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Abstract

The present study aims to provide numerical predictions on the droplet formation process for a thermal sideshooter inkjet print-
head, which directly affects the printing quality of the printhead. The calculation procedure starts from the heat up of the printhead
by an input electrical pulse, then obtains the pressure impulse response curve due to the formation and collapse of a bubble in the
ink, the ink flow motion in the ink nozzle, and finally the evolution process of the ejected ink droplet outside the ink nozzle. The
governing continuity and momentum equations for the flow motion in the ejected ink droplet are solved on the Eulerian frame by an
implicit finite-difference scheme. The ink droplet leading is then updated to the new location from the newly obtained velocity. A
comparison is made between the present numerical predictions with experimental results. A good agreement has been found. In ad-
dition, the present study shows the effects of the operating voltage of electrical pulse, the ink properties, and the gravity on the break-
off time of ejected droplet from the ink nozzle exit and the separation time of the long tail from main droplet. © 1998 Elsevier
Science Inc. All rights reserved.
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Notation rr principal radius of ink—gas interface on the plane
- . . . . . . normal to the nozzle axis, pm
A dimensionless inertial factor for the ink flow motion T surface tension coefficient, pN/um
= mn the gozzle .. . Top temperature at the boiling point of ink, K
B dimensionless frictional factor for the ink flow T temperature of vapor bubble, K
motion in the nozzle : v time, ps ’
a radius .Of the ink nozzle exit, pm ty time instant when the vapor bubble starts to form,
E operating voltage of electrlcal1 12mpulse, A% us
_ 2 . . .
Fr Ff‘“%de ‘number, =(T / pg:-a’) . ) Threak break-off time of the ejected ink droplet from the
a gravitational acceleration along the z axis, um/ps nozzle exit, s
o r ,
Iy hee}t of vaporization, J kg v ts separation time of the long tail from the main
K universal gas constant, J mol™' K droplet, ps
2 ’
P pressure, .“N/Hm ) vV axial velocity, pm/us
Pair surrounding air pressure, uN/,im . . of volume percentage of ink in the nozzle, %
P, relative pressure between ink and surrounding air, W width of the applied electrical pulse, ps
2 s
pN/pm . . w molecular weight of the vapor in the bubble, kg
P saturated vapor pressure at surrounding air tem- mol™!
2
perature, pN/jum We Weber number, = pVla/T
Py saturated vapor pressure at the threshold tempera- z axial coordinate originated from the nozzle exit,
ture of homogeneous nucleation, uN/um?> wm
: 2
By vapor pressure in the bubble, pN/um ) Z z-coordinate value of the bubble-ink interface, ym
R meniscus radius of ink Qroplet on the cross section Zui distance from the tail of broken-off droplet to the
normal to the nozzle axis, pum nozzle exit, pm
Re Reynolds number, = phoa/p Ziip distance from the leading edge of ink droplet to the
r radial coordinate, pm nozzle exit, pm
T radius of the nozzle cross-section at the bubble-ink ’
interface, um
I'N principal radius of ink—gas interface on the plane Greek . .
containing the nozzle axis, pm A empirical constant in Eq. (24)
u dynamic viscosity, mg/(um-pus)
- p ink density, mg/pm?
* Corresponding author. E-mail: phchen@ccms.ntu.edu.tw. 0., normal stress acting on the ink element, pN/um?
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T time constant of vapor bubble pressure decay in
Eq. (24), ps

4 axial coordinate on the computational domain

Superscript

n current time step index

n+l next time step index

— dimensionless parameter

Subscript

air air

exit nozzle exit

i index of grid node

ink ink

N nodal index for the leading edge of ejected ink
droplet

0 characteristic parameter

1 nodal index for the trailing edge of ejected ink
droplet

1. Introduction

In recent years, the inkjet printer has become the most
dominant output device used with the personal computer for
the color printing due to its low cost and comparable printing
quality. However, the printing quality for the inkjet printer is
closely related to the ink droplet formation process which can
be affected by the ink property, the pressure impulse history,
and the ink flow passage in the printhead. Therefore, it is es-
sential to predict the temporal evolution process of ejected
ink droplet in order to improve the printing quality.

Two different types of printhead, piezoelectric and thermal
bubble, are commonly available in the market. The present
study only focuses on the droplet ejection process of a thermal
bubble inkjet printhead. Based on the directions of bubble
growth and ejected ink flow, the thermal bubble inkjet print-
head can be further classified into three categories (Krause et
al., 1996)., The ejected ink flow direction is perpendicular with
the bubble growth direction for the edgeshooter printhead. For
a sideshooter printhead, the ink droplet moves in the same di-
rection as that of the vapor bubble growth. However, the mov-
ing direction of ink droplet is opposite to that of vapor bubble
growth for a backshooter printhead. There is no surprise that
few reports are available for showing the droplet formation
process of the inkjet printhead due to the strong competition
among the leading manufacturing companies. Thus, detailed
configuration of printhead will not be revealed from most
companies. Fromm (1984) presented the droplet formation
ejected from a circular nozzle with a constant cross section
by employing a marker-and-cell scheme to solve the two-di-
mensional Navier-Stokes equations. However, the driving
pressure response curve at the nozzle inlet was simplified by
a square pulse in his study. With the same nozzle and the driv-
ing pressure response curve, Adams and Roy (1986) used a
simplified one-dimensional model to describe the droplet for-
mation process. They employed a MacCormack’s predictor—
corrector finite-difference scheme to solve the governing equa-
tions on the Lagrangian coordinate. The comparison indicates
a good agreement on predicted results between one-dimension-
al model in Adams and Roy (1986) and two-dimensional
model in Fromm (1984). Therefore, a less-complex one-dimen-
sional model in present study can be used to provide good
qualitative results for predicting the temporal evolution of
ejected ink droplet of the sideshooter thermal bubble print-
head.

For edgeshooter printhead, Asai et al. (1987) predicted the
time-varying temperature distribution in the multilayer thin

film structure with a one-dimensional heat conduction model.
The driving pressure history with the bubble formation and
collapse was then obtained from the Clapeyron—Clausius equa-
tion and the energy balance between the ink and air bubble.
With the rising pressure in the bubble as the driving force,
the ink flow motion in the nozzle was described by the one-di-
mensional hydraulic equation. The ejected droplet length can
be easily evaluated from the one-dimensional hydraulic equa-
tion. A good agreement has been illustrated between the pre-
dicted and measured ejected droplet length. Furthermore,
Asai (1992) solved the complete three-dimensional Navier—
Stokes equations to obtain the droplet formation process for
a edgeshooter printhead.

Chen et al. (1997a) employed the same model as the one in
Asai et al. (1987) to obtain the ejected droplet length for a side-
shooter printhead, as shown in Fig. 1. Both numerical and ex-
perimental data were presented in their studies. However, the
predicted and measured ejected droplet lengths agreed only
in the initial period of time after the electrical heating impulse
was applied because the surface tension of droplet meniscus
was neglected.

To the author’s knowledge, few numerical or experimental
results have been provided about the droplet formation pro-
cess for a sideshooter printhead in prior studies. The present
study aims to show a complete droplet ejection cycle for this
particular type of thermal inkjet printhead under the applica-
tion of heating electrical impulse to the separation of a long
tail droplet from the ejected main droplet. Detailed configura-
tion of the printhead is illustrated in Fig. 1. The operating pro-
cedure of the thermal bubble inkjet printhead can be simply
described as follows. An electrical square pulse was applied
to the resistor layer of the multilayer thin film structure of
the printhead through the electrode layer. The typical electric
pulse has a pulse width ranging from 2 to 7 pus and an operat-
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Fig. 1. Geometry and dimensions of test printhead: Ta passivation lay-
er thickness 0.5 pm; SiC and Si;N4 overcoat layer thickness 0.25 um
and 0.5 um respectively; HfB, resistor layer thickness 0.1 pm; Al elec-
trode layer thickness 0.5 um; SiO, thermal insulation layer thickness
1.7 um and Si substrate layer thickness 525 pm.
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ing voltage from 16 to 23 V. Large heat flow which was gener-
ated in the resistor layer was transmitted into substrate and ink
through heat conduction process. The temperature of ink at
the ink—solid interface was immediately raised to a value about
the critical temperature within few ps. Combined with the ex-
tremely large heat flux into the ink, the homogeneous nucle-
ation occurred in the ink. A vapor bubble whose pressure
was expected to be extremely high was then formed above
the passivation layer. This high pressure vapor bubble became
the driving force to push the ink out of the nozzle. Once the
bubble was formed, heat energy was cut off from the heating
layer but dissipated from the heated ink into the bubble for
the evaporation of ink. Consequently, the vapor bubble con-
tinues to grow up to a maximum volume and then collapses.
Without the blockage of bubble on the ink inlet, the nozzle
was then refilled with ink. The sharp pressure drop in the va-
por bubble is unable to provide enough ink into the droplet
and then resulted in the separation of ejected ink from the
ink nozzle exit. The ejected ink droplet usually had a comet
shape with a long tail. During the travel of droplet in the
air, two satellite droplets and one long tail could form and sep-
arate sequentially from the main ink droplet due to the effects
of viscous force and surface tension of meniscus. To improve
the printing quality, it becomes important to predict the
time when the separation of main droplet from the nozzle exit
and the formation of ink satellite and long tail occurs. Other-
wise, blur can occur on the paper when the ink droplet impinges
on the surface of paper.

To have the complete cycle of ink formation process, the
driving pressure response curve was obtained from the model
used in the work of Asai (1991) and Chen et al. (1997a). This
pressure response curve is further used to predict the ink flow
motion in the nozzle. After the ink is ejected from the nozzle,
an implicit finite-difference scheme on the Eulerian frame was
employed to solve a simplified one-dimensional model (Adams
and Roy, 1986) for obtaining the local ink flow motion in the
ejected ink droplet and the meniscus radius of droplet for a
sideshooter printhead. After the ink velocity is obtained, the
leading edge of droplets is then updated to the new location
for the next time step. To validate our predicted results, the
predicted ink droplet formation process is also compared with
the measured results presented in Chen et al. (1997b). The
present study also investigates the effects of operating voltage,
properties of ink, and gravity on droplet formation process,
the break-off time of ink droplet from the nozzle exit, and
the separation time of the long tail from main droplet.

2. Governing equations and numerical methods

Fig. 1 shows the schematic view of an ejected ink droplet
from the nozzle of a printhead and Fig. 2 illustrates the control
volume that is chosen to derive the momentum equation for an
ink fluid element of the ink droplet. Assumptions in this study
are given as follows: (1) the ink flow is axisymmetric, (2) the
axial velocity and normal stress over the cross section are uni-
form, (3) the ink is non-wetting in the nozzle, and (4) the ink
flow is incompressible. Then, the one-dimensional continuity
and momentum equations for the flow motion in the ink
droplet, which are same as the ones used by Adams and Roy
(1986) can be expressed as

ov v _ 1o,

o + * oo g, (1)
R o
o E(R V)=0, (2)

0,7+ A0z,
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Fig. 2. Control volume of an ink element in the ejected droplet.

where ¥ is the axial velocity, R(z,f) is the meniscus radius of
droplet on the cross section normal to the ink flow motion,
g- is the gravitational acceleration along z direction, and p is
the ink density. In Eq. (1), g.. is the total normal stress exerted
on the ink element, given by
or

Oz = _Pink + 2#57 (3)
where p and P, denote the ink viscosity and pressure, respec-
tively. Over the ink—air interface, the surface tension plays an
important role on the droplet formation. To account for the
surface tension effect, the ink pressure can be further expressed
as

1 1 or
})il]k_Pdir_Pr_T(a+;>_ 57 (4)

where T denotes the surface tension coefficient of ink. In
Eq. (4), ry and rr, as shown in Fig. 2, are two principal radii
of curvature over the free surface of ink droplet. Both ry
and rr are defined respectively as

1/2
R\’
1+ (5 ] , 5)
3/2
oR\’ O’R
(] .
Substituting Eq. (4) into Eq. (3) yields

1 1 or
GZZ:—T(—+—>+3M—. (7)
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r'r = —

r r Oz
N T

Now, Eq. (1) can be rearranged with the new expression of a..
as

6V+V6V71 T@ 1+1 43 *V N )
ot dz p oz\ry rr bz &=

To express both continuity and momentum equations in the
non-dimensional forms, the following non-dimensional vari-
ables are introduced

_ ot z — 7
f=—, z=—, V = —,
fo 20 Vo
— 't
rr=—, 9
r = ©)
where the characteristic velocity and time are defined respec-
tively as

_ N

R= ) N =—"),
a
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7\ 2
%:(5)7 (10)
1/2
_a_(pa

In both Eq. (10) and Eq. (11), « is the radius of nozzle exit.
With these non-dimensional variables, Eq. (1) and Eq. (8) be-
come

R ARV)

Rt (12
o _ov 0 1 1 We 027V 1

= — e - - — = A —— l
T { 62(7N+?T)+3R6622}+Fr2’ (13)

where the ratio of Weber number to Reynolds number, and the
Froude number are defined respectively as

We u

Re = (pan)?’ (14
7 o\

Fr= (pg az) . (15)

To solve Egs. (12) and (13), initial and boundary conditions
should be properly given. At 7 = 0, it is reasonable to assume
R =1 and 7 = 0. However, the boundary conditions for the
ink droplet can be different before and after the break-off of
the droplet from the nozzle exit during the droplet formation
process. The boundary conditions are given by:

V= Vexi s tz=0
_ v 8tz } before the break-off of

Lo, R=0, atz =z

droplet (16)
and

8; = 0, atz = Ztail

l _ after the break-off of

Z =0, R=0, atz =z,

droplet. (17)

In Eq. (16), the ejected ink velocity at the nozzle exit, Vi,
can be determined by solving the one-dimensional hydraulic
equation, expressed as

AdZEXll+%§76xit:pv_Fair_ (;4';) ) (18)
t Re 4% YT ) it

where P, is the dimensionless vapor pressure in the bubble, P,;;
is the dimensionless surrounding air pressure, and 4 and B are
the dimensionless inertial factor and frictional factor, respec-
tively for the ink flow motion in the nozzle. These aforemen-
tioned dimensionless parameters are defined as

_ e
A= E‘/ﬁ dz, (19)
zi(t)
0
B= 8a3/r’4 dz, (20)
zi(t)
- PE - Pdir
v:pVoza air:TVE)Z7 (21)

where r; denotes the radius of the nozzle cross-section at the
bubble-ink interface and z; is the z-coordinate of the interface.
The detailed nozzle profiles are given in the paper of Chen et al.
(1997a). Furthermore, Eq. (18) is subject to the initial condi-
tions:

Vo) = 0at7 =17, (22)

where 7, denotes the time instant when the vapor bubble starts
to form at the interface of ink and the passivation layer.

In present study the process of bubble growth is classified
into two stages for prediction of vapor pressure as the works
of Asai (1991) and Chen et al. (1997a). In the early stage after
the electrical impulse was applied, the Clausius—Clapeyron
equation is used to describe the vapor pressure, given by

1 1
PV:Pdil" exp{% (K—F>:|, (23)
P v

where w is the molecular weight of the vapor, K is the universal
gas constant, 7, denotes the temperature of vapor bubble, and
hy, and Ty, are the heat of vaporization and boiling point tem-
perature of ink at the surrounding air pressure, respectively. In
the later stage, a first-order exponential decay formula is used
to approximate the vapor pressure drop, given as

R=(p-Pjewp| = (“5) ] 42 4

where 1 is a time constant, P; and P, denote the values for sat-
urated vapor pressure at the threshold temperature of homoge-
neous nucleation and surrounding air temperature,
respectively. The detailed derivation for obtaining the thresh-
old temperature of homogeneous nucleation and the tempera-
ture of vapor bubble in Eq. (23) can be found in the work of
Chen et al. (1997a). In Eq. (24), the 2 value is carefully selected
by matching the time histories between the experimental and
simulated ejected ink lengths. In this study, a same A value
of 0.32 for different applied electrical impulses was chosen.
However, the criterion for dividing the process of bubble
growth into early and later stage is the heat flux transferred
from the heated ink into the bubble reaches the maximum val-
ue. At a given 4 value, the time constant 7 is solved by letting
the obtained vapor pressure values in Eq. (23) and Eq. (24) be
equal at the instant of the maximum heat flux.

Fig. 3(a) and Fig. 3(b) show the typical vapor pressure re-
sponse curves and the volume percentages of ink in the nozzle
under different operating voltages at W =3 ps for the present
test printhead, respectively. A smaller volume percentage occu-
pied by the ink in the nozzle indicates a greater vapor bubble
volume. However, the threshold temperature of homogeneous
nucleation is higher for the electrical pulse with a larger oper-
ating voltage. It makes the larger operating voltage has higher
initial vapor pressure as shown in Fig. 3(a). After the homoge-
neous nucleation in the ink, an extremely high pressure, usual-
ly greater than 10.0 MPa, occurs in the vapor bubble. Once the
bubble is formed, the heat energy is no longer transferred from
the resistor layer through the bubble into the ink because of an
extremely low thermal conductivity of vapor. The energy
stored in the ink that is transferred from the resistor layer be-
fore the incipience of homogeneous nucleation, becomes the
only heat source to vaporize the liquid ink for the continuous
growth of the vapor bubble. It can be expected that a sharp de-
crease in temperature of vapor bubble accompany with the
growing bubble will result the sharp drop of vapor pressure
history. For a higher operating voltage of electrical pulse,
the incipience of homogeneous nucleation occurs earlier, thus
less heat energy is stored in the ink. Consequently, the volume
of vapor bubble formed will be smaller. Therefore, it is expect-
ed that more ink (a lower minimum value in the volume per-
centage curve) will be driven out of the nozzle by a lower
operating voltage at W =3 ps.

Note that the ejected ink velocity at the nozzle exit can not
be obtained without knowing the curvatures of ink droplet at
the nozzle exit. Thus, Eq. (18) is coupled with Eq. (12) and
Eq. (13) and solved through iteration. Once the ink droplet
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Fig. 3. Effect of operation voltage of electrical pulse on the predicted
results from the one-dimensional model in Chen et al. (1997a) at
W=3 us: (a) pressure response curve; (b) volume percentage of ink
in the nozzle.

breaks-off from the nozzle exit, Eq. (12) and Eq. (13) are the
only two equations left to be solved for obtaining the local ve-
locity distribution in the ejected ink droplet. The numerical
computation continues until the long tail droplet separates
from the main ink droplet.

3. Numerical scheme

The present study employed the finite-difference scheme to
accommodate the growth of ejected ink droplet. The computa-
tional grid, which is fine on both ends of ejected ink droplet re-
mains the same number of grid points through the numerical
computation. The non-uniform grid on the physical coordinate
(z,7) was then transformed into a uniform grid on the compu-
tational coordinate ({,7) which ranges from {=0 to (=1 for
t>0.

In this study, the solutions of Eq. (12) and Eq. (13) were
obtained by an implicit finite-difference scheme. Both equa-
tions were converted into finite-difference formulations by ap-
proximating the time derivative with first-order forward-
difference and the spatial derivative with second-order cen-
tral-difference. Thus, the present numerical scheme has first-or-
der accuracy in time domain and second-order accuracy in
space.

Once the velocity field and meniscus radius of ink droplet
were obtained, the leading and trailing edges of droplet should
be updated for the next time step by the following expressions:

=2+ A (25)
and

z’f“ = 7}, before the break-off of droplet,

z’l’“ =z} + V['At, after the break-off of droplet,

where subscripts 1 and N denote the nodal index of trailing
and leading edges of droplet, respectively. Note that the trail-
ing edge of droplet was fixed at the nozzle exit before the
break-off of droplet from the nozzle. As both new locations
of trailing and leading edges were known, the physical domain
was remeshed, which became fine near both edges and coarse
on the central region of droplet. Then, the guessed values of
velocity and meniscus radius were imposed on all grid nodes.
With these new guessed values, Eq. (18) and the finite-differ-
ence expressions of Eq. (12) and Eq. (13) were solved to obtain
the velocity and meniscus radius on all grid nodes. In order to
accelerate the iterative procedure, the successive over-relax-
ation technique is used to guess the new values in both velocity
and meniscus radius. The iterative procedure was continued
until the relative residual between two successive iterations
for all nodal points was less than 1074, Break-off time of the
ejected ink droplet from nozzle exit and the separation time
of long tail from the main droplet are taken numerically at
which the local meniscus radius drops below 0.054a, respective-
ly.

For checking the dependence of predicted results on the
number of grid nodes, two different numbers of grid node were
tested in this study. Predicted results are listed in Table 1. The
maximum difference on the predicted results was less than
0.5% as the number of nodes increased from 107 to 192 for
t < 60 ps. Thus, a computational mesh with 192 nodes was
used throughout the present study with time increment of
0.01 ps.

One should note that there is no ink flow motion before the
formation of vapor bubble. Therefore, the leading edge of
droplet at the time instant of bubble formation, = t,, was de-
termined simply by solving Eq. (18) by assuming the meniscus
radius to be infinite. After the vapor bubble formation, the set
of three equations Eqgs. (12), (13) and (18) should be solved to
predict the velocity and meniscus radius of droplet.

(26)

4. Results and discussion

Effect of gravity on the predicted results of ink droplet was
investigated. At E=20 V, W=3 ps with We/Re =0.0385, Ta-
ble 2 lists the numerical results of z,, at various time instants,

Table 1

Grid dependence test on the predicted results at E=17 V and W =3 ps with We/Re =0.0385, and Fr=_84.85

Number of grid nodes Ziip, ¢ =10 ps Ziip, t =30 ps Ziip, ¢ =50 ps toreak ts

107 grid 120.80 pm 412.02 pm 689.40 um 24.74 ps 64.40 ps
192 grid 121.39 pum 412.72 pm 690.47 um 24.70 ps 64.50 ps
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Table 2
Effect of gravity on the predicted results of zg, at various time instants, fyrak, and ¢, at E =20 V and W =3 ps with We/Re =0.0385
Fr Ziip, ¢ =10 ps Ziip, ¢ =30 pus Ziip, ¢ =50 ps Toreak 1,
84.85 113.3775 pm 357.2650 um 579.4792 um 22.93 us 57.40 ps
00 113.3754 pm 357.2636 um 579.4696 um 22.93 us 57.41 ps
80 80
= 1=5ps = t=5ps
g nb LS
= -80 -80
80 80
g t=10us = t=10us
l +- | ER)
R S .
T t=20us g A0 t=20us
2 2 s
& 4
E -80
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= 1=35us = t=35us
§ 5 N E——m—————)
R o
E -80
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(a)

(b)

Fig. 4. Comparison on the growth of ejected ink droplet between (a) experimental results of Chen et al. (1997b) and (b) numerical results of present

study at E=20 V and W =3 pus with We/Re =0.0385.

toreak> and 7, by Froude numbers of co and 84.85. Both values
of We/Re=0.0385 and Fr=284.85 were chosen to match the
physical properties and dimensions of the present test print-
head and ink. With Fr= oo, the gravity was neglected. It can
be observed that little effect of gravity on the droplet formation
process has been found. Therefore, the gravity was neglected in
the results presented thereafter.

500 R e e e S B S A |
———Chen et al. (1997b), E=18V
L Present Study, E=18V /{
—~ 400 - —2—Chenetal. (1997b), E=21V R
g- [ ===mmme Present Study, E<21V s ]
N’ r /;’
& 300 - vl B
Nv.. [ ”’r
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//”
100 - .
0 A R T
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t (Us)

Fig. 5. Comparison on z, with respect to time between experimental
results of Chen et al. (1997b) and numerical results of present study
with We/Re=0.0385 at E=18 V and E=21 V, respectively.

Figs. 4-6 show the comparisons between the present
numerical predictions and flow visualization results by Chen
et al. (1997b) on the droplet formation process, ejected droplet
length, and separation time of the long tail from the main
droplet respectively, at W =3 ps with We/Re=0.0385. At
E=20V, the predicted droplet formation process well agrees
with the flow visualization results except the size of the satellite
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Fig. 6. Comparison on £, under various operating voltages between ex-
perimental results of Chen et al. (1997b) and numerical results of pres-
ent study at =3 pus with We/Re =0.0385.
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droplet. Due to a large pressure difference between the vapor
bubble and the atmosphere, the leading edge of droplet moves
in the air with a velocity greater than 10 m/s at W=3 ps,
E=20 V with We/Re=0.0385. Since the ink is driven out of
the nozzle with linear momentum which is large during the
bubble growth and small during the shrinking of bubble, a
large velocity variation occurs in the ejected ink. These varia-
tions of velocity and capillary force can result in the comet
shape of droplet, a round leading edge with a slender and long
tail. Predicted results illustrate the break-off of droplet from
the nozzle near a time instant of 20 ps which is earlier than
the flow visualization result. This is possibly due to the simpli-
fication of the two-dimensional momentum equation in cylin-
drical form into a one-dimensional model. During the travel of
droplet in the air, a satellite droplet separates from the trailing
edge of main droplet that follows by the appearance of second
satellite droplet and the separation of the long tail from the
main droplet. As expected, the velocity of separated satellite
droplet is significantly less than that of main droplet because
the trailing part of droplet is out of the nozzle with a lower lin-
ear momentum than that of leading part. At the final stage of
traveling in air, the droplet can break into several parts includ-
ing a main droplet, a long tail, and two satellite droplets. This
interesting droplet formation process is caused by the large
momentum variation of ejected ink at the nozzle exit and the
large capillary force of meniscus with radii in few micrometers.
The impingement of separate tail and satellite droplets on the
paper can result in blurs on the paper surface and severely af-
fect the printing quality of a printhead. In addition, the mea-
sured results in Fig. 4 show that the ink droplet has already
broken from the nozzle exit near the time of 60 ps. This indi-
cates the gap between paper and printhead should be greater
than 650 pum for the present test operating condition, otherwise
the droplet will be torn apart by the relative movement be-
tween the printhead and paper but not by the axial motion
of ink droplet. Thus, ink might be destined to the locations
which should be left to be blank.

Fig. 5 also shows the effect of operating voltage on the dis-
tance from the leading edge of droplet to the nozzle exit at
W =3 us with We/Re =0.0385. The traveling distances of lead-
ing edge of droplet increases almost linearly with time. This in-
dicates the viscous force exerted by the surrounding air on the

droplet has little effect on the flying speed of droplet. Thus, the
leading edge velocity of droplet can be estimated from mea-
sured distances. It can be clearly observed that the leading edge
velocity is lower for a higher operating voltage. This is due to
the fact that earlier pressure drop occurs in the vapor bubble
for a higher operating voltage, as shown by the pressure re-
sponse curves in Fig. 3(a). A good agreement between experi-
mental and numerical results can be found in Fig. 5.

An approximate difference of 20% is observed between the
predicted and flow visualized data on the separation time of
long tail from the main droplet as shown in Fig. 6. The flow
visualization results were recorded every ps after the applica-
tion of electrical impulse. This difference is possibly due to
the omission of radial velocity in the ink droplet in present
study.

Effect of the operating voltage on the evolving droplet
formation is shown in Fig. 7 with We/Re=0.0385. Droplet
formation process is quite similar for both operating voltages
of 17 and 22 V. The lower operating voltage produces a larger
main droplet, a longer tail, and a later separation of the long
tail from the main droplet. These phenomena are caused by
a greater axial variation in the linear momentum of ejected
ink with a lower operating voltage. Fig. 8 shows the effect of
operating voltage on the break-off time of ink droplet from
the nozzle exit. The break-off time of droplet decreases almost
linearly with an increase in the operating voltage. As expected,
a later formation of vapor bubble and a longer period of ap-
pearance of bubble prolongs the duration of ejecting ink with
a positive pressure force which will drive more ink out of the
nozzle with a low operating voltage. As shown in Fig. 3(b),
the ejection of ink out of the nozzle stops near =13 ps at
E=17 V but near a much earlier time of 9 ps at E=22 V.
Without a continuous supply of ink or even worse with a re-
verse ink motion in the nozzle due to the shrinkage of bubble,
the ejected droplet breaks-off from the nozzle exit.

Fig. 9 shows the droplet formation process with two differ-
ent We/Re ratios of 0.1 and 0.4 at E=20 V and W=3 ps.
Higher We/Re ratio implies a lower surface tension coefficient
or a higher viscosity of ink, if the density of ink and the exit
diameter of nozzle are fixed. The predicted results show that
a higher We/Re ratio results in a shorter droplet with a lower
linear momentum. It is expected that the higher viscosity
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Fig. 7. The growth of ejected ink droplet with We/Re=10.0385 at W =3 ps and the operating voltage of (a) E=17 V; (b) E=22 V.
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reduces the flying speed of ink droplet. In addition, the separa-
tion of the first satellite droplet occurs earlier for the ink with a
lower We/Re ratio, that is, with a larger surface tension coef-
ficient or a lower viscosity. A much greater pressure difference
across the meniscus can occur near both neck regions of drop-
lets for the ink with a greater surface tension than that with a
lower surface tension. Such a great pressure difference causes
the earlier separation of satellite droplets from the long and
slim tail. The same reason can explain why the ink droplet
breaks-off later from the nozzle with a higher We/Re value.
It can be clearly observed from Fig. 9(b) that no single main
droplet is formed even a relatively long time, #=89.58 ps,
has elapsed after the electrical pulse was applied to the resistor
layer with We/Re = 0.4. Therefore, it becomes more difficult to
control the printing quality for allowing such a long droplet to
strike on the paper surface with We/Re =0.4. Figs. 10 and 11
show the effect of We/Re ratio on the break-off time of ink
droplet from the nozzle and on the separation time of long tail
from the main droplet respectively. Both values of fye.c and £
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Fig. 9. The growth of ejected ink droplet at £=20 V with (a) We/Re=0.1; (b) We/Re=0.4.



390 P.-H. Chen et al. | Int. J. Heat and Fluid Flow 19 (1998) 382-390

increase almost linearly with We/Re ratio. That is, a lower sur-
face tension coefficient or a greater viscosity of ink can delay
the break-off or separation of the ink droplet, which should
be avoided for a well-designed printhead.

5. Conclusions

The complete droplet formation process of a sideshooter
thermal bubble printhead is simulated in this study. The local
ink velocity in the ejected droplet was obtained by using an im-
plicit finite-difference scheme to solve a simplified one-dimen-
sional model. Numerical results are presented to show the
pressure response curves in the vapor bubble after homoge-
neous nucleation in the ink, the droplet formation process,
the break-off and separation time instants of ink droplets. Ef-
fects of gravity, ink property, and operating voltage of electri-
cal pulse on the droplet formation process were also
investigated.

Numerical results show that the droplet formation is not
much affected by the gravitational force due to the extreme
pressure difference between the vapor bubble pressure and at-
mospheric pressure. Despite of the simplicity of one-dimen-
sional model solved in this study, comparisons between the
flow visualization results in an earlier study (Chen et al.,
1997b) and the present predictions show good agreements
among the evolving droplet formation process and the flying
distances of droplet leading edge from the nozzle exit. This
good agreement assures that the present numerical method
can be a useful tool to the design of nozzle shape, choose of
ink, and also definition of the operating condition for a side-
shooter thermal bubble printhead to produce the desired ink
droplet with a correct shape and volume.

The ejected droplet will have a greater droplet volume, a
higher linear momentum, a later break-off time from the nozzle
exit, and a longer droplet length by reducing the operating
voltage. However, the ink droplet owns a longer droplet length

with greater linear momentum and an earlier break-off time of
droplet from the nozzle exit by lowering the ratio between the
viscous and capillary forces, that is, a lower We/Re value.
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