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pushed out of the nozzle gains enough forward
momentum to overcome the surface tension restoring
effect, a drop can be ejected. In the ideal drop ejection
cycle, the fluid in the chamber is initially at rest, driven
into motion to eject a drop in response to an electrical
command, and back to the original rest state after re-
filling from ink reservoir and viscous damping.3

The basic mechanism of actuation is to convert the elec-
trical signal (typically in the form of a pulse) into me-
chanical motions of fluid. For example, in a piezoelectric
ink jet device, the fluid motion is driven by the electri-
cally controlled solid wall movements.3,4 In a thermal
ink jet device, the fluid motion is driven by the bubble
expansion induced through an electrically controlled mi-
cro-heating element.5,6 More recently, a micro-electro-
mechanical diaphragm has been considered as a possible
energy efficient actuation method.7,8 Although the over-
all device configuration can vary significantly to accom-
modate the specific actuation method, the fluid dynamics
of drop ejection, especially near the nozzle region, is es-
sentially the same for most of the drop-on-demand de-
vices. Therefore, the present analysis of the fluid dynamic
behavior of drop ejection is focused on a somewhat ideal-
ized, generic fluid chamber configuration with the nozzle
on one end and an open fluid inlet on the other that al-
lows liquid to be pushed in and out, representing situa-
tions with almost any actuation methods.

Theoretically, the drop ejection phenomenon is gov-
erned by Navier–Stokes equations with appropriate
boundary conditions describing fluid interface motions.9

Due to the nonlinearities arising from inertia, capillar-
ity, and coupling of the free surface kinematics to the
flow field, conventional methods cannot be used to
obtain the desired mathematical solutions. Therefore,
the complex fluid dynamic process during drop ejection
is simulated with a CFD (Computational Fluid Dynam-
ics) package FLOW-3D10 that employs the VOF (Volume-

Introduction
The rapid growth of ink jet printing market has moti-
vated tremendous efforts in searching for new means of
further improving image quality and reducing device
cost.1 Understanding the fluid dynamic process of drop
formation and drop ejection becomes more than ever im-
portant to successful research and development of new
ink jet printheads. There are two main types of ink jet
devices, namely, the continuous–jet type and drop-on-
demand type.1,2 In a continuous-jet device, the liquid
emerging from the nozzle continually in the form of a
jet that subsequently disintegrates into a train of drops.
Sophisticated electrical signals are needed to control
both the amount of electric charge on each individual
drop and direction of motion of each drop from the con-
tinuous jet. In contrast, a drop-on-demand device uses
electrical signals just to control the actuation at the
moment when an individual drop is ejected. Because of
its great fundamental simplicity, the drop-on-demand
type has gained popularity in most modern ink jet print-
ers. Hence, the present work focuses on the basic drop
ejection process in drop-on-demand devices.

Typically, a drop-on-demand device consists of a fluid
chamber with an opening called a nozzle from where drops
are to be generated under actuation. The basic function of
actuation is to push a certain amount of the liquid out
of the fluid chamber through the nozzle. If the liquid
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of-Fluid) method11 to track effectively the transient fluid
interface deformations and disruptions. To provide
physical insights for establishing general design rules
in device development, the primary attention here is
paid to variables of immediate practical importance such
as the volume and speed, as well as shape evolution of
ejected drops.

Theoretical Description
It is well accepted that the fluid dynamic behavior of

drop ejection is governed by the Navier–Stokes equa-
tions with appropriately specified boundary conditions.
It is also reasonable to assume the fluid is incompress-
ible. Because the speed of acoustic waves in liquids, e.g.,
water, is about 1500 m/s, the wavelength for a frequency
of even 1 MHz is still about 1.5 mm, much greater than
the length scale of the sizes of the nozzle and drop in
most ink jet devices. Restricting the theory to Newtonian
fluids can of course help reduce the complexity of the
problem. Written in terms of nondimensional variables,
the Navier–Stokes equations take the form
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with the incompressibility constraint

  ∇ ⋅ =υ 0 (2)

where t is time in units of a characteristic time T, υ is
the fluid velocity vector in units of a characteristic ve-
locity U (defined after Eq. 7), p is pressure in units of µ
U/L with µ denoting the viscosity of ink and L the char-
acteristic length scale of the system,   I  is the identity
tensor, and Re = ρU L/µ is the Reynolds number with ρ
denoting the density of ink.

To preserve the generality of the analysis, a drop ejec-
tion system of axisymmetric configuration shown in Fig.
1 is considered. Here, we basically have a fluid cham-
ber with a drop formation nozzle and an open fluid inlet
that allows the ink to be pushed in and out of the cham-
ber to simulate an actuation mechanism for drop ejec-
tion. For simplicity, the incoming flow at the fluid inlet
is specified with a plug flow profile. Besides the usual
boundary conditions such as no-slip and no-penetration
at solid walls for fluid confinement, we need to specify
the traction boundary condition at the fluid free sur-
face to guarantee the conservation of momentum
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where n is the local unit normal vector at the fluid free
surface and Ca = µU/γ is the capillary number with γ
denoting the surface tension.

Because the fluid is incompressible, the amount of the
fluid coming into the chamber from the inlet boundary
must go out of the nozzle. Whether the fluid going out
of the nozzle can form a drop, and if formed, the proper-
ties of the drop such as volume, velocity, and initial
shape, must depend on the parameters that describe the
actuation conditions represented by the fluid flow at the
inlet boundary. Again, the problem under consideration
is kept as simple as possible by assuming the incoming
fluid at the inlet boundary takes the velocity form of a
square pulse (as indicated in Fig. 2). Thus, two param-
eters are sufficient to describe the incoming fluid flow
at the fluid inlet boundary: one is the incoming flow rate
Q; the other is the duration of the square pulse ∆τ. For
the configuration in Fig. 1, the uniform velocity of the
plug–flow profile at the inlet boundary is then given by

Uin = Q/(64 π) (4)

and the amount (volume) of the incoming fluid during
actuation is given by

V = Q ∆τ = 64 π Uin ∆τ , (5)

where the parameters are all made dimensionless with
Uin measured in units of U, ∆τ in units of T, V in units of
L3, and Q in units of L3/T. Another important quantity
is the average velocity of the fluid pushed through the
nozzle during actuation, defined here for the configura-
tion in Fig. 1 as

Un = Q/π (6)

Figure 1. Schematic of the problem configuration: an axisym-
metric drop ejection chamber.

Figure 2. The assumed inlet flow velocity as a function of time.
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in units of U.
As might be noted, the present velocity form of the in-

coming fluid assumed at the inlet boundary (cf. Fig. 2)
represents only half of a typical actuation cycle, which
usually consists of both a “forward” stroke and a “back-
ward” stroke. The “forward” stroke is by design to push
the fluid out of the nozzle to eject a drop, whereas the
“backward” stroke is a consequence of the actuator re-
turning to the original position to be ready for the next
actuation. With the surface tension effect, the “backward”
stroke also helps refill ink into the fluid chamber. Based
on their functions, the “forward” stroke drives the drop
ejection process whereas the “backward” stroke induces
the ink refilling process. If the ink refilling process, which
can become quite complicated in its own right, is left open
for future analysis, we can then keep the present atten-
tion focused on the generic behavior of drop ejection un-
der an idealized actuation with a simple “forward” stroke.

To further reduce the complexity of the analysis, it is
often desired to find ways to eliminate some of the inde-
pendent parameters. For the present problem, it is ad-
vantageous to use the timescale for capillary driven fluid
motions (ρ L3/γ )1/2, as the characteristic time T. Then, we
can naturally reduce the two apparently independent pa-
rameters Re and Ca in Eqs. 1 and 3 into one, such as

1/Ca = Re = (ρ L γ )1/2/µ, (7)

with U being defined as L/T. Thus, the drop ejection be-

havior is totally controlled by three independent param-
eters: Re, Q, and ∆τ for the problem configuration and
given form of inlet flow under consideration. The value
of Re reflects the ink material properties and the geo-
metric size of the nozzle, whereas Q and ∆τ describe the
actuation conditions.

Numerical Results and Discussion
As a convenient reference, the characteristic length may
be considered as L = 10–5 m, i.e., a 20 µm diameter
nozzle). Thus, the corresponding characteristic volume
would be 10–15 m3, i.e., 1 pL. If the surface tension, den-
sity, and viscosity of the ink are respectively assumed
as γ = 6.25 × 10–2 N/m, ρ = 103 kg/m3, and µ = 2 × 10–3

Ns/m2, i.e., that of a typical aqueous ink, we should have
Re = 12.5 and T = 4 × 10–6 s. In all FLOW-3D computa-
tions presented here, the contact angle is assumed to
be 15o on the solid nozzle plate. The ADI line implicit
pressure iteration scheme in both (x– and z–) directions
and the implicit scheme for viscous stress calculation10

are used. Taking Q = 10 (Uin = 0.05) and ∆τ = 1.0 (corre-
sponding to a dimensional flow rate at inlet boundary
of about 2.5 × 10–9 m3/s and a time duration of 4 µs in
actuation, respectively) yields V = 10, i.e., a 10 pL vol-
ume of fluid being pushed through the nozzle, accord-
ing to Eq. 5. The FLOW-3D computational results for
such a case are shown in Fig. 3. By comparing the re-
sults between t = 0 and 3.0, it is found that after the
drop is ejected the fluid level at the nozzle is a little

Figure 3. Time sequence of drop ejection with Q = 10 and ∆τ = 1.0, i.e., V = 10, Un = 3.2, for Re = 12.5 at t = 0, 1.5, 3.0, 4.5, 6.0, and 9.0.
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higher than that in the original state, indicating that
the volume of the ejected drop is about 9–10% less than
the amount of fluid pushed through the nozzle. By ex-
amining the results at t = 6.0 and 9.0, we obtain the
drop speed of about 1.4, less than Un /2, and correspond-
ing to a dimensional speed of about 3.5 m/s. The
timescale for the drop to detach from the nozzle is about
2.8 for this case, despite the fact that actuation pulse
terminates much earlier at t = 1.0.

The situation for Q = 20 (with other parameters kept
the same as in Fig. 3) is shown in Fig. 4 where the vol-
ume of fluid pushed through the nozzle is V = 20. A drop
of volume about 19.5 is ejected with a speed of about 5.0
(about 0.8 Un). The complete drop detachment from the
nozzle meniscus occurs at t = 2.2. Because of the higher
velocity of the fluid through the nozzle, the ejected drop
moves at higher speed and develops a long tail that inte-
grates into small droplets at about t = 5.1. In view of the
cases shown in Figs. 3 and 4, it appears that the volume
of the ejected drop is very close to the value of V, the
volume of fluid pushed through the nozzle. If in fact the
drop size is controlled by V = Q ∆τ , a drop of about the
same volume as that in Fig. 4 could be expected by the
choices of Q = 10 and ∆τ = 2.0 instead of Q = 20 and ∆τ =
1.0 as in Fig. 4. This is indeed the case as seen in Fig. 5.
However, the drop moves slower and the tail, although
not as long, breaks into a small droplet at about t = 5.2.
Interestingly, this small droplet moves slightly faster
than the main drop such that at about t = 8.0 it catches

up and coalesces into the main drop. But the tail of the
drop develops into a skirt shape that is unstable and at
about t = 9.5 it breaks again into smaller droplets as seen
in Fig. 5. In this case, the drop completes the detach-
ment from the nozzle meniscus at about t = 4.3. The speed
of the ejected drop in Fig. 5 is about 2.0 (about 0.6 Un),
much lower than that in Fig. 4.

From the physical point of view, the speed of the
ejected drop must correlate with Un as defined in Eq.
(6), which defines the average velocity of the fluid
pushed through the nozzle that eventually forms the
drop. For Q = 10 and 20, Un = 3.2 and 6.4, respectively,
the cases shown in Figs. 3–5 indicate that the speed of an
ejected drop is a fraction of the value of Un; a loss of mo-
mentum must therefore have occurred during the drop
formation process. As seen from Figs. 3–5, the momen-
tum input from the actuation finishes on a much shorter
timescale than the time for the drop to completely de-
tach from the nozzle. There is a considerable adjust-
ment of the amount of momentum in the ejected drop
during its formation process, especially after the actua-
tion ceases and before the complete detachment of the
drop from the nozzle. Such a momentum adjustment
mainly arises from the capillary force that tends to
hinder the continuing forward protrusion of the menis-
cus. The capillary effect combined with the viscous ef-
fect in the fluid give rise to a momentum redistribution
in the fluid outside the nozzle, which yields less forward
momentum of the ejected drop than the net momentum

Figure 4. Time sequence of drop ejection with Q = 20 and ∆τ = 1.0, i.e., V = 20, Un = 6.4, for Re = 12.5 at t = 0, 1.2, 2.4, 3.6, 4.5, and 5.1.
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Figure 5. Time sequence of drop ejection with Q = 10 and ∆τ = 2.0, i.e., V = 20, Un = 3.2, for Re = 12.5 at t = 0, 3.0, 4.5, 6.0, 8.1, and 9.6.

input from the actuation. Accordingly, the drop speed
increases with the size of ejected drop for a given value
of Un because of weakened capillary effect via smaller
meniscus curvatures.

Shown in Fig. 6 is a smaller drop (of volume about
4.5) ejected with Q = 10 and ∆τ = 0.5 with other param-
eters kept the same as that in Fig. 3. For the same value
of Un (= 3.2), the drop in Fig. 6 (with a small size) barely
moves after ejection. It oscillates with large amplitudes
and breaks up after t = 8.0. The case shown in Fig. 6
represents a practically unsuccessful drop ejection for
ink jet applications, even though a drop is somehow
generated by the actuation. Drops of the same size as
that in Fig. 6 can also be generated with Q = 20 and ∆τ
= 0.25, as shown in Fig. 7. Because of the higher value
of Un in this case, the drop of volume of about 4.8 moves
at a speed of about 3.2 (about 0.5 Un) after ejection. But
the drop, completing detachment from nozzle meniscus
at t = 1.5, breaks into two pieces after t = 4.0. If we set
Q = 20 and ∆τ = 0.125, a smaller drop (with volume of
about 2.3) is generated. But, similar to that seen in Fig.
6, this drop barely moves, and the drop ejection should
be regarded as practically unsuccessful. It seems that a
higher flow rate is required for successful ejection of
smaller drops.

Although drops of larger size appear to be easier to
generate, it does not seem to be as easy to obtain either
large or small drops at Re = 12.5 without some level of

disintegration (except as seen in Fig. 3). For small drops,
the large momentum density, i.e., local fluid velocity,
required for drop ejection transforms into forces that
can cause large amplitude drop oscillations with drop
disintegration ensuing (cf. Fig. 7). For large drops, the
surface tension effect is relatively weak so it becomes
difficult to retain the fluid in an integrated drop even
without large momentum density. Figure 8 shows a
fairly large drop ejected with Q = 10 and ∆τ = 4.0. The
drop of volume about 39, detached from the nozzle me-
niscus at about t = 6.0 and moving at a speed of about
2.0 (about 0.6 Un), disintegrates into two sizable frag-
ments after t = 9.0. If Q = 20 and ∆τ = 2.0 are used,
however, an ejected drop of volume about 40 would dis-
integrate only at the tip of its tail, leaving small satel-
lite droplets one after another behind it similar to that
seen in Fig. 4.

If the Reynolds number is reduced to unity (Re = 1),
drop ejection with Q = 10 and ∆τ = 1.0 (the same actua-
tion conditions as that for Fig. 3) becomes impossible,
even though a volume of fluid, V = 10, is pushed through
the nozzle during actuation. Under these conditions the
disruption of fluid interface cannot happen because fluid
momentum is insufficient to overcome the relatively
more significant viscous effect. An increase in flow rate
Q is needed for successful drop ejection at Re = 1. For
example, a drop of volume about 10 can be generated
with Q = 20 and ∆τ = 0.5 at Re = 1 as shown in Fig. 9.
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Figure 6. Time sequence of drop ejection with Q = 10 and ∆τ = 0.5, i.e., V = 5, Un = 3.2, for Re = 12.5 at t = 0, 2.4, 3.6, 5.4, 7.2, and 9.0.

Figure 7. Time sequence of drop ejection with Q = 20 and ∆τ = 0.25, i.e., V = 5, Un = 6.4, for Re = 12.5 at t = 0, 1.5, 3.0, 3.6, 4.2, and 4.8.
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Figure 8. Time sequence of drop ejection with Q = 10 and ∆τ = 4.0, i.e., V = 40, Un = 3.2, for Re = 12.5 at t = 0, 4.2, 6.0, 7.5, 9.0, and 10.0.

Figure 9. Time sequence of drop ejection with Q = 20 and ∆τ = 0.5, i.e., V = 10, Un = 6.4, for Re = 1 at t = 0, 0.6, 2.4, 3.6, 4.8, and 6.0.
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Figure 10. Time sequence of drop ejection with Q = 10 and ∆τ = 2.0, i.e., V = 20, Un = 3.2, for Re = 1 at t = 0, 9.0, 9.6, 10.2, 12.0, and 15.0.

Figure 11. Time sequence of drop ejection with Q = 20 and ∆τ = 0.25, i.e., V = 5, Un = 6.4, for Re = 1 at t = 0, 3.0, 4.5, 6.0, 7.5, and 9.0.
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Figure 12. Time sequence of drop ejection with Q = 30 and ∆τ = 1/6, i.e., V = 5, Un = 9.6, for Re = 0.5 at t = 0, 4.5, 7.5, 8.1, 8.7, and 9.3.

Figure 13. Time sequence of drop ejection with Q = 20 and ∆τ = 0.5, i.e., V = 10, Un = 6.4, for Re = 0.35 at t = 0, 10.5, 13.5, 15.0, 21.0, and 25.0.
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Figure 14. Time sequence of drop ejection with Q = 40 and ∆τ = 0.25, i.e., V = 10, Un = 12.8, for Re = 0.125 at t = 0, 6.0, 12.0, 15.0,
16.8, and 18.0.

The drop moves at a speed of about 2.9 (about 0.5 Un),
after detaching from the nozzle at about t = 4.6 with a
thin, long tail that disintegrates into small satellite
droplets as it proceeds. With Q = 10 and ∆τ = 2.0, how-
ever, a drop of volume about 19 can be ejected at Re = 1
with a slow speed of about 0.6 (about 0.2 Un), as shown
in Fig. 10. In this case, the actuation is so gentle that
the drop can retain a nice round shape all the time. But
gentle actuation cannot be used for the effective ejec-
tion of small drops. Even with Q = 20, a drop of volume
less than 3.5 cannot be successfully generated at Re =
1. Figure 11 shows a drop of volume about 4.5 gener-
ated with Q = 20 and ∆τ = 0.25, moving at a speed about
2.7 (less than 0.5 Un) after ejection. Comparing with the
drop in Fig. 7 at Re = 12.5, under the same actuation
condition, the drop in Fig. 11 (at Re = 1) moves at a
slower speed, but it retains a nice round shape without
serious disintegration.

If the value of Re is reduced further to 0.5, no fluid
interface disruption would occur (and therefore no drop
would be generated) with the actuation condition of Q =
20 and ∆τ = 0.25. The flow rate Q needs to be increased
to eject a drop of V = 5. Figure 12 shows the case with Q
= 30 and ∆τ = 0.167 at Re = 0.5 where a drop of volume
about 5.0 is ejected with a speed of about 3.3 (greater
than 0.3 Un). Larger drops may be ejected with a smaller
flow rate. For example, a drop of volume about 9.5 can
be generated with Q = 20 and ∆τ = 0.5 at Re = 0.5 with
drop shape evolution similar to that in Fig. 12, except
that the drop detaches from the nozzle at about t = 9.0

and moves at a speed about 1.0. It seems that drops
ejected at lower Reynolds number tend to retain their
spherical shape better, a likely consequence of the stron-
ger viscous effect that hinders undesirable drop oscilla-
tions. With Q = 20 and ∆τ = 0.5 but Re being reduced to
0.3, fluid interface disruption would not occur. At Re =
0.35, an unsuccessful case for drop ejection with V = 10
is computed with Q = 20 and ∆τ = 0.5, and shown in Fig.
13, where the drop after slowly detaching from the
nozzle moves back and coalesces into the nozzle menis-
cus. As mentioned before, a higher flow rate Q is needed
to generate drops at smaller Reynolds numbers. At Re
= 0.1, drop ejection cannot be successful even with Q =
40 and ∆τ = 0.25. An exemplifying case of Q = 40 and ∆τ
= 0.25 at Re = 0.125 is shown in Fig. 14 where the drop
ejection is successful. Although the average velocity of
fluid through the nozzle reaches 12.8 during actuation,
the drop speed is very low, about 0.6 in this case. Be-
cause the drop size is controlled by V = Q ∆τ , a higher
flow rate and narrower actuation pulse are required for
drop ejection as the value of Re decreases.

Concluding Remarks
A variety of drop ejection cases simulated with FLOW-
3D in the present work can provide considerable funda-
mental insights into the factors that control the
performance of a drop-on-demand device. By appropri-
ately nondimensionalizing the Navier–Stokes equations
that govern the fluid dynamic process of drop ejection,
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three dimensionless parameters are identified as con-
trol parameters, namely, the Reynolds number (Re), the
flow rate during actuation (Q), and duration of the
(square) actuation pulse (∆τ).

Because of the complexity of the drop ejection pro-
cess, many detailed features are difficult to define in
an exact quantitative sense. Therefore, the analysis here
is carried out with numerical accuracies limited to sat-
isfying the immediate practical concerns. The sizes of
grid cells used in the VOF computations are designed
to be adequately fine for resolving features with length
scales greater than 0.1 L, i.e., 1 µm for the case of a 20
µm diameter nozzle, but probably not sufficient for quan-
titative evaluations of the small satellite droplets. The
decision of using an 8 L × 8 L chamber in the model (cf.
Fig. 1) comes from a compromise between the FLOW-
3D computational efficiency and the relative insensi-
tivity of the major results to chamber size variations.

To enable drop ejection, the fluid momentum through
the nozzle, proportional to Q2 ∆τ, must exceed a critical
value that seems to depend on Re and drop volume. For
example, at Re = 12.5, the critical value of Q2 ∆τ ap-
pears to be about 50 for V = 5 or less, e.g., Q = 10 and ∆τ
= 0.5, or Q = 20 and ∆τ = 0.125, etc. As a general trend,
the critical value of Q2 ∆τ for successful drop ejection
increases with increasing drop volume or with decreas-
ing Re.

Numerous computed cases indicate that the volume
of a successfully ejected drop is fairly close to the vol-
ume of fluid pushed through the nozzle during actua-
tion, e.g., within 10% variations, even though the exact
position of fluid interface disruption may vary somewhat
from case to case. Thus, in designing a drop ejection
device, when a desired drop volume is decided, we need
to ensure that the device is capable of generating the
quantity V = Q∆τ that closely matches the drop volume.
Moreover, a certain speed of an ejected drop is also re-
quired for ink jet applications. It usually seems desir-
able to have ejected drops with speeds greater than 5
m/s to achieve good directionality given the variability
of wetting forces at the nozzle exit edges.4 The compu-
tational results presented here show that the speed of
the ejected drop is typically in a range from one third to
two thirds of the average fluid velocity through the
nozzle during actuation (Un = Q/π). For a given drop
volume (V = Q∆τ), higher drop speed is obtained with
higher flow rate Q and narrower pulse (smaller ∆τ) of
the actuation.

When considering the quality of the ejected drop, large
values of Re seem to be undesirable because drops
ejected at Re > 5 often disintegrate; many computed
results for Re = 5 are very similar to that for Re = 12.5
shown in the Figs. 3–8. It appears to be much easier to

generate a round, integrated drop at Re = 1 than at Re
= 12.5, as seen in the figures analyzed in this article.
According to Eq. 7, reducing Re is equivalent to reduc-
ing the size of nozzle (L), or the surface tension (γ), or
the density of ink (ρ), or increasing the viscosity of ink
(µ). If the reference fluid properties are assumed to be γ
= 2.56 × 10–2 N/m, ρ = 103 kg/m3, and µ = 1.6 × 10–2 N s/m2,
i.e., that of some non-aqueous inks, we would have Re =
1 (with L = 10–5 m, T = 6.25 × 10–6 s, etc.) instead of Re =
12.5 for a typical aqueous ink. However, to eject drops
at lower Reynolds number usually requires a higher flow
rate, corresponding to more powerful actuation pulse.
With the same flow rate Q (for the same V), a drop
ejected at smaller Re tends to move at a slower speed.
Thus, to obtain a desired drop with desired speed, more
powerful actuation is required for cases with smaller
Re. If other design constraints make reducing Re im-
possible, drops ejected at higher flow rates tend to dis-
integrate at their long tails to generate small satellite
droplets, and appear to be less likely to break into large
pieces. Again, more powerful actuation seems to yield
more desirable results.    
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