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This study investigated nanojet processes by a non-equilibrium molecular dynamics simulation. The phenomena of liquid
thread break-up and droplet formation were simulated by compressing liquid propane molecules with various compressing
velocities. Properties’ distributions show that, at the nanoscale, density and pressure were neither uniform nor continuous
during the ejection process. Shear heating phenomena were found in the contact area of the nozzle channel. A linear
relationship between the length of liquid threads and the compressing velocity was also found in this study. The results from
different trials using various compressing velocities show that higher compressing velocities in nanojet processes result in
longer liquid thread lengths and liquid molecules with higher energy levels. Therefore, the ejection process is more unstable,
resulting in an increase in the number of evaporating molecules and satellite droplets. Results that illustrate various features
are presented to aid in the comprehension of the nanojet processes.
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1. Introduction

Inkjet printing is a promising technology. It can deliver
microsized droplets into particular targets. Recently, with
the progress of nanomachining, nanosized nozzles have
been developed [1]; they are used in various applications
at macro- and nanoscales [2], e.g. biomedical/chemical
sample handling, fuel injection/mixing control, optical
component fabrication and integration, solid free-forming,
nanomanufacturing processes and so on.

The ejection phenomenon is influenced by the balance
between surface tension and inertia. Although continuum
mechanics is well accepted in describing the non-linear
dynamics and free-surface jet flow at the macroscale [3],
continuum modelling is not applicable when nanoscale or
molecular-level physics becomes dominant. In addition to
nanoscale experimental investigation, molecular dynamics
(MD) simulation is a powerful tool to study nanoscale
processes under different operating conditions.

Recently, many researchers have reported MD
simulation results and theory for nanojet formation.
Landman and Moseler [4] first presented MD simulation
results for a 6-nm diameter nozzle with molecular propane
as the confined fluid. They found that a jet can be formed
with nozzle inlet pressures of 500 MPa and temperatures
of 150K. They suggested a stochastic hydrodynamic
lubrication equation (SLE) [4,5] based on the Navier—
Stokes equations with a Gaussian white noise distribution
to describe the jet profile evolution. And based on the MD
simulation results [4], Eggers [6] used self-similar profiles
to describe the break-up mode and dynamics of liquid

nanojets. Choi et al. [7] reported on ejection behaviours of
a nanojet with nozzles of various diameters. The results
showed the effect of nozzle outlet size on the break-up
time and on the growth rate of spherical droplets. Ichiki
and Consta [8] reported on ejection processes with
aqueous charged nanodroplets. Murad and Puri [9]
reported on nanoscale jet collisions for various impact
velocities and found that the duration between collision
and recoil is dependent on impact velocity.

In the previously mentioned reports, some character-
istics of nanojets have been pointed out. However, there
are still many control factors that should be investigated to
help us better understand the ejection process and the
break-up mechanism. The break-up behaviour influences
the formation of droplets and the existence of satellite
droplets. Determining the break-up position will also help
us in determining the distance between the nozzle and
particular targets. This study used MD simulation to
investigate the whole nanojet ejection process for various
compressing velocities. A common fuel material, liquid
propane, was used as the fluid in these ejection processes.

2. Simulation method and system

To describe the interaction between different molecules
and atoms, specific potential models are used. The
interaction force can be calculated as the negative
derivative of the potential model. In this study, we use
the following shifted Lennard-Jones 12—6 potential [10] to
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Table 1. Intermolecular potential models and parameters used in this study.

Particle groups Potential model

Parameters

Fluid particles _
(CHs, CH), Ustr) = 0
Wall particles (Au)

Uny(r) — Uny(re) — [r — rl@Uyy /dnre r = re

ocH,—cH, = 0.387nm

ocH,—cH, = 0.387nm

> ech,—cH, = 88.0K
ecH,—cH, = 59.38K
ecH,—Au = 5132K
ecH,—Au = 5132K

U li = ﬂR2 +—
Wall particles fomneat =g 4d2

R+ 4Rf’
6d, H, =57, H, =20, H; = 50

model the inter-molecular interaction:

Ury(r) = Upy(re) — [r — r l(dUry/dr)re r =
Us(r)= 0 r>r

and

o= (7))

where ¢ represents the binding energy, o the equilibrium
distance between two atoms, 7;; the distance between two
atoms and r, the cut-off radius (set as 2.5¢ in this study to

8.6 nm

reduce computational time). The shifted Lennard-Jones
12—-6 potential is adopted to model the interaction between
metal wall particles and propane molecules, but is used
with different parameters [11]. The parameters for
different particle groups, which are obtained from the
Lorentz—Berthelot mixing rule [12], are o; = (0y; + ;) /2
and g;=/g;&;. To describe the vibrations of liquid
propane molecules, the harmonic potential functions [13]
are used. Each propane molecule contains three sites: one
CH, site and two CHj sites. The equilibrium values for the
carbon—carbon bond length and the C—C—C bond angle
are 1.526 A and 112.4°, respectively. The parameters used
for harmonic potential are 96,500 K/A? and 62,500 K/rad?
for bond stretching and bond bending, respectively.

[ Pressure Port )

>

"""" Nozzle
| Channel

Reservoir

Figure 1. The geometry and size of the nanojet system.
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Atoms in the .solid walls oscillate from their initial
lattice sites. To simulate this thermal fluctuation of metal
particles, we employed the non-linear spring potential
model [14]; the potential is listed below:

H , Hy ., Hy g
Unonlinear = =R —R — R,
T et Teat

where H;, H, and Hj are the parameters of the non-linear
spring potential; R is the displacement of particle position
from the original lattice position. The critical displacement
of lattice position d. is set as 0.0025 times the lattice
length. All the simulation models and parameters used in
this study are listed in Table 1.

The temperature of the nozzle, which was made of
gold, is controlled by the velocity scaling method [10],
which is described below.

new __

Y; i T_A,

where T, represents the actual temperature of the system,
Tp the desired temperature of the system, v; the original
velocity of the atoms and »;" the modified velocity of the
atoms. Before ejection, the temperature of the fluid
molecules is controlled by the Nose—Hoover [15]

thermostat,

Vi =pi/mi>

pi=F —s-p;, and

Q=" pi/m; — gkTp,

i

where p; represents the momentum of the atoms, p; the
acceleration and m; the mass. The values of the parameters
s and Q of the thermostat method are chosen as 10 time
step and the triple of system mass, respectively. The
integral time interval in this study is about 1fs and the
equation of motion is integrated by a fifth-order Gear
predictor—corrector method [10].

The geometry of the simulation system is illustrated in
Figure 1. The nozzle system is surrounded by a vacuum
environment. The entire nozzle is constructed by a FCC
lattice and in total contains 29,090 Au atoms, which
include the pressure port, reservoir and the nozzle channel.
The diameter of the nozzle channel is Snm. The total
nozzle system is about 14nm long and 9 nm wide. The
fluid reservoir contains 6000 initially random propane
molecules that are contained in an 8.6nm X 8.6
nm X 8.98nm reservoir. A plate placed behind the
reservoir functions as a pressure port and contains in
total 5412 Au atoms. Ejection occurs when this plate is
used to propel the fluid molecules into the nozzle channel
at a constant velocity.
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Figure 2. (a) The pressure versus temperature plot of propane
molecules of different densities. The reference data are from
[13]. (b) The diffusion constants of propane molecules under
various conditions. The reference data are from [13].

The initial temperature for the wall and fluid
molecules is 150K, and the solid wall temperature is
kept at 150K throughout the simulation. To avoid any
skewing of the results by any non-ideal conditions
present during the preparation period, all the simulation
results used to obtain average values are gathered after
the system has reached equilibrium. When it reaches the
thermal equilibration, the equilibrium temperature is
150K and pressure is about 500 MPa. A long period of
time is necessary to reach thermal equilibrium between
the wall and fluid atoms; the equilibration time is
related to the set-up of the initial condition. In this
study, the system reaches equilibrium after 100,000
time-steps.
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Figure 3. A snapshot of the ejection process and length of liquid thread evolution for various compressing velocities: (a) 22 m/s. (b)

44 m/s. (c) 66 m/s and (d) 88 m/s.

3. Results and discussion

To confirm the accuracy of the potential model and the
method used in this study, using MD simulation we calculate
the pressure values for liquid propane at various tempera-
tures and densities. The diffusion constant in various states is
also calculated. The periodic boundary conditions [10] are
applied in the x-, y- and z-directions to obtain the bulk
properties. All simulation results are gathered to calculate
average values after the system reaches equilibrium. The
results are shown in Figure 2(a),(b) and are found to be in
good quantitative agreement with the results of related
investigations [13]. This supports the accuracy of the
simulation models and methods used in this work.

3.1 Ejection process results for various compressing
velocities

To investigate the influence of the compressing velocity on
fluid molecules in nanojet processes, we set four different

compressing velocities in the range of 22—-88 m/s: 22, 44,
66 and 88 m/s. The compressing plate is set to move the
same total distance in each case, each run broken up into
25 time steps that are equal within the run. Snapshots of
the ejection process for the various cases are presented in
Figure 3. In this figure, the CH; particles of propane
molecules are green, the CH, particles of propane
molecules are red, the wall molecules are yellow and the
pressure port molecules are blue. The break-up profiles
tend to resemble the double-cone structure which is also
found in related research [4]. The simulation results for
various compressing velocities show that the lengths of
liquid threads are strongly dependent on the compressing
velocity.

In the case of the lowest compressing velocity
(22 m/s), shown in Figure 3(a), the propane molecules
finally assemble into a semi-sphere droplet and are
adsorbed on the exterior of the nozzle wall. Obviously, this
is because the inertia force of fluid molecules is not high
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Figure 4. Final lengths of liquid threads for various
compressing velocities.

enough to overcome the adsorption force of interaction
between the nozzle atoms and the fluid molecules.
Therefore, the liquid thread cannot hold a cylindrical
shape.

The nanojet ejection results for higher compressing
velocities are shown in Figure 3(b)—(d). As the
compressing velocity increases, the length of the liquid
threads tends to increase as well. This is because the
system energy increases when the compressing plate does
work on the fluid molecules. This gives the fluid molecules
more kinetic energy to overcome the adsorption on the
nozzle surface and remain in a cylindrical shape. However,
it can also be shown that higher kinetic energy increases
the amount of evaporation and the instability of the
cylindrical shape. This could result in irregular fracture
and produce more satellite droplets.

Investigation of the lengths of the liquid threads
produced at various compressing velocities show that
they increase with time. The sharp peak shows that the
first break-up for all the different cases happens
somewhere in the range of 50—100ps. The break-up
times of the cases with lower compressing velocities (22
and 44 m/s) are close to each other and are of the order of
100 ps. Since the system has higher kinetic energy in the
case with the higher compressing velocity of 66 m/s, the
threads are more unsteady; a short break-up time (55 ps)
and a second break-up are seen. Furthermore, for the case
with the highest compressing velocity (88 m/s), the
phenomenon of break-up does not occur until the end of
the simulation. According to the Rayleigh instability
theory [3], which has been shown to be valid at the
nanoscale [16], a thread is unstable and shall break-up
into droplets if L > 2@R, where L is the length of the
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Figure 5. (a) Density and (b) pressure distributions for nanojet
process at 120 ps. The compressing velocity is 44 m/s.

thread and R is the radius of the cylindrical liquid jet.
This would be attributable to the total ejection process, in
this case being too short. The surface energy cannot
cause the propane molecules to assemble into a double-
cone break-up structure until the end of simulation;
therefore, the thread does not break-up. To confirm this
opinion, the same ejection system with longer simulation
time is performed. The result shows that the break-up
happened at about 100ps in this case. Therefore, the
timing for propagating surface energy played an
important role for thread break-up. The Rayleigh
instability is still applicable for this study.

Minor recoiling phenomena are seen after the thread
break-up for the case of a compressing velocity of 22 m/s.
In the other cases, the systems contain high enough energy
that the lengths of the threads continue increasing as the
plate compresses.

The final lengths of liquid threads for various
compressing velocities are shown in Figure 4. The
break-up positions tend to linearly increase with the
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Figure 6. Temperature distribution for the nanojet process.
The compressing velocity is 44 m/s.

compressing velocity. This study found a linear relation-
ship between the compressing velocity and the thread
length for velocities between 22 and 88 m/s. This
information can help us to determine the appropriate
distance between nozzle and manufacturing surface.

3.2 Property distribution and energy

To analyse the ejection process in greater detail, density
and pressure distributions for a compressing velocity of
44 m/s at 120ps are shown in Figure 5(a),(b). The layer
density distribution in Figure 5(a) shows that the density is
neither uniform nor continuous at the nanoscale. Local
maximum high-density regions of approximately 0.6 g/cc
appeared near the pressure port. Figure 5(b) shows the
pressure distribution. Similar to the density distribution,
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local high-pressure regions appear near the pressure port.
After propane molecules eject from the nozzle, the
pressures reduce rapidly and finally tend to zero. This is
because the nozzle system is surrounded by a vacuum
environment. Along the axis of the nozzle outlet, both
density and pressure decrease farther away from the outlet.
These results suggest a mechanism whereby the fluid
molecules are compressed by the pressure port and form
high-pressure regions. After pressure propagation, the high
pressure is released and the fluid molecules are ejected
through the nozzle.

Figure 6 shows the temperature distribution at the
beginning of the ejection process. The fluid temperature is
not constant during this process. As the plate compresses,
high-temperature regions appear in the contracting part of
the nozzle channel. It is obvious that shear heating
phenomena occurred along the region of contact. This
shows that the shear heating may influence the ejection
process at the nanoscale. By heat conduction and
convection, the temperature distribution becomes more
uniform as the ejection process continues.

Figure 7(a)—(d) shows the energy evolution of
ejection processes for various compressing velocities.
The total energy includes both kinetic energy and
Lennard-Jones potential energy. The results show that
the energy terms increase with time. For the cases with
lower compressing velocities (Figure 7(a),(b)), the total
energy profiles are similar to the Lennard-Jones energy.
By contrast, for the cases with higher compressing
velocities, the total energy profiles are similar to the
kinetic energy (Figure 7(c),(d)). This is because the
velocity of fluid molecules increases with that of plate
compression. As a result, for the cases with higher
compressing velocities, the kinetic energy term undergoes
a greater increase than the potential energy. The Lennard-
Jones energy in Figure 7(c),(d) shows that the fluid
molecules have higher energy levels than those in Figure
7(a),(b). As a result, irregular fracture and an increase in
the occurrence of satellite droplets are expected. The
higher kinetic energy also increases the number of
evaporating molecules and satellite droplets.

4. Conclusion

Non-equilibrium MD was used in this study to simulate
nanojet processes involving the compression of liquid
propane into the nozzle channel using various velocities
for the compressing plate; the results of these simulations
have been presented and discussed in this paper.
Properties’ distributions show that the density and
pressure are neither uniform nor continuous at the
nanoscale during the ejection process. Local high-
pressure regions appear near the pressure port. As the
plate compressed, shear heating phenomena occurred in
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Figure 7. Results for the time evolution of the energy change for compressing velocities of (a) 22 m/s. (b) 44 m/s. (c) 66 m/s and (d)

88 m/s.

the region of contact with the nozzle channel. The length
of the liquid threads tended to increase along with the
compressing velocity. A linear relationship between the
length of the liquid threads and the compressing velocity
was found. A higher compressing velocity also led to a
higher energy level in the system; this increased the
amount of evaporation and the instability of the cylinder
structure. This could result in irregular fracture and
produce more satellite droplets.
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