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ABSTRACT  The heterogeneous nucleation  of  liquid drepLet on  a  solid  surface  was  simulated  with  the

molecular  dynamics method.  Argon  vapor  was  represented  by 5760 Lennard-Jones molecules  and  the solid

surface  was  represented  by one  layer of  l020 harmonic molecules  with  the constant  temperature  heat bath model
using  the phantom mo]ecules.  The potential parameter between solid  molecule  and  vapor  molecule  was  changed

to reproduce  various  surface  wetabi]ities. After the equilibrium  condition  at 160 K  was  obtained, temperature  of

the solid  surface  was  suddenly  set  to 1OO K  or  80 K  by the phantom  molecuLe  method.  The observed  nucleation

rate, critical nucleus  size and  free energy  needed  for cluster  formation were  not  much  different from the

prediction of  the classical  heterogeneous nucleation  theory  in case  of  sma]]er  cooling  rate. The difference
became  considerable  with  the increase in cooling  rate  and  with  increase in surface  wettability  because ofthe
spatial  temperature  distribution,
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1.NOMENCLATURE

c(n):

 Jfi

  J:
  k:
  kH:
  m:

  n:

  Ro:.
 r:

  rc:

  s:
  z7L'att:

ata91,':n.:ap:aq･:

Number  distribution function ofclusters
Function in classical  heterogeneous nucleation  theory

Nucleation rate,  crn'2s'i

Spring constant,  N/m
Boltzmann constant,  JIK
Mass, kgCIuster

 size

Distance between nearest  neighbor  molecUles,  m

Radius or  distance between two  molecules,  m

Cutoff radius,  m

Supersaturation ratio

Temperature, K
Set temperature ofphantom  molecules,  K

Greek Symbols

a: Damping  factor, kgts

AG:  Free energy  needed  for cluster  formation, J

At: Timestep,s
a  Energy parameter of  Lennard-Jones potential,
4gtllu,: Depth ofintegrated  effective  surface  potential                '

J

                                  ,J

Potential function, j

Shifted Lennard-Jones potential function, J

Surface tension ofLiquid  vapor  interface, Nlm

Contact angle,  rad

Number density, m']

Length parameter of  Lennard-Jones potential, m

Standard deviation ofexciting  force, N

Subscriptsandsuperscripts

'

AR:ave:e:INT:1:s:sim:th:*:ArgenAyerage
 over  nuc]eation  period

Saturated vapor
Interaction between argon  and  solid  motecules

LiquidSolid
 molecule

Simulation
Classicalnucleationtheory
Criticainucleus

2. INTRODUCTION

     The liquid droplet nucleation  on  a solid  surface is
very  important phenomena  from the viewpoint  of  the

dropwise condensation  theory, and  is also  very  interesting

phenomena  related  to the  nanotechnology  such  as  the

quantum dot generation. We  simulated  the equilibrium

 liquid droplet on  the solid  surface by the molecular

dynamics method,  and  have clarified  the relationship

between potential parameter ofmolecules  and  macroscopic

quantities such  as  contact  angle  [1]. In addition,  we  have
carried  out  the molecular  dynamics simulation  on  the

bubble nucleation  process on  the solid  surface  [2]. In the
meantime,  direct moLecular  dynamics simulations  of  the

homogeneous  nucleation  process were  performed by

/
 Yasuoka et  al. for the Lennard-Jones fluid [3] and  water  [4],
and  a large discrepancy from the c]assical nucieation  theory
Was reported.  Here, the heterogeneous nucleation  of liquid
droplet on  solid surface was  directly simulated  by the

mo]ecular  dynamics method  and  the nuc]eation  rate was

compared  with  the  classical'nucleation  theory.

3 -295



The Japan Society of Mechanical Engineers

NII-Electronic Library Service

TheJapanSociety  ofMechanicalEngineers

E[oovcytr

Figure 1  Simulationsystem

mo]ecules  Ro  =  2.77× 10-iO m,  and  the spring constant  k =

46.8 N/m  from the physical properties of  solid  platinum
crystal.  We  have controlled  the temperature  of  the  soJid

surface  by arranging  a layer of phantom molecules  beneath
the `real'

 surface  molecules.  The phantom molecules

modeled  the infinitely wide  bulk solid kept at a constant

temperature  Z,." with  proper heat conduction

characteristics [6, 7]. In practice, a solid molecule  was

connected  with  a phantom mo]ecule  with  a spring of2k  in
vertical  direction and  springs  of  O.5k in two  horizontal
directions, Then, a  phantom mo]ecule  was  connected  to the

fixed frame with  a  spring  of  2k and  a  damper of  a  
=

s.lg4xlO'i2 kgts in yertica]  direction and  springs  of  3.5k
and  dampers of  a  in two  horizontal directions, A  phantom
molecule  was  further excited  by the random  force in

gaussian distribution with  the standard  deviation

3. SIMULATgON  METHOD
al,  

--2ctk,TAt (3)

     As shown  in Figure .1, vapor  argon  consisted  of576e

molecules  in contact  with  plane solid  surface  was  prepared.
The potential between argon  molecules  was  represented  by
the we]1-known  Lennard Jones (121'6) function as

ip(r)= 4E((ar)
ii-(ar) 6

1 (1)

where  the length sca]e  qR  = 3.40x1O'ie m,  energy  sca]e  &R
=  1.67× 1O'2i J, and  mass  mAR  =  6,63× lO'!6 kg. We  used  the

potential cut-off  at 3.5qgR with  the shift  of  the function for
the continuous  decay [5].

ips, (r)- 4e[((;)
['

 .(;)
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]
        +l6(f,)

]i-,(f) e

l(
        

-i,(;,)
''-,(flL) 6

1]
rrct)

i

(2)

     The solid surface  was  represented  by one  layer of

1020 hanmonic molecules  in fec (11 1) surface. Here, we  set

as:  mass  ms  =:  3.24xle'27 kg, distance of  nearest  neighbor

where  kB is Boltzmann constantl'  This technique  mimicked

the constant  temperature  heat bath, which  conducted  heat
from and  to 

Lrea]i
 surface  molecu]es  as  ifa bulk solid  Svas

connected.

     The potential between argon  and  solid  molecule  was

also  represented  by the Lennard-Jones potential function.

The length scale of the interaction potential o7N7･ Was kept
constant  as  3.08SxlO'iO m.  This value  that should  be
another  parameter of  solid-fluid  interaction, was

temporarily  fixed as (qgit+Ro)12 as Refl [l]. In our  preyious
study  on  the liquid droplet on  the surface  [1], we  have
found that the depth of  the integrated etTective  surface

potential

Es"nv"  
=4Vin

 siN7･a;,vr

5R,i
(4)

was  directly related  to the contact  angle  of  the surface.

Hence, we  used.various  energy  scale  parameters &N7･ as

shown  in fable 1 to change  the wettability.

     The classical momentum  equation  was  integrated by
the Verlet's leap-frog method  with  the time  step  of5  fs. As
an initial condition, an argon  fec crystal was  placecl at the
center  of  the calculation domain. We  used  the

velocity-scaling  temperature-contro]  directly to d'rgon
mo]ecules  for initial 1OO ps. Then. switching  off  the direct
temperature  control,  the system  was  run  for 500 ps with  i.he
temperature  control only  from the phantom molecules  until

Rible 1Calculationconditions.

LabelEJN7･[
×lo-2iJ]e[deg]Ti,･all[K]Tai'e[K]

L(VtM[cm-2s'i]J,h[cm'2s'i]

El O.426135.41OO1086.52xlo204.86xro2i

E2 O.612105.81001143.45xlo2]4.47.lo2]

E3 O.79887,O1001205.76xlo2]5.54.lo20
El-LO.426135.4801113.96 × lo2t2,23xlo2E

E2-LO.612105.8801261.41x1o?2(10-]34)

E3-LO.79887.0801292.96 × lo2!N-A
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Figure 2 Variations ofpressure,  temperature,  number  of

 monomer  and  maximum  cluster  size  for the case  of  E2.

the equilibrium  argon  vapor  was  achieyed.  After the

equMbriurn  condition  at 160 K  was  obtained, the set

temperature of  phantom  Z,,.ii was  suddenly  lowered to
100K  or 80 K, and  the system  was  coo]ed  from the solid

surface.  The supersaturation  ratio

   ps=

   Pe
(5)

(a) 500 ps

(c) 1OOO ps

(e) 1500 ps

Figure  3

(b) 750 ps

(d) 12SO ps

(D 1750 ps

Snapshots ofnuc]eation  process for E2.

was  evaluated  to be about  6 and  40 at this stage,

respectively.

4. RESU  EJTS AND  D]SCUSSIONS

    Variations of  argon  temperature  and  pressure in

response  to the wall  temperature  change  for E2 in Tlable l
are  shown  in top panel of  Figure 2. Here,  we  define the
"cluster]"

 as  a  interconnecting group of  mo]ecu]es  whose

intermolecular distances are  less than  1.2qit. Change  in
number  of  monomer  and  maximum  cluster  size  are  plotted
in Figure 2. In order  to clarify  the sensitivity  to the

threshold value  ofcluster  definition, the  fo11owing analyses

were  performed for another  threshold  yalue  1.5{ziR. As a

result,  no  substantial  differences were  observed.  After 500

ps from the start of  the ca]culation, solid  surface  was

rapidly  cooled  by the temperature  control  of  phantom
molecules,  and  the temperature  of  argon  gradually
decreased afterward,  then the formation and  growth of

clusters  were  recorded.

    In Figure 3, the snapshots  of  nucleation  process for
E2 are  shown.  Here, for clarity, only  the clusters  made  of

more  than 5 molecules  are  shown.  Initial small  c]usters

appeared  and  disappeared randomly  in space.  Then larger
clusters  grew  preferentially near  the  surface.  Some  of

largest clusters near  the surface  continued  to grow until the
end  of  the simulation.  On  the other  hand, for the  less
wettable  condition  E1 in Figure 4, relatively  large clusters

grew  without  the he]p of  surface,  similar  to homogeneous

aotsgy

s&
    s%rw

(a) 500 ps

(c) 1500 ps

(e) 2500  ps

Figure 4

(b) 1000 ps

(d) 2000 ps

(f) 3QOO ps

Snapshots ofnucleation  process for E1,
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nucleation.

     The cluster  size  distributions c(n)  for several

instances (short-time average)  are  shown  in Figure 5. Here,
"On

 Surface" denotes that the distance between the surface

and  the nearest  molecule  ofa  cluster  is smaller  than  1 .2 qNr.
Compared to the natural  equilibrium  distribution in Figure
5 (a), constant  amount  of increase of  distribution fbr the
size  range  beyond n  

=
 1O can  be conceived.  The cluster size

distributien in the  range  1 <  n  <  20 seemed  to keep the
same  structure  after  1000 ps, it is also  observed  that, most

ofclusters  beyond n  >  1O are  principally on  surface  for this
wettability  E2. The  spikes  in the 1arger c]uster  size  range

are  due to small  number  of  clusters  further grew ftom this

quasi-equi]ibrium distribution in the range  1 <  n  <20.

     The variations  of  the numbers  ofclusters  larger than
some  thresholds are shown  in Figure 6 as  in the sarne

manner  as  the  results  of  homogeneous  nucleation  by
Yasuoka et al. [3]. Dashed lines were  fitted to the linear part
ofeach  increasing curye  by the  least squares  method.  These
lines are  almost  parallel for the thresholds of  over  20 or  30
and  it shows  that the c]usters  exceeded  that size  keep to

grow stably. The decay after linear increase was  because of
the coalescence  of  ]arge clusters due to the ]imited
calculation  domain size. It was  proposed that the nucleation
rate  is estimated  from the gradients ofthese  fitted lines [3].
Nucleation rate  estimated  from the average  gradient oflines

over  30, 40 and  50 becomes J.. = 3.4sxlo2i cm'2s'].

    On  the other  hand, in the c]assical  nucleation  theory,

nucleation  rate  lh of  the  heterogeneous nucleation  on  the

smooth  solid  surface  is expressed  as  fo11ows.

J,h =Pi

 P  1-cosO

J
f=i
   4AG'

 =

  2

le-3cos0+cos3e)
   16ntjf

2rhmnf   ( AG'
eXPL-

 k,T

3(p,k,TlnS)i

) (6)

Using the average  temperature  7la,. and  vapor  density p  in
the period from 1OOO ps to 1500 ps in which  the number  of

c]usters  changed  iinearly in Figure 6, the nuc]eation  rate

was  calculated to be -h =  4.47× 10?i cm'2s']. Here, the
values  ofthe  saturated  vapor  density pu and  liquid density

D  were  calculated  from the equation  of  state  of

Lennard-Jones fluid [8], and  that of  surface  tension  of

liquid vapor  interface n. was  emp]oyed  from physical
property of  argon.  Furthermore, the  contact  ang)e  for each
surface  condition  was  estimated  from ouF  equilibrium

simulation  results  [1]. The  nucleation  rate  calculated  from
this simulation  agreed  with  the  ctassical  nucleation  theory

very  well  in clear contrast to the  7 orders ofdifference  for
the homogeneeus nucleation  by Yasuoka et al. [3]. The
critical  cluster  size  in the ctassical  nucleation  theory  is

given in the fo]lowing equation.

n'  =32ayif

3p,'(k.TlnS)i
(7)

It was  calculated  to be l6.5 in the  case  of  E2. In this

simulation,  it was  estimated  to about  20 from the change  of

the gradients ofthe  lines in Figure 6, and  the agreement  was

reasonable.

     Cluster size  distribution in the range  smaHer  than the

critical  nuc]eus  n'  is given in following equation  in the
c]assicaltheory.

c(n)-  pg  exp(-  ,",G,) (8)

The open  circles  in Figure 7 shows  the free energy  needed

for cluster  formation AG  calculated  using  Eq. (8), from the
average  cluster distribution c(n)  such  as in Fig, 5 in the
period in which  clusters  were  stably  forming. The solid  line
shows  AG  given in the heterogeneous nucleation  theory as

fo11ows.

cohi62o-oL

¢

DE=z

40

20

o40

20

o40

20

o
10 20
    ClusterSizertoo

1

og
  thrt
 -=
  o
  6
   hio2I

 Z]

o

cots6-=o66DE=z

12

8

4

gyo4000 1500  2000

      Time  [ps]
2500

Figure 5 Clusters distribution for E2. Number  of  clusters

         is average  number  ofscenes  for 1OO ps.
Figure 6 Variations ofnumber  ofclusters  targer

        than a  threshold for E2  (short-time average).
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Figure 7Cluster  formation free energy  for different temperature  and  yarious wettability  (see Table 1 for the labels E1,E2,...).
Circle and  triangle symbo]s  represent  the estimation  with  Eq. (8) for "On  Surface" and  

"Other",

 respectively.

So]id and  broken lines represent  corresponding  classica]  nucleation  theory.

AG=(4m･il.gm･]p,k,TlnS)f,  n=gnr]p,f  (9)

Triangles and  broken lines show  AG  calculated from cluster
distribution far from solid  surface  and  from the classical

homogeneous  nucleation  theory, respectively.  Considering
that Eq, (8) is effective  only  in the  size  range  smalter  than

the critical  nucleus  where  AG  is maximum  in Eq, (9), it can
be observed  that AG  from heterogeneous nucleation  theory

and  from cluster  distribution in contacted  with  solid  surface

almost  agree  for the simulations  in which  the set

temperature  of  the solid  surface  Z,.it was  higher (100 K),
Furthermore, AG  from homogeneous  nucleation  theory  and

from cluster  distribution far from the surface agreed  well,

though  AG  of  simulation  was  s]ightly largen The similar

comparison  of  free energy  by Yasuoka et al. [3] showed  the

remarkable  difference in the simulation  results  from the

c]assicaltheory.

     On the other hand, for the simulations  in which  Z..n
was  lower (80 K), the difTerence between simulation  and

theory increased in E2-L and  E3-L, though  it almost  agreed

in El-L whose  surface  was  less wettable.  Actually the

theoretical value  of  the nucteation  rate  Jlh for E2-L  was

extremeLy  small  va]ue  and  the classicaL  theory  predicts no

nuc]eation for the case  ofE3-Lwith  the  supersaturation  ratio

ofO.87.  This discrepancy was  because ofthe  steep  vertical

temperature  distribution in our  simulations.  The vertica]

temperature  distributions in the period in which  clusters

were  stably  forming were  calcutated  as shown･in  Figure 8.
Considerably large temperature  gradient has been given in
E2-L and  E3-L  in which  71..ti was  lower and  thermal

mY-oL]-tuLoaEoF
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50z
 [A]1OO

150

Temperaturedistributionduringnucleation

         period.

boundary resistance  [9] between liquid and  so]id  surface

was  smaller  than E1, E2  and  E1-L. It can  be understood  that

the  difference from the classicat  nucleatien  theory  tended  to

increase with  the increase in the cooling  rate  because ofthe
spatiai temperature  distribution.

5. CONCLUSION

     We  have successfu11y demonstrated the nucleation  of

3-dimensional liquid droplet on  the solid  surface  using  the

molecular  dynamics method.  Obtained nucleation  rate,
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the critical  nucleus  size  and  free energy  needed  for cluster
forrnation almost  agreed  with  classical  heterogeneous

theory in case  that cooling  rate was  smaller  or the solid
surface  was  less wettable.  Because of  the spatial

temperature  distribution, the difTerence became  Iarger with
the increase in cooiing  rate  and  surface  wettability,

6. ACKNOWLEGEMENT

     Part ofthis  work  was  supported  by Grand-in-Aid for

Scientific Research (B) (No. 124SO082) from the Ministry
of  Education, Science, Sports and  Culture, Japan.

7. REFERENCES

L

2.

3.

Maruyama,  S., Kurashige, T., Matsumoto, S.,
Yamaguchi, Y  and  Kimura, T., Liquid Droplet in
Contact with  a Solid Surface, Microsca]e
Thermophysical Engineering, Vbl. 2, No. 1 (1998), pp.
49-62.Maruyama,

 S, and  Kimura, T., A  Molecular Dynamics
Simulation of  a  Bubble Nucleation on  Solid Surface,
International Journal ofHeat  &  Technology, Nlol. 18, No.
1 (2000), pp. 69-74.
Yasuoka, K. and  Matsumoto, M., Mo]ecular Dynamics
of  Homogeneous  Nucleation in the Vtapor Phase. I.

   Lenard-Jones Fluid, Journal of ChemicaL Physics, Nlo1.

   109, No. 19 (199g), pp. 8451-8462.
4. Yasuoka,  K  and  Matsumoto, M., Molecular Dynamics

   of  Homogeneous  Nucleation in the Vapoti Phase. II.

   Water, Journal of  Chemical Physics, Vbl. 109, No, 19

   (1998), pp. 8463-8470.
5. Stoddard, S. D. and  Ford, J., Numerical  Experiments on

   the Stochastic Behayior ofa  Lennard-Jones Gas System,

   Physical Review A, VbL  8 (1973), pp. l504-1512.
6. Tully, j. C., Dynamics  of  Gas-Surface Interactions: 3D

   Generalized Langevin Model  AppLied to fec and  bcc

   Surfaces, Journal of  Chemical Physics, Vbl. 73, No. 4

   (1980),pp.197S-1985.
7. BIOmer,'J. and  Beytich, A. E., Molecular Dynamics

   Simulation of  Energy Accommodation  of  Internal and

   Translational Degrees of  Freedom  at Gas-Surface

   Interfaces, Surface Science, Vbl. 423 (1999),
   pp.127-133.'
8. Nico]as, j. J., Gubbins, K. E., Streett, W. B. and

   Tildesley, D, J., Equation of  State for the Lennard-Jones
   Fluid, Molecular Physics, Vbl. 37, No. 5 (1979), pp.
   1429-1454.
9. Maruyama,  S. and  Kimura, T., A  Study on  Thermal

   Resistance over  a  Solid-Liquid ]nterface by the

   Molecular Dynamics  Method, ThermaL Science

   Engineering, Vbl. 7, No. 1 (1999), pp. 63-68.

'

3 -300


