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The vaporization process of a nano-scale liquid thread in vapor or vacuum is analyzed by molecular
dynamics simulation. The formation of liquid threads is one of the most fundamental and important phe-
nomena during the atomization process. The analyses in the existing literatures for this topic were per-
formed only down to the stage of formation of liquid particles. The present analysis focuses not only on
the liquid particle formation but also on its subsequent evolution, which plays an important role in the
entire vaporization process. In this study, snapshots of the molecules, evolution of the density field, and
evolution of the intermolecular force are analyzed. Finally, the Rayleigh’s stability criterion is assessed for
its validity in molecular scale.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Investigation of the atomizer flow receives considerable atten-
tions because of its wide range of applications in many fields, e.g.
industrial processes, agriculture, meteorology, medicine, etc. A
conventional way for the atomizer flow research is to conduct
experimental investigations of large-scale models. Historically, less
attention has been devoted to the internal flow development in
atomizers due to the small size of practical atomizers, which
makes measurements difficult. Another approach for the atomizer
flow research is to do detailed numerical simulations. An advan-
tage of the numerical simulations is that practical-scale atomizers
can be studied as easily as large scale ones. A comprehensive liter-
ature review for the experimental and numerical investigations of
the atomizer flow has been done in the author’s previous studies
[1–6]. Numerical simulation of the atomizer flow can be roughly
divided into two categories, namely, the macroscopic analysis
and the microscopic analysis, each with its own advantages and
disadvantages. The former one is principally based on the compu-
tation of the Navier–Stokes equations and is usually adopted for
the purpose of atomizer parametric study due to its relatively low-
er computational cost. In the author’s previous studies [1–6], a ser-
ies of analyses for the atomizer internal and external flows have
been conducted. The macroscopic behavior and characteristics of
the atomizer flow, such as discharge coefficient, spray angle, film
thickness, atomizer geometry, etc. were analyzed. However, when
liquid breaks up into ultra-fine nano-scale droplets, the Navier–
Stokes equations, which are derived based on continuum concept,
ll rights reserved.
are no longer valid for simulation of the subsequent atomization
process. The author’s previous studies were therefore confined to
the investigation of the earlier stage of atomization process, during
which the breakup phenomenon had not yet happened. In order to
overcome this inherent deficiency, the macroscopic analysis has to
be replaced by the microscopic analysis for later stage of the atom-
ization process.

In Fig. 1, the fluid/air interface for atomizer flow by the macro-
scopic analysis from one of the author’s previous studies [3] is
shown. It can be seen that the liquid evolves into threads after
leaving the atomizer. The formation of liquid threads is one of
the most fundamental and important phenomena during the atom-
ization process. Koplik and Banavar [7] studied the Rayleigh insta-
bility of a cylindrical liquid thread in vacuum by three-dimensional
molecular dynamics (MD) simulation. The maximum number of
molecules they used consists of 8192 liquid argon Lennard–Jones
molecules for a cylindrical liquid thread of non-dimensionalized
radius of 7.5 in a box of non-dimensionalized length of 54.7. For
this simulation condition, only one liquid particle was formed. If
a smaller computational domain was used instead, no liquid parti-
cle was found from their study. Kawano [8] applied 10278 Len-
nard–Jones molecules of liquid and vapor coexisting argon in
three dimensions to analyze the interfacial motion of a cylindrical
liquid thread of non-dimensionalized radii of 2.0–4.0 in a box of
maximum non-dimensionalized length of 120. For this condition
of larger computational domain, a maximum number of 8–9 liquid
particles were observed. Min and Wong [9] studied the Rayleigh
instability of nanometer scale Lennard–Jones liquid threads by
MD simulation and found that Rayleigh’s continuum prediction
holds down to the molecular scale. Kim et al. [10] applied MD sim-
ulation to investigate the thermodynamic properties and stability
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Nomenclature

F intermolecular force
kB Boltzmann constant
L fundamental cell characteristic length
m molecular mass
N number of molecules
R liquid thread radius
r intermolecular distance
rc cut-off radius of Lennard–Jones potential function
T temperature
t time
Dt time step
V volume
vi velocity of molecule i
x,y, z Cartesian coordinates

Greeks
e energy parameter of Lennard–Jones potential function
q density
r length parameter of Lennard–Jones potential function
u Lennard–Jones potential function

Subscripts
L liquid phase
V vapor phase

Superscripts
* non-dimensionalized quantity
– averaged quantity
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characteristics of the nano-scale liquid thread. Density and pres-
sure profiles, as well as properties such as equimolar dividing
radius, radius of surface tension, and surface tension were deter-
mined in their study.

In the above MD studies of liquid threads [7–10], the analyses
were performed only down to the stage of the formation of liquid
particles. Subsequent evolution, which involves breakup, collision,
and coalescence of the liquid particles, were not analyzed in detail.
However, these phenomena play important roles in the entire
vaporization process. The present analysis therefore focuses not
only on the liquid particle formation but also on its subsequent
evolution, with the aim to provide a detailed illustration for the
vaporization process of a liquid thread.

2. Molecular dynamics simulation method

In this study, the vaporization process of a liquid thread is
investigated by MD simulation. The inter-atomic potential is one
of the most important parts of MD simulation. Many possible po-
tential models exist, such as hard sphere, soft sphere, square well,
etc. [11]. In this research, the Lennard–Jones 12-6 potential model,
which is widely used, is adopted for calculation. It is
Fig. 1. Fluid/air interface for atomizer flow by macroscopic analysis [3].
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where r denotes the distance between two molecules, e and r are
the representative scales of energy and length, respectively. The
Lennard–Jones fluid in this research is taken to be argon for its ease
of physical understanding. The parameters for argon are as follows
[8]: the length parameter r = 0.354 nm, the energy parameter
e/kB = 93.3 K, and the molecular weight m = 6.64 � 10�26 kg, where
kB = 1.38 � 10�23 J/K denotes the Boltzmann constant. The cut-off
radius rc beyond which the intermolecular interaction is neglected
is 5.0r.

The simulation domain is schematically shown in Fig. 2, with
periodic boundary conditions applied in all three directions. Simu-
lation domain dimensions, number of molecules and number den-
sities are listed in Table 1, together with some simulation results.
The time integration of motion is performed by Gear’s fifth predic-
tor–corrector method [11] with a time step of 4t* = 0.001(i.e.
2.5 fs). Note that all quantities with an asterisk in this paper, such
as L*, R*, q*, 4t*, etc., are non-dimensionalized in terms of r, e, and
m, i.e. L* = L/r, R* = R/r, q* = Nr3/V, 4t* =4t (e/m)1/2/r, T* = kBT/e.

In this research, a cylindrical liquid thread of length L* and ra-
dius R* is placed at the center of the computational domain and
the remaining space is either in vacuum or filled with vapor
liquid
thread

vapor or
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L*

L*

L*

L*

L*/2L*/2

R*

x

y

z

Fig. 2. Illustration of the computational domain for the simulation of a liquid
thread.



Table 1
Simulation domain dimensions, number of molecules, number densities, and
simulation results (L* = 120, q�L ¼ 0:819).

Case No. R* Nmol q�V fq F�

1 2 6559 0.0031 0.291 1.458
2 3 8090 0.0031 0.309 2.592
3 4 10,254 0.0031 0.332 3.801
4 5 12,965 0.0031 0.362 5.051
5 2 1225 Vacuum 0.325 6.874
6 3 2762 Vacuum 0.494 10.716
7 4 4934 Vacuum 0.478 10.631
8 5 7651 Vacuum 0.656 14.267

2028 C.-L. Yeh / International Journal of Heat and Mass Transfer 52 (2009) 2026–2041
molecules. The initial densities of the liquid and vapor are
q�L ¼ 0:819 and q�V ¼ 0:0031 or 0, respectively. The system temper-
ature is kept at T* = 0.75. These dimensionless values correspond to
Fig. 3. Vaporization proces
qL = 1223 kg/m3, qV = 4.63 kg/m3 or 0 for argon and T = 70 K. The
computational conditions of q�L, q�V and T* are chosen considering
the phase diagram of the Lennard–Jones fluids [8], that is, the val-
ues of q�L, and q�V are set to be the liquid and vapor densities,
respectively, in the coexistence properties for the Lennard–Jones
fluids and T* is kept at a value above the triple point temperature
throughout the vaporization process.

The procedure for MD simulation includes three stages: initial-
ization, equilibration and production. Because the simulation do-
main comprises a cylindrical liquid thread and its surroundings
(either vapor or vacuum), it is difficult to retain the density and
cylindrical geometry of the liquid thread if the equilibration stage
is performed under the condition of liquid thread coexisting with
vapor. Therefore, the vapor and liquid molecules are equilibrated
individually. Initially, equilibration is performed for liquid mole-
s for case 2 in Table 1.



Fig. 4. Vaporization process for case 3 in Table 1.
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cules in a rectangular parallelepiped with length and width equal
to the liquid thread diameter (D* = 2R* = 4, 6, 8 or 10) and with
height equal to the side length of the computational domain
(L* = 120). The initial velocities of molecules are decided by the
use of normal random numbers. Velocity rescaling is performed
at each time step by Eq. (2) to make sure that the molecules are
at the desired temperature T*:

vnew
i ¼ vold

i

ffiffiffiffiffiffi
TD

TA

s
ð2Þ

where vnew
i and vold

i are the velocities of molecule i after and before
correction, respectively, and TD and TA are the desired and the actual
molecular temperatures, respectively. Similarly, equilibration is
performed for vapor molecules in a cube of congruous geometry
to the simulation domain (a cube of side length L* = 120). The vapor
and liquid molecules are equilibrated individually for 106 time steps
at the desired temperature T*. The achievement of the equilibrium
state is confirmed by obtaining the radial distribution function.
After the liquid and vapor molecules are equilibrated, the rectangu-
lar parallelepiped for the liquid molecules and the cube for the va-
por molecules are truncated to the desired cylindrical liquid thread
and surrounding vapor, respectively, by removing unwanted re-
gions. Then the cylindrical liquid thread and the surrounding vapor
are put together into the computational domain and the production
stage proceeds. A minimum image method and the Verlet neighbor
list scheme [11] to keep track of which molecules are actually inter-
acting at a given time interval of 0.005 are used in the equilibration
and production stages.



Fig. 4 (continued)
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3. Results and discussions

3.1. Liquid thread vaporization process

In the following discussion, a cylindrical liquid thread of length
L* and radius R* is placed at the center of the simulation domain
and the remaining space is either in vacuum or filled with vapor
molecules, as illustrated in Fig. 2. Simulation domain dimensions,
number of molecules and number densities are listed in Table 1.

3.1.1. Liquid thread in vapor
Fig. 3 shows the vaporization process of a liquid thread of

L* = 120 and R* = 3, which corresponds to L = 42.5 nm and
R = 1.06 nm. The dot in Fig. 3 indicates the center of the molecule.
It is found that rupture of the liquid thread occurs at about t* = 10
both from its middle section and from its two ends, i.e. the top and
bottom surfaces of the fundamental cell. After t* = 10, the mole-
cules evolve into liquid particles by the contraction motion of mol-
ecules in the axial direction of the liquid thread. Two liquid
particles are formed at about t* = 60 and they break up and evapo-
rate into the surroundings at about t* = 80. If the radius of the li-
quid thread becomes larger, say R* = 4, no rupture of the liquid
thread in the interior of the fundamental cell is found, as can be ob-
served from Fig. 4. The liquid thread ruptures only from its two
ends, i.e. the top and bottom surfaces of the fundamental cell,
and gets shorter due to the contraction motion in its axial direc-
tion. Breakup phenomenon occurs at about t* = 80. The liquid
thread disintegrates into small liquid particles first (t* = 90) and
then evaporates into the surroundings. During the subsequent
vaporization process (t* = 100), it is observed that collision, coales-
cence, and breakup of the liquid particles occurs. Collision and coa-
lescence of the liquid particles can be seen in the portions



Fig. 5. Vaporization process for case 4 in Table 1.
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indicated by the dashed circles for 100 5 t* 5 140 in Fig. 4. Breakup
of the liquid particles occurs again at about t* = 150. Collision, coa-
lescence and breakup of the liquid particles play important roles in
the vaporization process. Collision of liquid particles may lead to
the formation of smaller liquid particles, which is conducive to
vaporization. On the other hand, smaller liquid particles may also



Fig. 6. Vaporization process for case 1 in Table 1.
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Fig. 6 (continued)
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coalesce to larger liquid particles and then break up into even
smaller liquid particles. This is also conducive to vaporization.
The vaporization process for a liquid thread of R* = 5, as shown in
Fig. 5, is similar to that for R* = 4.

From Fig. 3, we can observe that for a liquid thread of radius
R* = 3, the thread ruptures not only from the top and bottom sur-
faces of the fundamental cell but also from its middle section
and they occur nearly simultaneously. On the other hand, for thick-
er liquid threads (Fig. 4 for R* = 4 and Fig. 5 for R* = 5), because the
contraction velocity of the liquid thread in the axial direction is rel-
atively large, rupture phenomenon does not occur in the interior of
the fundamental cell and therefore only one dumbbell-shaped li-
quid particle is formed (see the snapshot at t* = 70 in Figs. 4 and
5). This situation has been discussed in Kawano’s work [8]: in
the MD simulation using periodic boundary conditions, if the con-
traction velocity of the liquid thread in the axial direction is rela-
tively large and the fundamental cell length is relatively small,
there is a high possibility of the formation of only one liquid parti-
cle in the cell. Under such situation, the liquid thread will rupture
from its two ends only, i.e. the top and bottom surfaces of the fun-
damental cell, but will not rupture from the interior of the funda-
mental cell. Koplik and Banavar’s work [7] also revealed this
observation.

If the radius of the liquid thread becomes smaller, say R* = 2,
rupture of the liquid thread occurs at about t* = 4, which is earlier
than for R* = 3, as can be seen in Fig. 6. About nine liquid particles
are formed at t* = 20. It is also observed that collision, coalescence,
and breakup of the liquid particles for R* = 2 occur earlier than for
larger liquid threads (R* = 3, 4 and 5). Collision and coalescence of
the liquid particles can be seen in the portions indicated by the
dashed ellipses or circles for 40 5 t* 5 70 in Fig. 6. Breakup of the
liquid particles occurs at about t* = 80. Comparing Figs. 3–6, it
can be seen that thicker liquid threads (R* = 4 and 5) rupture from
their ends only, i.e. the top and bottom surfaces of the fundamental
cell; while thinner liquid threads (R* = 2 and 3) rupture not only
from their ends but also from the interior of the fundamental cell.
In addition, it is observed that a thinner liquid thread evaporates
faster. This will be further illustrated in later sections discussing
the density distribution and the intermolecular force.

In some previous MD simulations of droplet vaporization [12–
17], the droplet remains intact throughout the entire vaporization
process. However, the simulation conditions in these papers are
quite different from those in this research. As stated in Section 2,
the procedure for MD simulation includes three stages: initializa-
tion, equilibration and production. In the above mentioned droplet
vaporization researches, the droplet has been ‘equilibrated’ at the
equilibration stage before it proceeds to the production stage, i.e.
the droplet and its surrounding vapor are already in equilibrium
at the beginning of the production stage. On the other hand, the
droplets in this research are evolved from liquid thread. Therefore,
the droplets and their surrounding vapor are not in equilibrium but
rather are in motion at the beginning of the production stage. This
implies larger intermolecular forces (surface tension) among mol-
ecules and larger interfacial forces between the droplets and their
surrounding vapor. As pointed out by Lefebvre [18], Chigier [19,20]
and Hiroyasu [21], surface tension and interfacial force are the ma-
jor controlling mechanisms for breakup phenomenon. In addition,
in the above mentioned droplet vaporization researches, only one
droplet is simulated. On the other hand, two or more droplets
are evolved from liquid thread in the present research. This pro-
vides more chances of collision, coalescence, and breakup of the
droplets. Lefebvre [18] further pointed out that a cylindrical liquid
body under amplified oscillations or perturbations may disinte-
grate into drops. This process is referred to as primary atomization.
If the drops so formed exceed a critical size, they further disinte-
grate into drops of smaller size, a process known as secondary
atomization [18]. From this research, it is found that both primary
and secondary atomization occur for thicker liquid threads (see the
snapshots at t* = 90 and 150 in Figs. 4 and 5); while for thinner
liquid threads (R* = 2 and 3), only primary atomization occurs.

3.1.2. Liquid thread in vacuum
To investigate the influence of the surrounding medium on the

vaporization process of a liquid thread, the preceding discussion is
repeated by replacing the surrounding vapor molecules with vac-
uum. Fig. 7 shows the vaporization process of a liquid thread of
L* = 120 and R* = 3 in vacuum. It is observed that the liquid thread
does not rupture in the interior of the fundamental cell. The thread
ruptures from their ends only, i.e. the top and bottom surfaces of
the fundamental cell. This is contrary to the corresponding case
of a liquid thread in vapor. This is because the contraction motion
in the radial direction of the liquid thread is slower than that in its
axial direction. Only one liquid particle is formed at about t* = 140.
At about t* = 290, the liquid particle breaks up into smaller liquid
particles and evaporates into the surroundings. Compared with
the corresponding case of a liquid thread in vapor, a liquid thread
in vacuum requires longer time to evaporate. This will be further
illustrated in a later section discussing the density distribution. If
the radius of the liquid thread becomes larger, say R* = 4, again
the thread ruptures from their ends only and not in the interior
of the fundamental cell, as can be seen from Fig. 8. One liquid par-
ticle is formed at about t* = 140 by the contraction motion of mol-
ecules in the axial direction of the liquid thread. Breakup
phenomenon (primary atomization) occurs at about t* = 220 and
secondary atomization occurs at about t* = 290. The vaporization
process for a liquid thread of R* = 5 is shown in Fig. 9. Similarly,
only one liquid particle is formed at about t* = 190. Breakup phe-
nomenon occurs at about t* = 360. The liquid particle disintegrates



Fig. 7. Vaporization process for case 6 in Table 1.
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into smaller liquid particles first and then evaporates into the sur-
roundings (see t* = 380 in Fig. 9). If the radius of the liquid thread
becomes smaller, say R* = 2, rupture of the liquid thread occurs at
about t* = 10, which is later than for the corresponding case in
vapor. Seven liquid particles are formed at about t* = 20, as can
be seen in Fig. 10. These liquid particles eventually coalesce into
five liquid particles and persist a long time before they evaporate
completely.

Comparing the cases of different liquid thread radii, it is found
that only primary atomization occurs for thinner liquid threads;
while for thicker liquid threads, both primary and secondary atom-
ization occur. Furthermore, it is observed that secondary atomiza-
tion is less pronounced for liquid threads in vacuum because of the
smaller intermolecular forces (surface tension) among molecules
and the smaller interfacial forces between the droplets and their
surrounding vapor, as compared to the case of liquid threads in
vapor. In addition, comparison of a liquid thread in vacuum and
a corresponding liquid thread in vapor shows that the latter evap-
orates faster. Molecular interactions play important roles in the
vaporization process. When the remaining space is filled with
vapor molecules, the surrounding vapor molecules provide more
molecular interactions. This results in the formation of more liquid
particles for a liquid thread in vapor. On the other hand, when the
remaining space is a vacuum, less molecular interactions are pro-
vided and vaporization of the liquid thread in earlier stage of the
vaporization process is mainly attributed to the molecular diffu-
sion. Furthermore, an interesting phenomenon can be observed.
When the remaining space is filled with vapor molecules, a thinner
liquid thread evaporates faster, as discussed previously. However,
when the liquid thread is in vacuum, a thinner liquid thread does
not necessarily evaporate faster. For example, comparing the cases
of R* = 3 and 4, the case of R* = 4 evaporates faster than that of
R* = 3, which is thinner. As stated above, the surrounding medium
provides more molecular interactions and this is conducive to
vaporization. When the remaining space is in vacuum, no sur-
rounding vapor molecules exist initially and the surrounding med-



Fig. 8. Vaporization process for case 7 in Table 1.
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ium comes entirely from the vaporization of the liquid thread. A
thicker liquid thread may create more evaporated molecules to
act as the role of the surrounding medium and this in turn provides
more molecular interactions, which is conducive to vaporization.



Fig. 9. Vaporization process for case 8 in Table 1.
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The above discussion will be further illustrated in the following
sections discussing the density distribution and the intermolecular
force.

3.2. Density distribution

It is important that the system be in equilibrium state before
statistical values of the local properties can be taken. However, ow-
ing to the computational capacity limitations, the MD simulation
cannot proceed to a macroscopically long period. Nevertheless,
the purpose of this paper is not to discuss statistical values of the
local properties but to investigate the vaporization process of a
liquid thread, which is one of the most fundamental and important
phenomena during the atomization process. Criteria have to be
made to quantify the discussion regarding the vaporization process
of a liquid thread. Unfortunately, such criteria are still arbitrary in
the literature. Because the system temperature in this study is kept
at the desired temperature, a constant temperature criterion is not
suitable for the discussion of the vaporization process. In this re-
search, a liquid thread is considered to vaporize faster if the distri-
bution of molecules reaches a uniform state quicker during the
vaporization process. This criterion essentially concerns with the
evolution of the density distribution. The density at a specified
point in the fundamental cell can be defined as

q ¼ lim
dV!0

dN
dV

ð3Þ

where dV is a small volume surrounding the point considered and
dN is the number of molecules inside the volume dV. The density de-
fined by Eq. (3) is actually an averaged density of a small volume
surrounding the point considered. The value will approach the den-
sity of a specified point if the volume dV shrinks to that point. How-
ever, for a meaningful density field, the volume dV cannot be too
small because when dV becomes too small, it is difficult to obtain
a definite value for dN/dV. In this study, the volume dV is taken to
be a sphere with non-dimensionalized radius R* = 2 and with its



Fig. 10. Vaporization process for case 5 in Table 1.
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center located at the point considered. This is an optimal choice
after numerical test.

Fig. 11 shows the evolution of density uniformity factor for
liquid threads with different radii and the conditions of L* = 120,
q�L ¼ 0:819 and q�V ¼ 0:0031. The density uniformity factor is de-
fined as
fq ¼
P

Nðq� � q�eqÞt�DVP
Nðq� � q�eqÞt�¼0DV

ð4Þ

where N is the total number of molecules in the fundamental cell,
i.e. Nmol in Table 1, q* and DV are the density and volume of mole-
cule i, respectively, as defined by Eq. (3), and q�eq is the density value
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when the molecules are uniformly distributed, i.e. q�eq � Nmol=Vol,
where Vol is the volume of the fundamental cell. The density unifor-
mity factor fq as defined by Eq. (4) represents the deviation from
uniform state. From Fig. 11 it is observed that a thinner liquid
thread evaporates faster than a thicker one and this corroborates
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Fig. 13. Comparison of the evolution of density uniformity factor
the results of Figs. 3–6 as discussed in Section 3.1.1. The time aver-
aged value of the density uniformity factor, fq, in a time interval of
t* = 0–350, as listed in Table 1, also reveals this observation. Fig. 12
shows the situation for a liquid thread in vacuum. When the liquid
thread is in vacuum, as discussed in Section 3.1.2, a thinner liquid
thread does not necessarily evaporate faster. For example, compar-
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for a liquid thread in vapor and a liquid thread in vacuum.
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ing the cases of R* = 3 and 4, the case of R* = 4 evaporates slightly
faster than that of R* = 3, which is thinner, as can be seen in
Fig. 12. As mentioned earlier, the surrounding medium provides
more molecular interactions and this is conducive to vaporization.
When the remaining space is in vacuum, no surrounding vapor mol-
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Fig. 16. Comparison of the evolution of averaged non-dimensionalized interm
ecules exist initially and the surrounding medium comes entirely
from the vaporization of the liquid thread. A thicker liquid thread
may create more evaporated molecules to act as the role of the sur-
rounding medium and this in turn provides more molecular interac-
tions, which is conducive to vaporization.
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To further investigate the influence of the surrounding medium
on the vaporization process of a liquid thread, the comparison of
the evolution of density uniformity factor for a liquid thread in va-
por and a liquid thread in vacuum is shown in Fig. 13. It is observed
that a liquid thread in vapor evaporates faster than a correspond-
ing liquid thread in vacuum. This corroborates the conclusion
made in Section 3.1.2, i.e. the surrounding medium provides more
molecular interactions and this is conducive to vaporization. The
time averaged value of the density uniformity factor, fq, as listed
in Table 1, also reveals the above observation.

3.3. Intermolecular force

The intermolecular force is an indication of the surface tension
experienced by the liquid particles and has a great effect upon the
vaporization process [22]. Fig. 14 shows the evolution of averaged
non-dimensionalized intermolecular force for liquid threads with
different radii and the conditions of L* = 120, q�L ¼ 0:819 and
q�V ¼ 0:0031. The averaged non-dimensionalized intermolecular
force at time t* is defined as

F�t� ¼
PN

i¼1F�i;t�
N

ð5Þ

where N is the total number of molecules in the fundamental cell
and F�i;t� is the resultant force of the non-dimensionalized
intermolecular force vector acting on molecule i at time t*, i.e.
F�i;t� ¼ ðF

�2
x;i;t� þ F�2y;i;t� þ F�2z;i;t� Þ

1=2, where F�x;i;t� ; F
�
y;i;t� and F�z;i;t� are the

components of the intermolecular force vector at the x, y and z
directions, respectively, acting on molecule i at time t*. The intermo-
lecular force diminishes with time because of the increase of dis-
tances between molecules as the liquid thread vaporizes. From
Fig. 14, it is observed that a thinner liquid thread evaporates faster
than a thicker one and this corroborates the results of Figs. 3–6 as
discussed in Section 3.1.1 and Fig. 11 in Section 3.2. The time aver-
aged value of the averaged non-dimensionalized intermolecular
force, F�, in a time interval of t* = 0–350, as listed in Table 1, also
reveals this observation. Fig. 15 shows the situation for a liquid
thread in vacuum. When the liquid thread is in vacuum, as dis-
cussed in Sections 3.1.2 and 3.2, a thinner liquid thread does not
necessarily evaporate faster. For example, comparing the cases of
R* = 3 and 4, the case of R* = 4 evaporates slightly faster than that
of R* = 3, which is thinner, as can be seen in Fig. 15. This exception
has been explained in detail in Sections 3.1.2 and 3.2.

To investigate the influence of the surrounding medium on the
vaporization process of a liquid thread, the comparison of the evo-
lution of averaged non-dimensionalized intermolecular force for a
liquid thread in vapor and a liquid thread in vacuum is shown in
Fig. 16. It is observed that a liquid thread in vapor evaporates faster
than a corresponding liquid thread in vacuum and this corrobo-
rates the conclusion made in Sections 3.1.2 and 3.2, i.e. the sur-
rounding medium provides more molecular interactions and this
is conducive to vaporization. The time averaged value of the aver-
aged non-dimensionalized intermolecular force, F�, as listed in
Table 1, also reveals the above observation.

Another observation can be made from Figs. 14–16. In the dis-
cussion of vaporization process for a liquid thread in vapor in Sec-
tion 3.1.1, it has been observed that rupture, breakup, collision, and
coalescence phenomena occur in the earlier stage of the vaporiza-
tion process. Correspondingly, the intermolecular force has a high-
er level in the earlier stage of the vaporization process, as can be
seen in Fig. 14. After molecular interaction, the molecules become
more evenly distributed and the intermolecular force diminishes.
Obviously, there are close correspondence between the molecular
interaction and the intermolecular force. In the earlier stage of
vaporization process, the molecules are closer to each other and
thus the intermolecular force has higher levels. In the same way,
when the molecules are closer to each other, there are more molec-
ular interactions. Furthermore, comparing the case of a liquid
thread in vacuum with that of a liquid thread in vapor, it has been
shown in previous sections that the former case evaporates slower.
In Section 3.1.2, it has been observed that for a liquid thread in vac-
uum, rupture, breakup, collision, and coalescence phenomena
occur later, as compared to the case of a liquid thread in vapor. This
corresponds to a higher level of intermolecular force persisting a
longer time, as can be seen from Figs. 15 and 16. The evolution
of density uniformity factor for liquid threads in vacuum, as shown
in Figs. 12 and 13, also reveals this tendency.

3.4. Stability analysis

The linear stability of a liquid jet was first studied by Rayleigh
[23]. A liquid thread of Radius R is unstable and will break up into
drops to minimize the surface energy if the axial wavelength of the
surface perturbation L = 2pR. If L < 2pR, the thread is stable and
will remain intact. Before breakup, liquid is collected into large
bulbs that are connected by thin liquid filaments. The filaments
pinch off at the two ends to form satellite droplets [9]. Owing to
the periodic boundary conditions in this study, the fundamental
cell size L* can be regarded as the longest wavelength of the pertur-
bation. Because L* = 2pR* for all the cases studied in this research,
the liquid threads are all unstable and ultimately break up, as dis-
cussed in previous sections. This agrees with Rayleigh’s stability
criterion of liquid threads.

4. Conclusions

In this study, the vaporization process of a liquid thread is
investigated by MD simulation with periodic boundary conditions
applied in all three directions. The present analysis focuses not
only on the liquid particle formation but also on its subsequent
evolution, which involves breakup, collision, and coalescence of
the liquid particles. These phenomena play important roles in the
entire vaporization process. The present study provides a detailed
illustration for the vaporization process of a liquid thread and is
helpful to the understanding of the liquid atomization process. It
is found that a thicker liquid thread ruptures from its two ends
only, i.e. the top and bottom surfaces of the fundamental cell;
while a thinner liquid thread ruptures not only from its two ends
but also from the interior of the fundamental cell. Both primary
and secondary atomization occur for thicker liquid threads; while
for thinner liquid threads, only primary atomization occurs. Sec-
ondary atomization is less pronounced for liquid threads in vac-
uum. A liquid thread in vapor ruptures earlier and produces
more liquid particles than a corresponding liquid thread in vac-
uum. In addition, a liquid thread in vapor evaporates faster than
a corresponding liquid thread in vacuum. A thinner liquid thread
in vapor evaporates faster than a thicker one; while a thinner
liquid thread in vacuum does not necessarily evaporate faster than
a thicker one. Finally, the result of this research reveals that Ray-
leigh’s stability criterion holds down to the molecular scale.
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