the viscous stress tensor, and S¢,S, are the source terms.
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In the numerical simulation model, FLOW-3D® is used
as the simulation tool. The thermal bubble dynamics model
used in FLOW-3D is an advanced homogeneous bubble
model and programming in the CFD codes. The model
describes that the bubbles obey the homogeneous bubble
rule, i.e. the pressure and temperature of the bubble are
spatially uniform. The equation of state for the thermal
bubble is the ideal gas and is expressed as follows.

— vap
pv =Y 1)PCV T, ()

where p, is the bubble pressure, C;* is the specific heat at
constant volume of the vapor, y is the ratio of specific heats
for the gas, and T, is the bubble temperature.

When no heat flux crosses the interface between the
heater and ink, phase change begin to occur on the interface
of bubble and liquid. It is necessary to have a relation that
expresses the saturation pressure of the vapor, P** in terms
of temperature. The common relationship is the Clapeyron-
Clausius equation

Psat =Py .exp[_(———)/ TVexp]
T T (5)

where Py is saturation pressure of the vapor, Ty; is
saturation temperature of the vapor, and Ty xp, iS an exponent
constant given by

Ty exp =(Y=DC)* | Cruv ©)

where Cp gy is the latent heat of the working fluid.
Results and Discussion

In order to investigate and compare the difference of ejection
performance between top- and back-shooting designs of the
firing chamber, five type of firing chamber is designed in
this study for two of fluid feed inlet channels. Figure 1
shows the five types of models for firing chambers and
micro-fluid channel geometries. Type-A and B models are
the back shooting designs while the Type-C, D and E models
with the top shooting designs. For the back shooting design,
there are two heaters within the firing chamber for Type-A
model and an additional heater on the neck of the inlet
channel for Type-B model. The two heaters are located on
the side wall of the firing chamber and each of the heater
area size is 13 pm x 6.5 um. The heater area size located on
the neck of the inlet channel is 11 pm x 11 pm. While for the
top shooing design, there are two heaters for Type-C model,
which are the same heater sizes with Type-A model. Type-D
model is the top shooting design with only one heater with
the heater size of 13 pm x 13 um, which is the same with the
over all of two heaters design within the firing chamber for
comparison. Model of Type-E is the same with Type-D
model but with an additional heater on the neck of the inlet
channel.
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Figure 1. Models of firing chamber for Type-A and B of back shooting design and Type-C, D and E of top shooting design

In this study, the working fluid is water and its physical
properties are 1.01 g/cm’, 1.0 cps and 72.8 dyne/cm for
density, viscosity, and surface tension, respectively. The
initial nucleation pressure inside the thermal bubble is 10
MPa (about 100 atm), which is the typical initial condition
of thermal bubble inkjet. Figure 2 shows the computational
results of Type-A model for firing chamber at the instant of
0, 5 and 10 ps and the results in two-dimensional X-Y
sectional plane is shown in Fig. 3. Figure 4 also shows the
results of Type-A firing chamber in Y-Z cross sectional
plane at 0, 2, 4, 6, 8 and 10 pus. The average droplet ejection
velocity of the computational result is 12.24 m/s. Figure 5
shows the computational results of Type-B model for firing
chamber at 0, 5, and 10 us and the results of Type-B model
for firing chamber in Y-Z sectional plane at 0, 5, and 10 ps
is shown in Fig. 6. The average droplet ejection velocity of
the computational result is 13.5 m/s and with a longer
droplet tail than the result of Type-A model. However, the
growing and collapsing force of thermal bubble on the neck
heater of Type-B model cause the tail of the droplet not in
the straight direction when leaving the nozzle surface. It may
increase the probability of droplet puddling on the nozzle
plate surface even for increasing the ejection speed of
droplet. Figure 7 shows the results of Type-A and Type-B
model for firing chambers in two-dimensional Y-Z cross
sectional plane at 7 ps. The velocity increase for Type-B
model is about 11% than the Type-A model, which is caused
by the additional of heater locate on the neck of the inlet
channel.
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Figure 2. Computational results of Type-A firing chamber at 0, 5,
and 10 us
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Figure 3. Computational results of Type-A firing chamber in X-Y
2D section plane at 0, 5, and 10 s

Figure 8 shows the results of Type-C model for firing
chamber at 0, 5, and 10 ps. Type-C model is the top
shooting design with two heaters inside the firing chamber
and the droplet ejection velocity is 12.14 m/s. Figure 9
shows the computational results of Type-A and Type-C
model in two-dimensional Y-Z sectional plane at the instant
of 7 us. The ejection velocities for both the Type-A and C
are almost the same for both the back- and top-shooting
designs, respectively, with two heaters inside the firing
chamber. The results of Type-D model for firing chamber at
the instant of 0, 5, and 10 ps, which is shown in Fig. 10. It
reveals that the average droplet ejection velocity of the
computational result is 14.9 m/s. Figure 11 shows the
computational results of Type-C and Type-D firing
chambers in two-dimensional Y-Z sectional plane at 7 ps.
The velocity increase for Type-D model is about 42% than
the Type-C model, which is caused by the one heater design
just below the nozzle hole and located on the geometry
center of the firing chamber. Figure 12 shows the
computational results of Type-E model for firing chamber at
0, 5, and 10 ps. It reveals that the average droplet ejection
velocity of the computational result is 17.4 m/s, which is the
largest ejection speed among the five types of firing
chamber designs.

Figure 4. Computational results of Type-A firing chamber in Y-Z 2D section plane at 0, 2, 4, 6, 8 and 10 us
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= = = Figure 8. Computational results of Type-C firing chamber at 0, 5,

and 10 us

Figure 5. Computational results of Type-B firing chamber at 0, 5, o 0
and 10 us

[ i . . 0

Figure 9. Computational results of Type-A and Type-C firing
chambers in Y-Z 2D section plane at 7 us

Figure 6. Computational results of Type-B firing chamber in Y-Z
2D section plane at 0, 5, and 10 us \

Figure 10. Computational results of Type-D firing chamber at 0,
5, and 10 pus

Figure 7. Computational results of Type-A and Type-B firing
chambers in Y-Z 2D section plane at 7 us

Figure 11. Computational results of Type-C and Type-D firing
chambers in Y-Z 2D section plane at 7 us
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Figure 12. Computational results of Type-E firing chamber at 0, 5,
and 10 us

Conclusion

Back-shooting type design of inkjet print head could have a
non-assembly packaging process and it may solve the miss
alignment problem between the inkjet chip and nozzle plate,
especially for higher density array of thermal bubble heaters.
Therefore, ejection performances for both the top-and back-
shooting type designs are investigated and compared in this
study by using the CFD method. In order to study the
difference of ejection performance between top- and back-
shooting designs, five types of firing chamber is designed in
this study for two of fluid feed inlet channels. The average
droplet ejection velocity of the computational result is 13.5
m/s of Type-B model and with a longer droplet tail than the
result of Type-A model. However, the growing and
collapsing force of thermal bubble on the neck heater of
Type-B model cause the tail of the droplet not in the straight
direction when leaving the nozzle surface. It may increase
the probability of droplet puddling on the nozzle plate
surface even for increasing the ejection speed of droplet.
Velocity increase for Type-D model is 42% than Type-C
model, which is caused by the one heater design just below
the nozzle hole and located on the geometry center of the
firing chamber. The average droplet ejection velocity of
Type-E model design is the largest ejection speed among five
types of the firing chamber designs.
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