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Molecular dynamics of rupture phenomena in a liquid thread
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~Received 23 December 1997; revised manuscript received 4 May 1998!

The interfacial motions of a liquid thread with nanometer-order diameter are numerically analyzed by the
use of molecular dynamics simulations of up to 10 278 Lennard-Jones molecules in three dimensions. The
rupture phenomena in a liquid thread and the formation process of ultrafine liquid particles are successfully
simulated for various conditions. The numerical results of the interfacial phenomena in the liquid thread, which
include the unstable wave motion and the rupture time, are quantitatively compared with the theoretical results
based on the classical linear instability theories. Consequently, it is found that the numerical results of wave-
length are in reasonable agreement with those obtained using the inviscid linear instability theory. The results
obtained here, which are concerned with the rupture of ultrafine liquid thread, will provide fundamental
information on the liquid atomization phenomena from a microscopic viewpoint.@S1063-651X~98!08309-3#

PACS number~s!: 47.20.Ma, 47.20.Dr, 47.11.1j, 02.70.Ns
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I. INTRODUCTION

Liquid atomization and spray systems have received c
siderable attention because of their wide range of appl
tions, e.g., for power, propulsion, heat/mass exchange,
material processing industries. Although the accumulation
fundamental information regarding liquid atomization
strongly required, the phenomena are extremely complex
are not fully investigated from the viewpoint of fluid dy
namical analogy. Difficulties in the investigation arise due
the rupture phenomena in the continuous liquid@1#. There
exist a large number of theoretical works on the analogy
atomization phenomena based on the instability theory s
as the well-known Rayleigh instability@2# or on the numeri-
cal simulation technique by the use of a MAC method@3#.
These works have been effective for the rough estimation
the macroscopic flow mechanism of atomization and the
uid particle size produced. However, their treatments are
ited to the macroscale phenomena such as the interfa
wave motion in the continuous liquid. It should be noted th
the rupture phenomena in the continuous liquid, e.g.,
formation process of liquid particles by the torn-off liqu
thread, are mainly governed by the molecular force and c
not be treated by the continuum dynamics such as Nav
Stokes equations. The lack of microscopic fundamen
knowledge of the rupture phenomena is a major hindranc
the further advancement of the research of not only liq
atomization but also fluid interfacial motions. Although th
molecular dynamics simulations technique should be hig
effective, there exist only a few works on fluid interfaci
motion with regard to the liquid atomization phenome
@4,5# because the molecular dynamics simulations req
extremely large computations. From the viewpoint of t
physical interests and the engineering applications, theo
cal analysis using a simplified model of the rupture pheno
ena based on molecular dynamics is essential and remai
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be performed as the latest frontier of fluid mechanics
search.

The present research focuses on the unstable motion
vapor-liquid interface in a circular liquid thread, which is th
most basic and important phenomenon in liquid atomizati
The behavior of the interface and the rupture phenomen
the liquid thread with nm-order diameter are numerica
studied by the use of molecular dynamics simulations of 6
to 10 278 Lennard-Jones molecules in three dimensio
Consequently, the rupture of the liquid thread and the form
tion process of ultrafine liquid particles are successfu
simulated. Furthermore, the present numerical results of
interfacial phenomena, which consist of the unstable w
motion on the liquid thread interface and the rupture time
the thread, are compared with the analytical results base
the well-known instability theories. The validity of applyin
molecular dynamics simulations to the liquid interfacial ph
nomena is also discussed in detail. The present research
provide further information on the rupture phenomena in
liquid thread and useful suggestions for future research
the fluid interfacial motions such as the liquid atomization

II. PROCEDURE FOR MOLECULAR
DYNAMICS SIMULATIONS

The basic equations and the computational procedure
based on typical molecular dynamics simulations@6#. The
Lennard-Jones 12-6 potentialf is used as

f~r !54«F S s

r D 12

2S s

r D 6G , ~1!

where r denotes the distance between two molecules,
where the parameters« and s denote the representativ
scales of energy and length, respectively. The molecular
namics simulations were performed using a number of m
ecules placed initially in a cubical box termed a fundamen
cell with periodic boundary conditions in all three dime
sions. To prevent anO(M2) computation due to interaction
between all pairs of molecules, the potential was cut off a
distancer 52.5s, whereM denotes the molecular number.
4468 © 1998 The American Physical Society
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minimum image convention technique and a standard ne
bor list to keep track of which molecules were actually
teracting at a given time interval 0.1t were used, wheret
5Ams2/48« denotes the representative time scale and
massm of the molecule is taken as the representative m
scale. The computational time was close toO(M ). Under the
simulation techniques described above, the motion of
molecules was obtained by the use of a leapfrog algori
with a time step of 0.001t. As the initial conditions, the
molecules in a vapor phase were distributed in a fundame
cell and the molecules in a liquid phase were distribu
within the cylindrical region, which corresponded to the li
uid thread by the use of random numbers. The cylindri
region was set in the center of the cell. The initial velocit
of molecules were decided by the use of normal rand
numbers, so that the velocity of each molecule had a M
well distribution. The achievement of the equilibrium sta
was confirmed by obtaining the radial distribution functi
and by observing the temperature of the system. The ag
ments of the thermal properties such as critical point of
Lennard-Jones fluid between the results based on the pre

FIG. 1. Unstable motion of the vapor-liquid interface in th
liquid thread atL* 5120, R* 53, T* 50.75, rL* 50.819, andrV*
50.0031: ~1! t* 560; ~2! t* 5120; ~3! t* 5180; ~4! t* 5240; ~5!
t* 5300.
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simulation code developed here and previous ones@7# were
confirmed, which are omitted here.

III. RESULTS AND DISCUSSION

A. Unstable motion of vapor-liquid interface

The interfacial motions of the liquid thread are discuss
in the case of the temperatureT* 50.75, liquid densityrL*
50.819 and vapor densityrV* 50.0031, where superscrip
* denotes the dimensionless value. These dimensionless
ues correspond toT570.0 K, rL51223 kg/m3, and rV
54.63 kg/m3 in argon. Here, in the case of argon, the para
eters s53.54310210 m, «/kB593.3 K, and m56.64
310226 kg are used@8#, where kB51.38310223 J/K de-
notes Boltzmann constant. The computational conditions
T* , rL* , andrV* were chosen considering the phase diagr
of the Lennard-Jones fluids. That is,T* was set at a value
higher than the triple point temperature@7#. The valuesrL*
andrV* were set to be the liquid density and vapor dens
respectively, in the coexistence properties for the Lenna
Jones fluids@9#. In the present research, the number of m
ecules, cell volume, and temperature of the system were
to be constant.

Figure 1 shows the unstable motion of the vapor-liqu
interface in the liquid thread at the fundamental cell leng
L* 5120 and initial liquid thread radiusR* 53, where t*
denotes the time. Cartesian coordinates~x,y,z! are used. In
Fig. 1, the dimensionless values correspond toL542.5 nm,
R51.06 nm, and 60t522.0 ps in argon. The dot in Fig. 1
indicates the center of the molecule. The viewing point
moved so that the center of mass of all the molecules in
fundamental cell coincides at the center of the cell. It w
confirmed, by obtaining the radial distribution function, th
the thread maintained a liquid state and the ambience h
vapor state, and that they had already reached the equ
rium state beforet* 510. From Fig. 1, it is found that the
unstable motion of the liquid thread interface is alrea
present att* 560, the rupture of the liquid thread occu
from t* 5120 to 180, and finally, the molecules begin
form ultrafine liquid particles by the contraction motion

FIG. 2. Dimensionless local densityrE* distribution in the fun-
damental cell atL* 5120, R* 53, T* 50.75, rL* 50.819, andrV*
50.0031.
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molecules in the axial direction of the liquid thread aftert*
5180. An explicit perturbation on the vapor-liquid interfac
in the liquid thread is not imposed. Note that multiple liqu
particles are formed in the fundamental cell. In previo
simulations of the rupture of liquid thread@5#, only one liq-
uid particle was formed in the cell. In the molecular dyna
ics simulations using periodic boundary conditions, t
wavelength in the vapor-liquid interface in the liquid threa
which corresponds to the particles size and the particle n
ber in the fundamental cell, must be independent of the
length. To investigate the dynamical analogy in the mic
scale atomization phenomena, a relatively large fundame
cell length in comparison with the wavelength in the vap
liquid interface in the liquid thread is needed. If the contra
tion velocity of the liquid thread in the axial direction, im
mediately after the rupture, is relatively large and t
fundamental cell length is relatively small, there is a hi
possibility of the formation of only one liquid particle in th
cell by the simulation technique with the periodic bounda
conditions. The dimensional velocityV of contraction mo-
tion in the axial direction of the liquid thread is 48.3 m/s
t* 5180 and 145 m/s att* 5300 in argon. The velocityV

FIG. 3. Unstable motion of the vapor-liquid interface in th
liquid thread atL* 5120, R* 52, T* 50.75, rL* 50.819, andrV*
50.0031: ~1! t* 530; ~2! t* 560; ~3! t* 590; ~4! t* 5120; ~5!
t* 5150.
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increases with time. It can be said, from Fig. 1, that t
atomization process in the liquid thread is successfully sim
lated.

Figure 2 shows the dimensionless local densityrE* distri-
bution in the fundamental cell at the equilibrium state, whi
is averaged in the axial direction of the liquid thread at
<t* <90. The computational conditions are the same
those in Fig. 1. Here,r 1* in Fig. 2 denotes the dimensionles
radial distance from the central axis of the liquid thread
the initial state. As shown in Fig. 2,rE* becomes large and
approaches the constant value asr 1* becomes small, which
corresponds to the liquid densityrL* , andrE* becomes small
and approaches the vapor densityrV* as r 1* becomes large.
Furthermore, the so-called interfacial layer is well simulat
in the region of about 2,r 1* ,6, which is the transient stat
between vapor and liquid from the microscopic viewpoi
The interfacial layer is an important future research sub
in the microscale fluid interfacial phenomena because
macroscopic fluid dynamical theory cannot describe the
tailed structure of the layer. BecauserE* is rapidly varied by
r 1* and due to the existence of the interfacial layer, the ex
definition of the vapor-liquid interface is difficult. In the
present research, liquid thread radiusRE* at the equilibrium
state is defined by the pointrE* 5(rL* 1rV* )/2. It is estimated
that RE* 52.45 in Fig. 2.

The case of thinner liquid thread is discussed here. Fig
3 shows the unstable motion of the vapor-liquid interface
the liquid thread atL* 5120 andR* 52. From Fig. 3, it is
seen that the rupture time decreases and the more uni
sized particles are produced in comparison with Fig. 1. T
velocity V is 96.5 m/s att* 590 in argon. Eight to nine
particles are produced owing to the small wavelength. C
lescence of the particles can be seen att* 590– 120. The
very thin liquid thread does not evanesce and the atomiza
process in the liquid thread is successfully simulated. Fr
the definition of RE* described above, it is estimated th
RE* 50.939.

B. Comparison with linear instability theories

The numerical results of wavelength in the vapor-liqu
interface and the rupture time of the liquid thread are co

FIG. 4. Comparison of the dimensionless rupture timetR* of the
liquid thread between the numerical results and the linear instab
theories.
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TABLE I. All the conditions of the present simulation, the numerical results of numberN of the ultrafine
liquid particles produced in the fundamental cell and the numerical results of dimensionless wave n
k8(5kRE) in the liquid thread interface.

L* R* M rL* rV* RE* N k8

40 2 607 0.819 0.0031 0.788 3–4 0.433
80 2 2407 0.819 0.0031 1.06 6 0.500

120 2 6587 0.819 0.0031 0.939 8–9 0.418
120 3 8124 0.819 0.0031 2.45 3 0.386
120 4 10278 0.819 0.0031 3.82 2 0.400
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pared with the results of macroscopic linear instability the
ries. In the linear instability theory@2,10#, the assumption
h5A exp(vt2ikz) is introduced, whereh denotes the dis-
placement of unstable wave on the liquid thread interfaceA
the small amplitude,v the growth rate, andk the wave num-
ber. In particular,v in inviscid fluid can be expressed as

v5F g

RE
3rL

I 1~k8!

I 0~k8!
k8~12k82!G1/2

, ~2!

whereg denotes the tension of the liquid thread interface,I n
the nth-order modified Bessel function of the first kind an
k8 the dimensionless wave number, which is made dim
sionless by the use ofRE . On the other hand,v in fluid in
the limit of high viscosity can be expressed as

v5
g

6REmL
~12k82!, ~3!

where mL denotes the liquid viscosity. The dimensionle
wave number can be written ask852pRE* N/L* in the
present research, whereN denotes the number of ultrafin
liquid particles produced in the fundamental cell. Figure
shows the rupture timetR* of the liquid thread under variou
conditions. Note that the numerical values include the ti
to the equilibrium state for the molecules initially placed
the fundamental cell to form a fluid, which is anO(1) small
time. The equationtR* 5Cv21 is used, whereA/RE is set to
be constant. Althoughg and mL can be obtained from the
microscopic viewpoint at the equilibrium state, they a
treated as constant values. All the conditions of the pres
simulation, the numerical results ofN and the numerical re
sults of k8 are shown in Table I. From Fig. 4, the resu
obtained by the instability theories agree qualitatively w
the numerical values, where the constantC is decided by the
least squares method. Koplik and Banavar@5# concluded that
the behavior of unstable motion of the liquid thread was w
described by Eq.~3!. In the present results, it is found th
the behavior of unstable motion of the liquid thread is w
described both by Eqs.~2! and~3!. However, from the engi-
neering viewpoint in the liquid atomization phenomen
there is a disadvantage in using Eq.~3!, that is, the prediction
of wave number, which is closely connected to the partic
size produced, is impossible. The inviscid theory in Eq.~2! is
suitable for the macroscopic atomization research and
-
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vides the useful suggestion that the most unstable wave
k850.697, at whichv takes the largest value, has be
thought to appear in the actual phenomena. This value ok8
is independent of constantC. From Table I, it is found that
the numerical results ofk8 are almost constant and not ve
far from the value of 0.697 in spite of the different approa
in the interfacial dynamics. Precisely speaking, all the n
merical values are smaller than the value of 0.697.

IV. CONCLUSIONS

The rupture phenomena in a liquid thread with nm-ord
diameter are studied by the use of three-dimensional mole
lar dynamics simulations in the Lennard-Jones potential. T
main features of the present research are as follows.

~1! The atomization phenomena in the liquid threa
which consist of the unstable wave motion on the vap
liquid interface, the interface rupture, the axial contracti
motion of the torn-off liquid thread and the formation o
liquid particles, are successfully simulated for various con
tions. The local density distribution and the structure of t
interfacial layer in the liquid thread are investigated quan
tatively from the microscopic viewpoint.

~2! Comparisons of the rupture time between the pres
results and the macro-scale linear instability theories
made in detail. It is found that the numerical results of ru
ture time agree qualitatively both with the highly visc
theory and the inviscid theory.

~3! The numerical results of wave number are in go
quantitative agreement with the well-known inviscid line
instability theory because the dimensionless wave num
has an almost constant value of 0.386–0.500, where the
viscid linear instability theory results in the value of 0.69
This result provides the validity of applying the molecul
dynamics simulations to the fluid interfacial phenomena s
as the liquid atomization.
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