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Abstract: Study of fluidic molecule ejection through nozzle diameters of 27.5, 30 and 40 Angstrom (A) at temperatures of
310, 315 and 333 Kelvin (K) is performed by using the molecular dynamics simulation method. The results show that almost
all molecules were ejected out through the nozzle and formed up the fluidic jets on the nozzle’s surfaces for all above cases.
However, a fluidic jet was not separated out from the nozzle’s surface for the case of the 310 K temperature and 27.5 A
diameter under any the pushing force values and ejection time. Otherwise, the jets separate out from the nozzle’s surface to
produce the fluidic nanodroplets when increasing either the nozzle diameter to 30 A or the temperature magnitude to 315 K.
These demonstrate the nozzle size and temperature magnitude decide to the fluidic ejection and nanodroplet formation.
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1. INTRODUCTION

This study is carried out due to the interest of reducing the dimension of nano devices while still maintains their stability and
function in the printing technology and the electronic and mechanical industrial fields. This research will solve these
requirements and predict the results by the molecular dynamic simulation method. The initial design stage for these devices
often requires a fast turnaround time of computer models, because it usually involves a massive screening of a large number
of design parameters. The fluid dynamics in the nozzle region is described by a flow model. Droplet formation and nozzle
fluid dynamics are coupled, and hence solved together, to simulate the inkjet droplet ejection which makes it very useful to
explore the large parameter space of inkjet devices in a short amount of time [1].

The model of chemically active particles of a multi-component fluid which focuses on a scenario was leaded to
condensation into a liquid droplet. This system displays an interesting and novel behaviors such as oscillations of droplet size
and molecular sorting of chemical reactions on the nanoscale [2]. The model of cavity and droplet formation has been observed
and explained. The volume of the generated droplet scales with the pore size [3].The process and phenomena of the fluidic
ejection though the nozzle have been performed and analyzed by the molecular dynamics simulation. The solution to increases
the density of electronic chips for manufacturing the printed circuit board by depositing many nano small thin metal wires on
this board [4-5]. Many former researches were revealed to formation and breakup of the fluid nanojets. The dynamics
simulations of liquid jet breakup were performed [6]. The molecular dynamics simulation method was used to conduct for
liquid droplet formation [7]. Otherwise, the formation of nanodroplets is investigated by the solvent exchanges under the flow
conditions. The effects of the flow rate and the flow geometry on the droplet size were discussed [8-10].

The fluidic ejection and jet and nano-droplets formation process have attracted a lot of researches for the design and
manufacturing the nano-size devices [11-14]. Finding about influences of the viscosity, wetting and temperature parameters
to the fluidic jet and droplet formation was discussed [11, 15-17]. The element of external force which acts to the fluidic
ejection is also studied by using the dynamics simulation method. The way for maintaining the fluidic temperature value inside
the ejection equipment is highlighted [18-22]. The molecular dynamics simulation method was used to adopt for liquid jet and
droplet formations [6, 23]. Nanodroplet formation is a critical process in the development of 3D nano-inkjet printing. A
conversion methodology is also adopted to overcome the problem of large coarse-graining factor, which results in unphysical
results when the simulation is scaled up to real units. The parameters of the higher temperature and pressure reduce droplet
break-up time [7]. The investigations about the experimental process for fluidic ejection were conducted. The effect of the
fluidic, nozzle and temperature parameters on the fluidic jet and droplet formation was discussed [24-27].

While that, the almost formally researches have just mainly mentioned to the initial problems of fluidic ejection, the jet
formation and breakup for setting up the fluidic droplets. Besides, the problems of fluidic ejection as jet breakup ability to
form the nanodroplets, the reasons and evidences for the droplet formation under the effects of the nozzle sizes and temperature
values have little been investigated. This research is a development of the previous problem [28] which is used to continue
finding about the effect of the various nozzle sizes and temperature values to for the fluidic ejection and jet and droplet
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formations under the any pushing force values and ejection time.

2. METHODOLGY

2.1 Simulation Model

Figure 1 shows the simulation model for ejecting the fluidic molecule ejection through the nozzle hole. The back and nozzle
plates are composed by gold (Au) atoms and arranged into face-centered cubic (fcc) crystal lattice structures. The back plate
is at bottom position of the ejection device which can move vertically in the +z-direction when subjected to a pushing force
while the nozzle plate is fixed at the above location of the ejection device. The fluidic molecules are the fluidic water which
contain inside the ejection device.

The nozzle and back plates have both 5 layers of gold atom with the thickness of each plate is 8.152 A. A ejection hole is
made at the center of the nozzle plate. The water block has the height and width of 60.872 and 101.9 A, respectively. The
periodic boundary conditions are limited for bounding of the ejection device along the x-, and y-directions of the water block.

2.2 Simulation Scheme

This research performs 5 simulation schemes with three nozzle sizes of 27.5, 30 and 40 A, three system temperatures of 310,
315 and 333 K and same magnitude of pressing force of 9.0 x 10-'° Newton (N) for all simulation cases as shown in Table 1.

Table 1. Simulation scheme

Case Nozzle aperture diameter (A) | Temperature (K) | Pressing force (N)
1 27.5 310 9.0 x1071°
2 30 310 9.0 x1071°
3 40 310 9.0 x1071°
4 27.5 315 9.0 x1071°
5 27.5 333 9.0 x1071°

2.3 Interaction between Atoms and Molecules

The specific potential model is adopted to estimate the interaction among the atoms H and O of the fluidic molecules. The
shifted Lennard-Jones 12-6 potential is used to set up the intermolecular interaction between fluidic molecule and Au atoms.
The equilibrium angle of the H-O-H bond is a value of 104.5 degree. The equilibrium length of the H-O bond is a value of 1.0
A.

The molecular energy function is a sum of the bonding, bending, Van Der Waals and the Coulomb terms [29], which is
shown in Equation (1).
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With the truncation shift function of the Van Der Waals force of S, (r;; ) is expressed as in Equation (2).

du
U,-U, —(-r1,) — | forr<r,
Svdw (rij) = ¢ ( )[ dr ]rc s (2)

0 for r>r,

and the shift function for the Coulomb's force of S (r;;) is expressed as in Equation (3).

c

i
S (1) = (r—rc){q . } 3)

The coefficients of A_, K", K", 1,1, ,6,,0, ,1, andr, are the short distance force, harmonic force constant, angle force

0 272 Teq> Vio Yeq tij
constant, O-H bond length, O-H bond equilibrium length, H-O-H bond angle, H-O-H bond equilibrium angle and interatomic
and cutoff distances, respectively. O and H have the partial charges q; and g;. The interaction between the water molecules and
the gold atoms is presented by the SpohHr potential function as shown in Equation (4).

Unim,0 = Unuo (Cau-0) + Unuont, (Caunt )+ Uy, (G, ) )
with
U puo (1) =S, (DD [exp(=20 (r =1, )) — 2exp(—at, (r =1, )] &)
and
U aun (1) = YDoexp(=2a, (r —1,)). (6)

The switch function of S, (r) has the form as in Equation (7)

1 for r<r,
S, (1) =1 (tay =17)* (g +2r% =3r)
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b
for r,, <r<ry

The switch function of r_, andr,; has the start and end distances with the values of 7.0 and 11.0 A, respectively.

3. RESULT AND DISCUSSION

3.1 The Fluidic Ejection

Figure 2 shows the fluidic nanojet for the different nozzle sizes and temperature values at the ejection time of 150000
femtosecond (fs). Figures 2(a)-(c) respectively show the pictures which the fluidic jets were ejected through 27.5, 30 and 40
A diameter nozzles at a temperature value of 310 K under the same value of pressing force of 9.0 x 10! N. Figures 2(d)-(e)
respectively show the pictures which the jets were ejected through the 27.5 A diameter nozzle at temperature values of 315
and 333 K under the same value of pressing force of 9.0 x 101" N.

The results show that almost fluidic molecule is ejected out of the ejection device through the nozzle to form up the jets
on the nozzle’s surface at 150000 fs under the same value of pressing force of 9.0 x 107! N. Meanwhile, the fluidic jets leave
the nozzle plate to manufacture the nanodroplets for the 30 and 40-A-diameter nozzles at the temperature value of 310 K as
shown in Figures 2(b)-(c). Figures 2(d)-(e) also give similar result for the 27.5 A diameter nozzle at the temperature values of
315 and 333 K. Contrarily, fluidic jet does not leave the nozzle’s plate to establish the fluidic droplet for the 27.5 A diameter
nozzle at the temperature value of 310 K as the photo shown in Figure 2(a).

3.2 The Fluidic Nanodroplet Formation

3.2.1 Influence of the Nozzle Diameter to the Nanodroplet Formation

The fluidic ejection and nanodroplet formation under the influence of different nozzle sizes at the same magnitudes of
temperature and pressing force is as shown in Table 2. The droplets were separated for the 30 and 40 A nozzle sizes at the
temperature value of 310 K under the pressing force value of 9.0 x 107'° N. Contrarily, The droplet was not formed for the
27.5 A nozzle size at the temperature value of 310 K under the same pressing force magnitude.

Table 2. Effect of the different nozzle size to the nanodroplet formation

Temperature | Pressing force Nozzle diameter (A)
X) N) 27.5 30 40
310 9.0x 1010 Not nanodroplet | Nanodroplet Nanodroplet
formation formation formation
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(c)
Figure 2. Photos of the fluidic nanojet at 150000 fs: (a)-(c) 27.5, 30 and 40 A diameter nozzles and temperature of 310 K;
(d)-(e) 27.5 A diameter nozzles and temperature of 315 and 333 K

(a) (b) (©)
Figure 3. Photos of the fluidic jet at 200000 fs under 310 K temperature value and pressing force magnitude of 9.0 x 1071
N. (a) 27.5 A diameter nozzle; (b) 30 A diameter nozzle; (c) 40 A diameter nozzle

The pictures of the fluidic nanojet for the various nozzle sizes under the 310 K temperature and the pressing force of 9.0
x 10719 N at 200000 fs are shown in Figure 3. In comparison between the photos of Figures 3(a)-(c) with the photos of Figures
2(a)-(c), we can see that the fluidic jets does not only separate out from the nozzle’s surface but also continue to go up for the
30 and 40-A-diameter nozzles as shown in Figures 3(b)-(c). However, the fluidic jet after reaching to the highest position at
150000 fs as shown in Figure 2(a) which moves down for the 27.5 A diameter nozzle at the 310 K temperature value and
pressing force magnitude of 9.0 x 10'° N as shown in Figure 3(a). For a smaller nozzle size, the attraction force and cohesion
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among the fluidic molecules are the main reasons which pull the liquid jet downward. That is the evidence for the fluidic
nanodroplet formation under the influence of the nozzle size.

The fluidic molecular densities inside the ejection device for the 310 K temperature value and the 13.75, 15 and 20 A radius
nozzles are presented as in Figure 4. When the pressing force impacts on the fluidic molecules, the density magnitude has not
much change in the ejection process for the 310 K temperature value and the 15 and 20 A radius nozzles. Besides, this density
rapidly increases from the beginning value of 0.378 to average value of 0.748 g/cm® for the 310 K temperature value and the
13.75 A radius nozzle. However, this density is reduced back the initial value of 0.378 g/cm? after the ejection time of 110000
fs to the end of the ejection process. The high density causes many interactions among fluidic molecules inside the ejection
device for the smaller nozzle size under the same magnitudes of temperature and pressing force. This also explains why the
nozzle size has the effect to manufacture of the nanodroplets.

Figure 5 presents the distances from the average location of fluidic nanojet high to the nozzle’s surface for the 310-K-
temperature value and the 13.75, 15 and 20 A radius nozzles. The average high of jet increases in Z direction from the initial
ejection time to the ejection time of 140000 fs. These values continue to increase for the 15 and 20 A radius nozzles.
Meanwhile, the average distance of jet reduces down in Z direction after reaching to the high value of 140 A for the 13.75 A
radius nozzle. This is an evidence for the effect of the nozzle size to manufacture the fluidic nanodroplet. The above evidences
demonstrate and explain for the influence of nozzle size to the formation of liquid nanodroplet under the same magnitudes of
temperature and pressing force.
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Figure 4. Fluidic molecular density inside the ejection device at each 2000 fs
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Figure 5. Distance from the average high of fluidic jet to the nozzle’s surface in Z direction
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(b) ‘ ©)

Figure 6. Photos of the nanojet at 200000 fs with 27.5 A diameter nozzle and pressing force of 9.0x 101 N. (a) 310 K
temperature; (b) 315 K temperature; (c) 333 K temperature

3.2.2 Influence of the Temperature Value to the Fluidic Nanodroplet Formation

As results are shown in Table 3, at the same condition of 27.5 A nozzle size and pressing force of 9.0x 107 N, the fluidic
nanodroplet is not formation for the temperature value of 310 K. However, the droplets are formed for the temperature values
which are greater than or equal to 315 K when the fluidic jets were separated out from the nozzle’s surface.

Table 3. Effect of the temperature magnitude to the nanodroplet formation

Nozzle Pressing Temperature (K)
diameter (A) force (N) 310 315 333
27.5 9.0x 1010 Not nanodroplet Nanodroplet | Nanodroplet
formation formation formation

Figure 6 shows the photos of the fluidic nanojet which was ejected through the same nozzle diameter of 27.5 A at pressing
force 0£9.0 x 107'° N and the various temperature magnitudes of 310, 315 and 333 K at 200000 fs. In comparison between the
photos of Figure 2(a), (d) and (e) with the photos of Figures 6(a)-(c), the results show that the fluidic nanodroplets were formed
after separating out from the nozzle’s surface to continue going up for the temperature values of 315 and 333 K. Besides, the
fluidic jet goes down for the case of 27.5 A diameter nozzle and 310 K temperature at 200000 fs as shown in Figure 6(a). This
jet reaches to the highest position at the ejection time of 150000 fs as shown in Figure 2(a) under same value of the pressing
force of 9.0x 1071° N,

Figure 7 shows the fluidic molecular density inside the ejection device for the 13.75 A radius nozzle at temperature
magnitudes of 310, 315 and 333 K under the same value of pressing force of 9.0x 101° N. The density magnitude rapidly
increases from the initial value of 0.378 g/cm’ to average value of 0.751 g/cm? for the case of 13.75 A radius nozzle at 310 K
temperature. The density magnitude is smaller than of 0.751 g/cm? for the case of 13.75 A radius nozzle at 315 K temperature.
These densities were reduced back to near the initial value of 0.378 g/cm? after the ejection time of 110000 fs. Besides, the
density magnitude increases and change in a narrow range at beginning stage. Then, this value rapidly reduces to value of
0.183 g/cm’ after the ejection time of 80000 fs for the 13.75 A radius nozzle at the 333 K temperature. The lower density
magnitude inside the ejection device is the cause which has a little affection to the reduction of the molecular ejection velocity.
Therefore, the fluidic nanodroplet is more easy formation for greater temperature magnitude.

Figure 8 shows the distances from the average positions of fluidic jet high to the nozzle’s surface in Z direction for the
13.75 A radius nozzles at the 310, 315 and 333 K temperature values. These values regularly increase from the initial time to
the end of ejection process for the 13.75A-radius nozzle at the temperature values of 315 and 333 K. However, this value is
reduced down after the ejection time of 140000 fs for the case of the 13.75 A radius nozzle and the 310 K temperature value.
This is an evidence for the effect of the temperature magnitude to the formation of fluidic nanodroplet. These evidences explain
why the temperature magnitude has effects to the fluidic jet breakdown for manufacturing the nanodroplets under the same
conditions of pressing force and nozzle size.

71



V. Q. NGUYEN ET AL., APPLICATIONS OF MODELLING AND SIMULATION, 5, 2021, 66-73

0.9

~+-310-K-temperature and 13.75-A-radius nozzle
0.8

-e-315-K-temperature and 13.75-A-radius nozzle

0.
/ ~+-333-K-temperature and 13.75-A-radius nozzle

E
Q
K
g 06
]
k=
% 0.5
E
= 04
5
=03
k|
=
& 0 N i
=]
=
0.1
0 1
0 20000 40000 60000 80000 100000 120000 140000 160000 180000 200000
Time steps (fs)
Figure 7. Fluidic molecular density inside the ejection device at each 2000 fs
160
140
= 120
g
3
% 100
§ <0 —+—310-K-Temperature and 13.75-A-radius nozzle
8
g —=—315-K-Temperature and 13.75-A-radius nozzle
% 60
5 /l/ —e—333-K-Temperature and 13.75-A-radius nozzle
k> /
: 7
20
0 T T T T T T T T T 1
0 20000 40000 60000 80000 100000 120000 140000 160000 180000 200000
Time step (fs)

Figure 8. Distance from the average high of fluidic jet to the nozzle’s surface in Z direction

4. CONCLUSION

The fluidic ejection and nanodroplet formation is studied by using the molecular dynamics simulation method. Based on the
simulation results, the following conclusions were drawn:

e  The fluidic molecules are ejected out through the nozzle hole to form up the jets on the nozzle’s surface for the cases of
27.5, 30 and 40 A nozzle diameters at 310, 315 and 333 K temperature values under the same magnitude of the pushing
force 0f 9.0 x 1071°N.

e However, for the case of 27.5 A nozzle diameter at 310 K temperature value, the fluidic jet after forming up and reaching
to the highest position at 150000 fs which does not leave from the nozzle’s surface to get the fluidic nanodroplets. That is
due to the attractive force between the jet’s fluidic molecules with the nozzle plate’s metallic atoms is greater than the
inner connective force among the jet’s fluidic molecules. Therefore, the fluidic jet cannot separate out from the nozzle to
form up the droplet.

e Contrarily, when increasing the magnitude of either nozzle diameter or temperature which the fluidic jet is leaved out
from the nozzle’s surface to form the droplets. This can be explained by the time and fluidic ejection though the nozzle
are more fast and easy for these cases. Therefore, the energy and velocity of the fluidic molecules after forming jet are
still great that can win the attractive force between the jet’s molecules with the nozzle plate’s atoms to form up the fluidic
droplets. That means the nozzle diameter and temperature have the influences to the formation of the fluidic nanodroplet.
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