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A large-scale molecular dynamics (MD) simulation was
done to investigate the effects of surface adsorption on a
bubble moving in a uniform force field. The liquid
consists of 2,00,000 Lennard-Jones particles, and surfac-
tants are newly modeled as two sites of Lennard-Jones
type combined with a hard harmonic spring. In pure
liquid, the flow around the bubble has some finite
velocity on the bubble surface, which is consistent with
the slip boundary condition assumed in continuum fluid
mechanics, and the terminal velocity of the bubble agrees
well with the theoretical prediction. When sufficient
amount of surfactants are adsorbed on the bubble
surface, no flow is observed on the bubble surface as
expected, and the terminal velocity drastically decreases.
The adsorbed surfactants are transported on the bubble
surface and pile up on the rear end of the bubble.

Keywords: Bubble dynamics; Molecular dynamics; Surface
adsorption; Micelle

INTRODUCTION

Bubble motions in liquid are strongly affected by the
properties of the bubble surface. A small bubble
(typically 1-100 pm in diameter) rising in the
gravitation is a simple example. Several seconds
after the release, it rises with a constant velocity
depending on its size; however, when small amount
of alcohol or detergent is added, the velocity
drastically decreases. This phenomenon is caused
by adsorption on the bubble surface where the
adsorbed molecules change the flow near the bubble.
Experimental and theoretical studies have been done
thoroughly [1,2], and recent numerical calculations
based on fluid mechanics successfully trace the
dynamic behaviors of bubbles [3,4]; recent progress
is reviewed in Ref. [5]. However, from molecular
points of view, properties of adsorbed species, such
as the rates of adsorption and desorption, diffusion
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in bulk liquid and on bubble surface, and adsorbed
states in detail, are drastically simplified. There still
exists a wide gap between molecular properties of
adsorbents and the bubble dynamics based on
continuum, or hydrodynamic, models.

We have been trying to examine the effects of
surface adsorption on bubble dynamics by using
direct molecular dynamics (MD) simulations. In this
paper, the first simulation of a rising bubble is
reported. Although the system size is very much
limited when compared with continuum models, we
can examine the flow around the bubble in detail
without assumptions about molecular motions.
In order to do efficient MD simulations, we first
develop a simple adsorbent (surfactant) model in
section “Surfactant Model”. Some technical details
about the main MD simulation are described in
section “Simulation of a Rising Bubble”. Results are
shown in 4th section, in some comparison with
results of fluid dynamics.

SURFACTANT MODEL

Surfactant molecules in general are amphiphilic, i.e.
have both hydrophilic and hydrophobic parts.
Hydrophilic parts, such as ionic sites and hydroxyl
groups, strongly interact with water via hydrogen
bonds, whereas hydrophobic parts such as hydro-
carbon chains have weak interactions, causing
adsorption on vapor-liquid interface. For our
purpose to examine bubble dynamics in liquid,
such realistic interactions are too complicated, and
a simplified model is required. Many studies,
e.g. [6-9], have been reported on very simplified
models of surfactant solutions, and we adopt a
similar model.
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Our model is based on the Lennard-Jones (12-6)
interaction between i- and j-sites:

U;i(r) = 4eil(a0/M'" = (00 /7°1, 1

where 7 is the distance between the two sites, g;; is the
energy parameter depending on the combination of
the site species; for simplicity, we use the size
parameter o, independent of the species. The
interaction is truncated at r=2.50y. Also for
simplicity, each site has the same mass m,.

In our system, the solvent is monatomic liquid,
and the energy parameter between solvent particles
is chosen to be &. In the following description, we
choose my, 0y, and gy as the unit of mass, length
and energy, respectively; the unit of time is then
T = [m0/80]1/20'0. Simulations were done in a
reduced unit system. To compare the results with
realistic systems, however, argon parameters are
adopted in some descriptions; mg = 6.63 X
1072 kg, 09p=10.34%x10""m, g =1.67x1072!] (or
go/kg = 120K, where kg is the Boltzmann constant),
and 7 = 2.1x107!2s. The unit of temperature T is
€o/kg; the triple point temperature of the solvent
is T = 0.67. All simulations in this work were done at
T=07.

The surfactant model consists of two sites
(solvophilic and solvophobic) connecting with a
harmonic spring:

1
UP(r) = Sk*PI(r/o0) — (ro/ o0)%, 2)

where k °F is the spring constant and 7, is the natural
length of the spring; we adopt k*P = 400gp and rg =
2.509, which represents a hard and short spring,
roughly corresponding to an alcohol molecule with a
short hydrocarbon chain. When compared with
more realistic surfactant models such as a rod model
and a beads-and-sticks model, this two-site model is
so simple that we can save the computation time.
However, since there is no interaction between
springs and particles, the particles can freely cross
the “surfactant chain”. We expect that the static
properties such as adsorption isotherm are
little affected, but the detailed dynamics may
depend on models. In this study, however, the
adsorption is rather weak (I'~ 0.3 at most; see
below), and the “interferences” among surfactants
are not very significant.

The energy parameter &; should be properly
chosen for our simulation of a bubble with surface
adsorption so that the following conditions are met:
(1) the model surfactant has sufficient solubility, i.e. it
has a comparatively high cmc (critical micelle
concentration), and (2) it has sufficient surface
adsorption. We carried out a series of MD
simulations with NVE ensemble for a small system
(3375 particles, reduced temperature=0.7) of

TABLET Energy parameters g;; for the surfactant model

Liquid Solvophil. Solvophob.
Liquid EN
Solvophilic site 1.5¢¢ 1.5¢¢
Solvophobic site 0.3g9 0.3g9 0.5 &g

liquid—vapor interface with various sets of &;;, and
finally the set shown in Table I is chosen as suitable
parameters. Adsorption behaviors with this para-
meter set is shown in Fig. 1; the surface tension y was
calculated from the spatial integral of the diagonal
elements of the pressure tensor, and the surface
adsorption I' was estimated as the surface excess
after determining the Gibbs dividing surface [10].
Up to the bulk concentration C = 0.02, the surface
adsorption increases almost linearly with C, which
suggests there is no micelle formation in liquid.
Combined with a radial distribution analysis in
liquid, we conclude that the cmc of this model
surfactant at T=10.7 is C = 0.03, or 1.3mol/l in
argon units, which is much larger than that of typical
surfactants. The saturated value of surface adsorp-
tion is I' = 0.3, or 4 X 10"® mol/m? in argon unit.

SIMULATION OF A RISING BUBBLE

We confine solvent particles in a rectangular cell.
When the cell volume is sufficiently large, a bubble
can exist stably. Under a uniform external force field
of proper strength, the bubble begins to translate,
and reaches a steady state with some terminal
velocity. The procedure is simple in principle;
however, it brings some serious technical difficulties
when applied to an MD simulation.

First, due to limitation of the computer resources,
both the system size and the number of run steps are
limited. We carried out simulations of 2,00,000

&~ . b ]
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0.4 ; ! .
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~ 0.2 | ET
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FIGURE 1 Properties of the model surfactant; (top) surface
tension y and (bottom) surface adsorption I'. The unit is y in ggo;, 3
and I in 0} 2, respectively. The lines are a guide for the eye.
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FIGURE2 Snapshot (cross sectional view) of the bubble in liquid
with surfactants.

particles for about one million steps. For that
purpose, a parallel MD code with the message
passing interface (MPI) library was newly deve-
loped, and the simulations were done on a cluster PC
system with eight nodes; it takes about 1s per step.
The size of the simulation cell is chosen to be 58.0 X
58.0x78.005 in which a bubble of about 20.00y
(6.8nm in argon unit) in diameter is confined. Since
periodic boundary conditions (PBCs) are used for all
directions, the neighboring bubbles are 58.00y apart,
which may cause a slight interference. A snapshot is
shown in Fig. 2.

Second, due to the tiny size of the bubble, an
enormously large force field is required. A rough
estimation is as follows [4]. The Reynolds number is
defined as Re = pVd/u, where V is the bubble
velocity in still liquid, d is the bubble diameter, p and
w are the density and viscosity of the liquid,
respectively. The drag force is expressed with the
drag coefficient Cp, as (1/8)CpmpV 2d?, which should
be equal to the external force in stationary state.
In this study, we consider that the external force is
proportional to the bubble volume (like the floatation
force in the gravitational field). Thus, we obtain

1 2o A4 (d)]
gCDTrpV d —37Tap<2> , 3)

where a is the acceleration due to the external field;
the vapor density inside the bubble is neglected for

simplicity. In the case of a bubble in pure liquid
(without surface adsorption), Cp is approximated as
16/Re in low Re region. Therefore,

12uV
a=-F"

REPRVTE 4)

The bubble diameter d is so small that a huge
acceleration a should be chosen to obtain a
realistic terminal velocity V. We had to use
a=0.001ggo; 'my!, which is 7.4x 10 larger than
the normal gravitational acceleration; the shape of
the bubble was still found to be spherical and this
extreme field seems to have no artifacts on the bubble
dynamics.

Third point is concerning the PBC along the
external field (z direction). The direct driving force
for the bubble is the buoyancy, or floatation force,
which is caused by the density or pressure difference
around the bubble. When particles are freely moving
in z direction, however, such difference is never
generated; the whole system, including particles and
the bubble, simply translates along the field. There-
fore, we adopt a special boundary condition along z
direction, where particles interact each other beyond
the basic cell boundary in the same way as the
normal PBC, but they never cross the boundary; they
are just reflected there, similarly with the reflective
boundary condition. In the stationary state, a slight
density difference was formed, and the floating
motion of the bubble was successfully observed; the
density difference between the top and the bottom of
the cell was found to be within = 0.2% of the average
liquid density. Note that the normal PBC is adopted
for other directions (x and v).

The last is the limitation of the cell size along the z
direction. The bubble is initially located at the center
of the simulation cell; as the bubble translates
(or “floats”) to the z direction, however, the special
boundary described above may affect its behavior.
To overcome this difficulty, we adopt a “cut-and-
paste” technique; when the bubble comes close to
one end of the cell, we “cut” a part of the cell from
another end, and “paste” it there, after slightly
expanding the cut part according to the density
difference between the top and the bottom parts of
the cell. The detailed procedure is as follows. We
monitor the center position of the bubble during the
simulation; when the bubble translates more than a
certain threshold distance Az along the z direction
from the initial position, we cut the downstream end
region with thickness Az of the simulation cell,
expand it by factor pgown/pup along the z direction,
and paste, or joint, it to the upstream end, where
Pdown and py,, are the number density of the solution
at each end of the simulation cell. With this
procedure, we are able to trace the bubble translation
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for distance longer than the cell size. Here we
arbitrarily used Az = 20y.

Other relevant conditions are as follows. The time
integration is done by the standard leap frog
algorithm with the time step 0.0047. The number
of particles is 2,00,000; in the case of a bubble with
adsorption, 5000 model surfactants are mixed with
1,90,000 solvent particles, the concentration of which
is about 0.025. The temperature is controlled to be
0.7e0/kg only in the most upstream rectangular
region of 2.50( width by a simple velocity scaling so
that there is little disturbance on the flow around the
bubble. The particle positions and velocities were
stored every 500 steps (27p) for data analysis.

RESULTS AND DISCUSSION

In order to detect the bubble, the simulation cell is
divided into a cubic lattice of size A; = 0.20y. Each
lattice point is defined as “vacant” when there are no
particles (either solvent particles or surfactant sites)
within the distance A. = 2.00y. The bubble is defined
as a group of vacant lattice points; similarly, the
bubble surface is defined as a group of lattice points
adjacent to vacant points. Thus, the center position,
the volume, and the surface area, of the bubble are
easily estimated. We examined the bubble shape in
detail, and found that the bubble is almost spherical,
probably due to its tiny size; the relative difference
between the longest and the shortest axes is within
1% for the pure liquid system and within 10% for the
surfactant solution system; in the latter system, the
bubble is slightly collapsed along the z direction.
After 2,00,000-3,00,000 steps (800-12007,), the
system is almost in stationary state. The bubble
position along the z axis and the bubble radius
(with assuming a spherical shape) are shown in
Figs. 3 and 4. In the pure liquid system, the bubble
seems to translate with a constant velocity after
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FIGURE 3 Change of the center position (along z axis) and the
radius of the bubble in pure liquid; the dashed line shows a motion
with constant rising velocity.
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FIGURE 4 Same as Fig. 3 for the bubble with surface adsorption.

14007,. Statistical averages are taken for the period
1400-2400 7, although the bubble size continued to
increase slightly. For the surfactant solution system,
statistical average are taken for 1600-2800 7.

From the position change, the terminal velocity is
estimated as V = 0.01330'01'0_1 (211m/s in argon
unit) in the pure liquid, and 0.00420y7, ! (0.66 m/s)
in the surfactant solution; thus the surface adsorp-
tion is found to strongly suppress the bubble
translation as expected.

It may be interesting to compare this result with a
simple theoretical calculation. The Reynolds number
estimated with argon parameters (p = 1410kg/m?
and p=028x10"3Pas) is Re=3.68x107°d/0y,
where d is the bubble diameter. Since d/ o is about 20
in both systems, the flow is well in a low Reynolds
number regime and the Stokes approximation is
applicable. For a spherical bubble in incompressible
liquid, the terminal velocity is predicted [11] as

p(4\°
Vistokes = @a (E) ) ®)

where the flow slip is assumed on the bubble surface,
and the density and the viscosity of the gas in the
bubble are neglected. If we choose d/ oy = 20, it gives
Vstokes = 1.5m/s, which is slightly smaller than the
MD result, 2.1 m/s. When sufficient surface adsorp-
tion exists on the bubble surface, the drag coefficient
Cp increases to 24/Re from 16/Re, which gives 2/3
times slower Vokes. If we similarly choose d/oy =
20, it predicts Vgiokes = 1.0m/s, which is much larger
than the MD result, 0.66m/s. As described later,
there is some arbitrariness in the choice of d/oy.
However, the large discrepancy in the case of
surfactant solution is probably due to the system
size limit, i.e. the interference between bubbles in the
neighboring cells. The thickness of the boundary
layer 6 around a solid sphere is useful to
demonstrate it. In an incompressible viscous fluid,
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FIGURE 5 Velocity field around the bubble in pure liquid (in
cylindrical coordinates). Solid curve roughly shows the bubble
surface.

it is estimated as [11]

5 ud
~3 p—v 6)

In our system of surfactant solution, 6 is found to be
1700y, much larger than the cell size 580y; thus the
flow around the bubble cannot develop well, and the
velocity is suppressed. Note that there exists no clear
boundary layer in the case of a bubble in pure liquid
where the flow slips on the bubble surface.

The detailed flow pattern and the density profiles
are examined by taking spatial and temporal
average, where we assume a rotational symmetry
around the z axis penetrating the bubble center. The
results are shown in Figs. 5-6 for the pure liquid
system and in Figs. 7-8 for the surfactant solution.
As expected, the flow continuously exists, or slips, on
the bubble surface in pure liquid. From the contour
of solvent density, the averaged bubble surface has
some width, similarly to a flat surface [10]; therefore,
it is hard to exactly determine the size of a tiny
bubble. A simple definition gives the radius ~9.50y
(in Fig. 3), but the flow as far as 120, may be affected.
In the case of surfactant solution, the flow pattern is
very disturbed, and the flow speed is almost zero
near the bubble surface, which is a strong evidence of

-—— External Field In Pure Liguid
Solvent
L 9L (Solvent) 4
0.3 ~mm
- 115
" 0.4 -
- 110
- ' 156
. i s 0

20-15-10 -5 0 5 10 156 20
z

FIGURE 6 Contour of liquid density around the bubble in pure
liquid (in cylindrical coordinates).
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FIGURE 7 Same as Fig. 5 for the bubble with surface adsorption;
the arrows are magnified twice than in Fig. 5.

retardation by the surfactant adsorption. Solvent
distribution is almost the same as in pure liquid, but
the surfactant distribution shows a non-uniform
pattern; the surfactants are piled up on the rear
(downstream) end of the bubble surface. This
roughly corresponds to the “stagnant cap” assumed
in theoretical treatments [1-5], but no clear cap edge
is observed.
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FIGURE 8 Density contours of solvent, solvophobic and
solvophilic sites for the bubble with surface adsorption.
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FIGURE 9 Spring length distribution of the surfactants.

On average, 200-300 surfactants are always
adsorbed on the bubble surface. This is still
insufficient to analyze the spatial distribution of the
stress around the bubble, and only the histogram of
the spring length of surfactants is calculated (Fig. 9).
In the bulk liquid, it shows a reasonable Gaussian
distribution around the natural length (2.50y); the
spring of adsorbed surfactants is found to be slightly
elongated, because they sustain, or compensate, the
stress around the bubble.

Finally, absorption/desorption dynamics is exam-
ined. Examples of surfactant trajectories are shown
in Fig. 10, where the process is clearly seen that a
surfactant is adsorbed, transferred along the bubble
surface, and detached from the surface. To estimate
the desorption rate, we calculate the survival
probability P(t), which is the probability that an
initially adsorbed surfactant remains on the surface
after the period t. As shown in Fig. 11, P(t) has an
exponential decay tail with decay time 7; The
desorption rate is then estimated as 7,!~6.2x
107*75 %, or 3x 108 s71, which is much faster than that
of typical surfactants, 10s ' [3]; the simplified

-a— External Field

15

10

FIGURE 10 Examples of surfactant trajectory around the bubble.

Survival Probability

FIGURE 11 Decay of the survival probability of surfactants
which were initially adsorbed on the bubble surface. The
desorption rate is estimated from the exponential tail shown by
the dashed line.

surfactant model and the extreme field may cause
this fast desorption, but the detailed dynamics is to
be analyzed.

SUMMARY

Using a simplified surfactant model, we investigated
the effects of surface adsorption on bubble dynamics
with a large-scale MD simulation. The terminal
velocity of the bubble without surface adsorption
agrees with a hydrodynamic calculation of Stokes
flow assuming a slip on the bubble surface. A
sufficient amount of surface adsorption strongly
suppresses the slip, and the terminal velocity
decreases to 1/3 of the slip case. The adsorbed
surfactants are piled up on the downstream side of
the bubble surface, and the rate of desorption from
the surface was estimated.
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