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Abstract

Interfacial Region Thermophysics and Intrinsic Stability of Thin Free Liquid Films
by
Yu Gan
Doctor of Philosophy in Engineering — Mechanical Engineering
University of California, Berkeley

Professor Van P. Carey, Chair

The film rupture process that dictates merging of adjacent bubbles is particularly important in
nucleate boiling heat transfer, bubbly two-phase flow in small tubes, and the mechanisms that
dictate the Leidenfrost transition. To understand the mechanisms of bubble merging in nano-
structured boiling surfaces and in nanotubes, it is useful to explore film stability and onset of
rupture at the molecular level. This dissertation reports the results of such an investigation
combining three strategies that includes a new formulation of capillarity theory for free liquid
films, molecular dynamics (MD) simulations using similar interaction potentials and bubble
merging experiments. Two forms of our molecular film capillarity theory are developed here:
one for non-polar fluids based on a Lennard-Jones interaction potential, and a second specifically
for water using a modified treatment of the SPC/E interaction potential that accounts for water
dipole interactions. The capillarity theory provides theoretical relationships among parameters
that govern film structure and thermophysical behavior, while the companion MD simulations
allow more detailed molecular level exploration of the film thermophysics. Results obtained with
theoretical models and MD simulation studies indicate that the wave instability and the lack of
thermodynamics intrinsic stability can lead to rupture of the liquid film, as its thickness
decreases below a critical value. It is further predicted that wave instability predominates as an
onset of rupture mechanism for liquid films of macroscopic extent, but for free liquid films with
nanoscale lateral extent (in, for example, nanostructured boiling surfaces), lack of core stability
is more likely to be the mechanism. For electrolyte aqueous solutions, theoretical models and
MD simulation studies suggest that dissolved salts tend to alter the surface tension at liquid
vapor interfaces and affect the stability of the free liquid film between adjacent bubbles. Bubble
merging experiments are designed and carried out for various electrolyte aqueous solutions. The
interaction of pairs of bubbles injected into solution with different dissolved salt concentrations
is studied experimentally to determine the probability of merging from statistics for ensembles of
bubble pairs. The results of these experiments indicate that for some types of salts, very low
dissolved salt concentrations can strongly reduce the tendency of adjacent bubbles to merge,
implying that the presence of the dissolved salt in such cases strongly enhances the stability of
the free liquid film between adjacent bubbles. The trends are compared to predictions of free
liquid film stability by wave instability theory and MD simulations.
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Chapter 1 — Introduction

CHAPTER 1 - INTRODUCTION

§ 1.1 WAVE INSTABILITY MODEL STUDIES ON FILM STABILITY

The stability of thin free liquid films has been explored in a number of earlier investigations.
These studies were motivated by the importance of film rupture as a mechanism in coalescence
of bubbles during boiling, bubble merging in two-phase flow, and collapse of foams. Here we are
particularly interested in these phenomena in nano-structured boiling surfaces and in nano-
channel two-phase flow where the lateral extent of the interface is small. Most of the earliest
investigations of free liquid film stability developed a model analysis that focuses on the fluid
dynamics and/or thermodynamics of the wave motion at the film interfaces. Typical of these
investigations are the early studies of Squire [1] and Hagerty and Shea [2], which focus on the
fluid dynamics of wave motion, and the studies of Scheludko [3], Vrij [4], Vrij and Overbeek [5],
and Donner and Vrij [6] which emphasize thermodynamics and the effect of the free energy
change associated with wave motion.

The circumstance of interest here is a free liquid film that is progressively thinned by bubble
growth, bubble motion or drainage of the liquid film between bubbles due to capillary effects or
gravity. The key issue is determination of the conditions under which the film will rupture. These
earlier studies indicate that in systems of this type, a range of wavelengths are generally
amplified, and the analysis is used to determine the ‘‘most dangerous” wavelength that grows in
amplitude A most rapidly [7]. Usually a timescale 7 of interest is dictated by the nature of the
application, and a critical film thickness &, can be determined by multiplying half the maximum
growth rate by the timescale: §, = 0.5(dA/dt);,q,T - The critical thickness thus defined is the
film thickness at which the wave amplitude grows to the point of film rupture (A = 0.58,) in the
characteristic time 7. In more recent investigations, the wave perturbation theory was further
developed by Radoev, et al. [8] and Manev et al. [9]. These investigations examine the
establishment of conditions necessary to wave amplitude growth, and the rate of subsequent
growth as factors that impact stability and rupture.

As shown in Figure 1.1, in Scheludko’s [3] model of wave instability, two opposite effects of
perturbing waves on system free energy are postulated: an increase in free energy AF; due to the
increase in interface surface area, and a decrease in free energy AF,, due to the decrease in
volumetric energy:
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20(A)?
AR, = 204 (1.1)
2
A
= 42 "1 1.2
AF, = 2470 (1.2)

where A and A are the amplitude and the wavelength of the perturbing wave, respectively, Ay is
the Hamaker constant. Since for a stable system, the total system free energy change should be
positive, by setting AF; + AF, = 0, Scheludko [3] obtained the following expression for the
critical thickness &,:

430

0.25
5. = <A”AZ) (13)

with the interpretation that the film thickness § has to be greater than §, for a film not to be
ruptured spontaneously. The random disturbances in the film are presumed to be made up of
Fourier wave components of virtually all wavelengths. Hence in a film of large lateral extent, it
follows from this relation that for any thickness & there will be a wavelength large enough to
make the film unstable (6, > &). This model therefore predicts that films of any thickness will
eventually rupture.

Vapor

Figure 1.1 A perturbing wave on a free liquid film in Scheludko’s model
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As noted above, there are also circumstances of interest in which the lateral extent of the thin
liquid film may be very small. Researchers are, for example, now fabricating nano-structured
boiling surfaces in which bubbles may form in liquid-filled structure spaces with dimensions on
the order of 10-50 nm [10, 11]. Liquid films separating bubbles during boiling in the structure
will have a lateral extent on the order of about 10 nm. The thin liquid film between two adjacent
bubbles in a nano-channel could also have a lateral extent on the order of about 10 nm. The
model analysis developed by Vrij [4] can be applied to thin liquid films of limited lateral extent.
Vrij [4] incorporated film thinning dynamics into Scheludko’s model and applied certain
simplifications in his study, such as only considering the perturbation components of
wavelengths much greater than initial film thickness [7], assuming that the van der Waals
interaction term predominates over the electrostatic repulsion term, etc. For the simple case of a
stationary film, i.e. no draining in the liquid film, Vrij [4] proposed that the maximum
perturbation wavelength is restricted by the lateral film size L, and therefore 4,,,, = L can be
substituted in Eq. (1.3) to get a quantitative way of calculating the critical thickness &, as

0.25
5, = (A”L2> (1.4)

430

Although wave instability has been the primary focus of efforts to predict conditions that result
in film rupture, it has also been suggested that for ultra thin films, onset of rupture could result
from hole formation due to thermal fluctuations in the film, or interaction of the interfacial
regions in thin free liquid films. The analysis of De Vries [12] indicated that for common fluids,
the free energy of forming a hole which is big enough to breach the film would require a free
energy increase so large that its spontaneous formation due to thermal fluctuations is very
unlikely unless the film is extremely thin. For common fluids at temperatures near 300 K, the
film thickness would have to be on the order of 2 nm for this sort of hole formation to be a likely
event. As noted by Vrij [4] and Donner and Vrij [6], experimentally measured critical film
thicknesses for film rupture are typically in the order of tens of nanometer, which suggests that
hole formation is not the determining mechanism.

§ 1.2 REDLICH-KWONG MODEL STUDIES ON THE INTERFACIAL REGION

The wave perturbation model studies summarized above were based on the assumption that the
vapor-liquid interfacial region between two phases can be simplified as a well-defined 2-D
surface without thickness. This assumption is questionable when the critical thickness is
comparable to the interfacial region thickness. In van de Waals theory of capillarity [13], it
generally argued that a step change of density from one phase to another is less
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thermodynamically favorable than a continuous change in an interfacial region between two
phases. By incorporating the Redlich-Kwong fluid properties into the classical mean field van
der Waals theory of capillarity, Carey [14] proposed a Redlich-Kwong capillarity model to
predict the thermodynamic properties and structure of the vapor-liquid interfacial region. In his
work [14], a system of a single vapor-liquid interfacial region is studied as shown in Figure 1.2.

&
) ™
bulk vapor interfacial bulk liquid
region
P
Py ] /
0 z

Figure 1.2 System configuration of a single vapor-liquid interfacial region in Carey’s work [14]

The intermolecular potential energy interaction is computed using Rayleigh’s method. As shown
in Figure 1.3, for a molecule at an arbitrary z location, the mean energy per molecule is
computed by summing the potential energy interaction with all the surrounding molecules and
dividing by 2 to assign half the energy to each molecule in the pair. This is represented as

() 1
,(VZ) -~ f p(@) dV (1.5)

where ¢ is the radially symmetric molecular interaction potential, and ®/N is the mean energy
per molecule at a location z in the interfacial region.

4



Interfacial Region Thermophysics and Intrinsic Stability of Thin Free Liquid Films
Chapter 1 — Introduction

Z + rcos@

?,. p
\U >

z - Az =rcost

Bulk vapor Bulk liquid

A
Y

Interfacial region

Figure 1.3 Pair relative position in interfacial region

By considering a donut-shaped differential volume dV around the z axis, dV = 2nr?sinfdédr,
the integral of Equation 1.5 can be implemented over the entire system, from an average
minimum separation of closest molecules 7;,;,, to a maximum separation distance 7;,,,
representing the effective range of the long-range attraction forces between molecules. The
resulting volumetric integral can be cast in the form:

CD}E/Z) = nj;rmaxqb(r)rz J:Tp(rcose + z)sinfd6dr (1.6)

min

Expanding p(rcos6 + z) about a specific z value for small rcosé, and substituting it into
Equation 1.6, the integration with respect to 6 yields:

q)IEIZ) = @L maxgb(r)rzdr + %p"(z)f maxgb(r)r‘*dr (1.7)

min

Tmin

As shown by Carey [15], for a system of uniform density, the classical Redlich-Kwong equation
of state amounts to postulating that:
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Tmax |74
_Zﬂf d(r)r2dr = ageyo(Tn, (N) (1.8)
Tmin
in which, ¥, (T) and ny(V /N) are of the forms:
1
yo(T) =T72 (1.9)
(V)_ 4 1 <V+NbR) 110

ago and by are the constants of Redlich-Kwong equation of states for a fluid of uniform density.

Consistent with this approach, Carey [14] similarly postulated that:

2T

3 frmax d(M)ridr = agy, (TN, (%) (111)

Tmin
Substituting Equation 1.8 and Equation 1.11 into Equation 1.7 yields:

V\N

2 1 V
D(2) = —agoeyo(TINo (ﬁ) v 2 ag1y1(T)ny (N) Np"(z) (1.12)

The above given relation for ®(z) can be used to obtain the natural log of the canonical partition
function as:
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3N 2nMkgT(V — Nbg)?/3 §—5
an—N+<7)lnl N2/32 +N[ >
- 3)N T N V + Nb
+ € ) In + @ro ln( R)
2 Orotim)  brkpT3/? 14
arokVp"(2) (V + NbR>
2bkgT32 "\ V

Inm —In O’S]

(1.13)

where M is the molecular mass of the molecule, kj is the Boltzmann constant, h is Planck’s
constant, ¢ is the number of translational and rotational storage modes, g, is the symmetry
number for the molecule, 6, ,, 1s the mean rotational temperature for the molecule if it is a

polyatomic species, and k , which arises due to the non-uniform density distribution, is defined
as:

21 Tmax
ar1Y1M _Tfrmin ¢ (r)rtdr
= _

agoYollo —2m f&”;x ¢ (r)ridr

(1.14)

Using the partition function from Equation 1.13, Carey [14] defined the free energy per unit
volume ) as:

F_ —kgTnQ

lp:_

- - (1.15)

in which, F is the Helmholtz free energy. The interfacial free energy o is the system excess free
energy (per unit area of interface) above that for a step changes in density p at the interface at
z = 0 (as shown in Figure 1.2):

0 [e)
o= f [ — w(B)]dz + f ¥ — $()]dz (1.16)
—0 0

here, p, and p; are the molar densities of the bulk vapor and bulk liquid phases respectively. By
substituting Equations 1.13 and 1.15 into Equation 1.16, the interfacial free energy o is
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expressed as a functional, i.e. a function of a function, which maps the density function p(z) into
the value of o as a real number. Based on thermodynamics arguments, the equilibrium density
function p(z) is that which minimizes the interfacial free energy o. In his work, Carey [14]
assumed Lennard-Jones 12-6 potential model for ¢(r):

12

o(r) = 4e; [(rrﬂ) - (@)6] (1.17)

r

where, €;; and 77; are the energy and length parameters of the potential. By transforming
equations into their reduced forms with respect to fluid critical properties and applying the
Calculus of Variations [16] to this problem, Carey was able to solve the equilibrium density
profiles p(z) across the interfacial region between bulk vapor and liquid phases. Shown in
Figure 1.4 are reduced density profiles at various reduced temperatures, in which L; =

[kgT./ Pc]l/ 3 is used as a non-dimensionalization factor for length parameters.

z/L;

Figure 1.4 Reduced density profiles across the interfacial region at various reduced temperatures; L; is the
non-dimensionalization factor for length parameters defined as: L; = [kgT,/ Pc]l/ 3

The thickness of the interfacial region is found in the range from Inm to 10 nm for various fluids
at various system temperatures.
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Also reported in Carey’s work [14] is that within the interfacial region is a sublayer that lacks the
intrinsic stability usually associated with a stable phase. Both the thickness of the interfacial
region and the thickness of the unstable sublayer increase with the increase of system reduced
temperature.

§ 1.3 MOLECULAR DYNAMICS STUDIES ON THE INTERFACIAL REGION

Besides the method of thermodynamics analysis, computer simulation method is also widely
adopted in the research of interfacial region and film stability. By investigating the system on a
“bottom-up” approach, computer simulations provide additional insight into the behaviors of
molecules and their interactions within the interfacial region.

Monte Carlo (MC) and Molecular Dynamics (MD) are two major methods used for computer
simulations. In MC simulations, a sequential series of proposed molecular configuration are
accepted or rejected based on criteria related to the possible system potential energy change. In
MD simulations, the molecular configuration is updated for each of a series of time steps based
on the integration of Newton’s second law. Although the MC simulation has the advantage in the
ease of implementation, MD simulation is generally preferred since it provides a physically
meaningful temporal evolution of the system.

A number of previous investigations have used MD simulations to explore the free liquid film
structure and stability. Studies of this type have considered films of Lennard-Jones fluids [17,
18], argon [17, 19-22], nitrogen [21], water [18, 23-24], water and alcohol mixtures [25-27],
hydrocarbons [28] and fluorocarbons [29]. Statistical analysis of MD simulation results appears
to support Carey’s study [14] by Redlich-Kwong capillarity model discussed above. It is reported
that the core of the interfacial region exhibits high levels of property fluctuations and is at best
weakly stable [20, 27]. As the thickness of a free liquid film diminishes, the stable core fluid
separating the interfacial regions becomes thinner, which may strengthen the interaction between
the interior sublayers in the interfacial regions that lack intrinsic stability. This suggests that the
interaction of these subregions may be a precursor to film rupture.

Although significant work has recently been performed in MD simulations, many areas are left
unexplored for the properties of vapor-liquid interfacial regions, such as the nature of the
interaction between adjacent interfacial regions and its effects on thin film stability, the
relationship of surface tension to the critical film thickness. Therefore, one of the major focuses
in our research is to use MD simulations in tandem with extended film capillarity theory to
explore the thermophysics of vapor-liquid interfacial regions and stability of free thin liquid
films. A more detailed description about the MD simulations and simulation data analysis is
presented in later sections.
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§ 1.4 THE EFFECT OF ELECTROLYTE ON ITS AQUEOUS SOLUTION PROPERTIES

Among investigations of electrolytes in their aqueous solutions, two topics are especially
important and tightly related with our research: the effect of electrolytes on surface tension of
solutions and the influence of electrolytes on bubble coalescence.

Surface tension

Investigations of the surface tension of electrolytes aqueous solution have been reported in a
number of literatures. The widely cited experimental results were reported by Weissenborn and
Pugh [30], in which the surface tension of aqueous solutions of 36 inorganic electrolytes had
been measured as a function of electrolyte concentration up to 1M (mol/l) at room temperature of
25 °C. Plots of these data are shown in Figure 1.5a and 1.5b for 1:1 electrolytes and electrolytes
containing multivalent ions respectively. For higher concentration electrolyte aqueous solution,
Abramzon and Gaukhberg [31], and Svenningsson et al. [32] reported their experimental
measurement of surface tension at room temperature up to SM. Matubayasi et al. [33] and Ikeda
et al. [34] measured the surface tension of NaCl aqueous solution for various NaCl
concentrations at different temperatures. Their experiment results suggested that the surface
tension of NaCl aqueous solution increases with the increase of NaCl concentration and the
decrease of temperature, as shown in Figure 1.6a and 1.6b respectively.

10
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Figure 1.5a Effect of 1:1 electrolyte concentration on the change in surface tension relative to water

reported by Weissenborn and Pugh [30]
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Figure 1.5b Effect of electrolyte concentration on the change in surface tension relative to water for
electrolytes containing multivalent ions. Reported by Weissenborn and Pugh [30]
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Figure 1.6a Surface tension of NaCl aqueous Figure 1.6b Surface tension of NaCl aqueous
solution at constant temperatures [33] solution at constant concentrations [33]

Theoretical analysis by Gibbs [35] suggested that the change in surface tension of aqueous
solutions upon the addition of electrolyte can be explained by the negative or positive adsorption
of ions from the vapor-liquid interfacial region. Gibbs in his treatment of vapor-liquid interfaces
did not explicitly address their internal structure. Instead, he introduced the notion of a dividing
surface which separates the two bulk phases and accounts for the physical properties of the
interface through defining excess quantities, such as the surface excess mass. In this treatment,
he derived the well-known Gibbs adsorption equation:

I, =— (g—;) ((%)T (1.18)

In this equation, species A is an electrolyte solute that exhibits ideal mixture behavior in aqueous
solution. [; is the surface excess mass of species A, the excess of per unit area of the vapor-liquid
interfacial region over what would be present if the concentration in the center core liquid region
prevailed all the way through the interfacial region. C, is the mean concentration of the
electrolyte solute, R is the ideal gas constant, T is the system temperature, and o is the surface
tension. It can be seen from Equation 1.18 that if the surface tension ¢ increases as the
electrolyte concentration C, increases, (0o /dC,)y is positive and T, is negative, meaning the
repulsion or negative adsorption of ions from the vapor-liquid interfacial. This behavior of ion

13



Interfacial Region Thermophysics and Intrinsic Stability of Thin Free Liquid Films
Chapter 1 — Introduction

distribution and its relation with the surface tension are examined in details in our study of MD
simulations.

Bubble coalescence

Because the critical thickness of a free liquid film is generally in the order of nano-meters, direct
experiment measurements of the critical thickness and its variation are hard to achieve without
the help of complex optical and electronic auxiliary systems. An alternative experiment method
to study the effect of the electrolyte concentrations on film stability is to observe the variation of
the probabilities of bubble merging in different electrolyte aqueous solutions.

A bubble merging experiment platform normally consists of three parts: a container filled by
electrolyte aqueous solution at specified concentrations; a mechanism generating bubbles in the
solution with constant speed and bubble size; an observing system that helps count the
percentage of bubble coalescence. It is reasonable to assume that the separations of bubbles, i.e.
the thicknesses of the separating film between bubble pairs, distribute randomly within a
relatively small range, given that the experiment conditions are fixed. Therefore, the extent of
bubbling merging is a good indicator for the stability of separating films: a high probability of
bubble merging means the low stability of the solution film, and vice verse.

In the experiment of Lessard and Zieminski [36], the percentage of bubble coalescence in pure
water without the addition of electrolyte is 100%, and the coalescence percentage drops to 50%
in 0.175M NacCl aqueous solution. At NaCl concentration of 0.25M, the coalescence percentage
further reduces to 10%. They also reported three experiments on sea water at three temperatures,
showing that with the increase of temperature from 6 °C to 31°C, the percentage of coalescence
increase from 12% to 50%. Aguilera et al [37] reported similar experiments for NaCl aqueous
solutions from 0.001M to 0.145M concentration at room temperature of 25 °C. Their experiment
results show 100% coalescence percentage for pure water, 50% coalescence percentage in 0.1M
NaCl aqueous solution, and 0% coalescence percentage in 0.145M NaCl aqueous solution. In
Aguilera’s work [37], they also cited the experiment results from Liendo [38] and compared with
their own results, as shown in Figure 1.7.
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Figure 1.7 Bubble merging experiments for NaCl aqueous solution at room temperature by Aguilera [37]
and Liendo [38]

§ 1.5 OVERVIEW OF THIS REPORT

The research described in this report specifically studied the free liquid film stability and the
effects of system variables on stability, such as temperature, film size, and the addition of
electrolytes. Three strategies are used in tandem in our investigation: new formulations of
capillarity theory for free liquid films, MD simulations using similar interaction potentials and
bubble merging experiments.

The single-interface molecular theory of capillarity is extended to a full free liquid film (see
Figure 1.8). Using the resulting film capillarity theoretical model in tandem with MD simulations,
we explore the thermophysics of vapor-liquid interfacial region and the stability of free liquid
films. This hybrid approach has the advantage that the molecular capillarity theory, although
limited in accuracy, provides explicit relations among the parameters that affect the film
structure and stability, while the MD simulations allow more detailed exploration of film
structure and stability without invoking the idealizations in the capillarity theory model. In
addition, the film molecular capillarity theory developed in this study has two enhancements
over conventional capillarity theory. The first is that it incorporates a Redlich—-Kwong fluid
property framework, which provides a better fit to saturation properties than the van der Waals
properties used in classical capillarity theory. The second is that we have used a modified version
of the SPC/E potential function model in the statistical thermodynamics property formulation for
water to better account for its polar molecule effects. Bubble merging experiment method is used
and experiment results are interpreted in a more explicit way to validate the conclusions reached
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by our theoretical model and MD simulations. Three fluid systems will be examined in our
investigation: argon, water, and electrolyte aqueous solutions. Argon is the simplest fluid to
model and provides a basis for comparison of our theoretical framework and MD simulations;
water and electrolyte aqueous solutions are studied because they are far more important than
argon in current and potential engineering applications. The formulation of the hybrid analysis
tools and their application to explore the structure and stability of free liquid films are described
in the following chapters.

bulk vapor inlerfacia!é bulk liquid interfacial | bulk vapor

: region | i region :
-— ~ - >
- 2 Pa

P —

Figure 1.8 System configuration of free liquid film bounded by its vapor on both sides

Chapter 2 develops the film capillarity theoretical model based on Carey’s work [14] of a single
vapor-liquid interface system. Chapter 3 outlines the techniques used in our MD model
construction and simulation implementations. Chapter 4 analyzes the MD simulation results for
systems of argon, water and various electrolyte aqueous solutions. Film stability and the surface
tension of liquid-vapor interfacial regions are examined in detail. Chapter 5 describes the setup
of bubble merging experiments and compares the experiments results with those from theoretical
analysis and MD simulations. Finally Chapter 6 summaries conclusions derived from this study.
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CHAPTER 2 - FILM CAPILLARITY THEORY FOR FREE LIQUID FILMS

This chapter outlines the development of the film capillarity theoretical model based on Carey’s
work of a single vapor-liquid interface system. After deriving appropriate partition functions for
the thermodynamics systems of argon and water, the interfacial free energy is expressed as a
functional, mapping the density function into the interfacial free energy’s value. The calculus of
variation method is used to obtain the density profile that minimize the interfacial free energy,
and based on the density profile derived, the critical thickness is determined using the intrinsic
stability analysis. Surface tension variation with the film thickness is discussed, and its impact on
film stability is examined.

§ 2.1 PARTITION FUNCTION

As mentioned previously in the introduction chapter, for a system containing a Redlich-Kwong
fluid with spatially varying density, Carey [14] derived Equation 1.13 for the partition function.
Given a specified fluid, most parameters in the partition function can be easily determined.

p"(z) in Equation 1.13 is the second derivative of the density variation along z-axis, which needs
be solved by using Calculus of Variable method in the following sections, and the parameter k
arises due to the non-uniform density distribution, which can be evaluated by Equation 1.14 as
the effective pair-wise intermolecular potential function ¢ (r) is provided.

Partition function for monatomic fluid — argon

To calculate k for monatomic fluid argon, the Lennard-Jones 12-6 potential function (Equation
1.17) is adopted for ¢ (r). The upper integral limit 1;,,,, in Equation 1.14 is set to be oo, and the
lower limit 7,,;,, is chosen to be the mean separation of the closest molecules in a bulk saturated
liquid phase. Modeling the liquid as a three-dimensional cubic array of molecules with nearest
neighbors separated by a center-to-center distance of 7y,,;,,, the relationship between the saturated
liquid molar density p; and 1y, is:

1
Tmin = (,b\lNA)_§ (2.1)
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Substituting Equation 1.17 into Equation 1.14 with the two integral limits 7;,,,, and 7yy;,, defined
above, after integration we obtain:

7 1

9a,(piNa)3 — 63b, (P N,)3 )

A 22)
IO 21a,(pNa)3 — 63b, (i N,)

where

aq = 4er)? (2.3a)

b = 4€y1 (2.3b)

To get the numerical value of Ky g0, from Equation 2.2, ; must be specified. The Redlich-
Kwong fluid property model developed by Carey [14] is used to compute reduced bulk
equilibrium properties for the saturated liquid and vapor phases. Resulting values for specific
reduced temperatures (T,- = T /T, ) are listed in Table 2.1. Saturation densities are computed
from these results and the critical constants: p; = py. jiquiaPc»> and Py, = PryaporPc- At the critical
point, the properties of argon should satisfy the Redlich-Kwong equation of state, the zero slope
and inflection point conditions for isotherms on the P — v diagram, which gives us:

p = RT, agoN

TP —Npbg 1 (2.4a)
TCZUC(UC + NAbR)
(aP) =0 2.4b
00/, (2.40)
0%P
=0

(aﬁz)r (2.4¢)

The resulting three equations 2.4a — 2.4c are solved simultaneously at the experimentally
determined T, and P, values for argon to obtain the numerical values of Redlich-Kwong
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constants agy, bg, and the critical density p in Table 2.2. After substituting k4,.,n, and other
constants from Table 2.2 into Equation 1.13, the functional dependence of the partition function
In(Q) on temperature, local equilibrium properties, and the second derivative of the density

profile p"(z) is defined.

Table 2.1
Reduced saturation liquid and vapor densities based on the Redlich-Kwong model [14]

T, 0.6 0.65 0.7 0.75 0.8 0.85 0.9
Prliquia  3.025 2.898 2.758 2.603 2.428 2.264 1.987
Prvapor 0.01172 0.02452 0.04559 0.07793 0.1256 0.1950 0.2980
Table 2.2
Properties and constants used for the partition function of argon
M (kg) 6.633x107%°
4 3
O 1
e () 1.670x10™
75 (m) 3.400x10™
F. (Pa) 4.86x10°
T (K) 150.69
P (mol/m?) 11644.6
ago (JK*°m?) 4.671x10™
bg (m?) 3.707x10%

Partition function for polyatomic fluid — water

Due to the dipole character of water, the Lennard-Jones 12-6 potential function is not a
completely suitable model of molecular interactions for water. In this investigation, we therefore
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used the extended simple point charge (SPC/E) potential function from Berendsen et al. [39] to
provide more accurate predictions of the effects of interactions between water molecules. In the
SPC/E potential, a water molecule features a rigid bond length L, oy, a fixed bond angle ayy,
and an electrostatic point charge on each atom as shown in Figure 2.1. The potential function
¢; j between two water molecules i and j is modeled as consisting of two parts: a Lennard-Jones
type potential ¢;;, Equation 2.6, and an electrostatic potential component ¢,;, Equation 2.7,
among all three atoms in molecules i and molecule j:

bij = dij + de (2.5)
r 12 r 6
¢lj = 4‘Espc/e l( SpC/e) - ( SpC/e) l (26)
Too Too
1 3 3
qa9p
= 2.7
Pet 47e, Z Z Tiabi @7
a=1b=1 J

here, 7 1s the oxygen—oxygen separation between molecules i and molecule j, €, is the vacuum
permittivity, and g, and q,, are point charges assigned on specified atoms. Values of these
constants are listed in Table 2.3. It is noteworthy that the contribution of induced dipole—dipole
interaction has been embedded in the SPC/E model by parameterizations of g, and g, [39].

Figure 2.1 The extended simple point charge (SPC/E) model for water molecule
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Table 2.3

Properties and constants used for the partition function of water
M (kg) 2.987x107%
Orot;m (K) 22.394
Ly op (m) 1.00x10™°
ayy (%) 109.47
Dyater (C'm) -1.358x10™"
§ 6
O 2
€spere V) 1.080x10%*
Tspese (M) 3.166x10%°
P. (Pa) 2.218x10’
T (K) 650.83
P (mol/m?) 12296.8
ago (J-K*>-m?) 39.7x10™
bg (m?) 3.51x10%

As shown in Equation 2.7, the electrostatic part of the potential ¢,; requires specifying all nine
separations 7;4; jamong all three atoms in molecules i and j. We therefore cannot directly
substitute the potential into Equation 1.14 to calculate k. To deal with this problem, a more
suitable expression for ¢,; is needed. Instead of using the columbic type of form in Equation 2.7,
we consider ¢,; as the potential energy of one molecule in a field generated by the second
molecule. As is well-known from electrostatic theory [40], the field generated by a system of
point charges, the second molecule in this case, may be represented as a series expanded in
multi-pole moments. If the two molecules are at a separation distance greater than the
dimensions of each molecule, the higher order terms which are of small magnitude in the
expansion can be neglected, thus giving us a simplified expression of ¢,; in terms of 75 and Q,
the set of Euler’s angles between the dipole moments of molecule i and molecule j . Because the
molecules are not affected by any external fields in this study, the probability of having different
Euler’s angles § is determined by the Boltzmann factor e ~®et("o0.0/(k8T) _(Calculating the
thermal ensemble average of < ¢,; (190, Q) > over all possible Q, we can get the
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intermolecular potential function as a function of 1, only, which can then be substituted into
Equation 1.14 to calculate k.

Without loss of generality, the oxygen atom of molecule i is set at the origin of the coordinate
system, three atoms of molecule i are located in the plane of x; — O0; — x,, the dipole moment of
molecule i is pointed in the positive x;-axis direction, and the separation of oxygen atoms
between molecule i and j is along the x3-axis (see Figure 2.2). If we regard molecule j as the
molecule placed in an external electric field ¢;(7) that is generated by a molecule i, ¢,; can be
expressed as:

b = 4001 (7o) + au i (T, ) + au i (i ;) (2.8)

in which To,>TH,, and Ty, , are the position vectors for point charges 0;, H; 1and H; ;respectively.

Molecule j (

Molecule i -\0:' X2

Figure 2.2 Relative positions of two water molecules in Cartesian coordinate system
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Assuming the distance between the point-charge-system i and j is much larger than separations
within the molecules, we can expand ¢; (r_o;) into a series of multipole moments of molecule i.
Neglecting higher order terms, which are of small magnitude, this leads to:

NP
P (ro,) |%|+—|r_o,’|] (2.9)

where gq; and E are the monopole and dipole moments for molecule i given by:

4i = qo + 2qy (2.10)
d, = qoTo, + quTu,, + 9u'n,, (2.11)

As for ¢; (TJ{) and @, (sz’), since:

|7, — 7o, < |70 (2.12a)
|—)rH]‘2 - %;| « |r_0]’| (2.12b)

we can expand them into Taylor series about 7”_0;- Neglecting higher order terms, which are of
small magnitude, this leads to:

0:(7,2) = 01 (70;) + Vo (70;) (7, — 7o) (2.130)
0 (7z) = 01 (70;) + Vo (75;) - (7~ 7)) (2.13b)
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By substituting Equations 2.13a and 2.13b back into Equation 2.8, the relation for ¢,; is written
as:

per = 0:(70,) o + 2an) + Vo (7o) - | (Fa,, = 70,) + au (7, — 70,
= 0:(%,) (o + 24u) + Vo: (75,) - [0070, + quTa,, + AuT,; — o + 2a0)70)|  (2.14)
=0u(75,) 4 + i (7)) - |4 = 4,75

<

in which g; and ZZ; are monopole and dipole moments of molecule j respectively.

Substituting Equation 2.9 into Equation 2.14 and using the fact that the monopole moments of
water q; and g; equal zero, we are able to express ¢, as:

ber =2§—3(z.r—%)) (Sd??;’) (2.15)
75 75

Based on the position configuration shown in Figure 2.2, we have 7"—0; equals zero and:

0
To, = ( 0 ) (2.16)
Too
The dipole moment E is given by:
— . s apn (1
dl = qorol + qH(rHl'l + THL,Z) = quLb,OH COST -1 0 (217)
0

The dipole moment of EJ) is expressed with respect to E by using the rotation matrix Ry,:
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d, = Ryd, (2.18)
where,
cos 31 cos ff; cos Sz — sin B, sin B sin B4 cos B, cos f3 + cos f; sinff3  —sin 8, cos B3
Ry = |—cos 1 cos 8, sin f3 — sin §; cos Sz —sin B, cos B, sin B3 + cos f; cos 3 sin f§, sin i3
cos f3; sin B3, sin 3, sin 3, cos f3,
(2.19)

here, QO = (B4, B2, B3), in which 0 < B, B; < 2m, 0 < B, < m, are the Euler’s angles that
describe the mutual orientation between dipole moments d, and d,. Using Equations 2.16-2.18 to
simply Equation 2.15, we get the following form of ¢,; as a function of ry and (2:

2
2 (ZqHLb on COS M) (cos B4 cos B, cos B3 — sin B; sin 3)
Q) = — - 2 (2.20)
bei(r00, ) = 73
00

To eliminate the dependence of ¢,; on €, the thermal ensemble average (¢.; (o0, Q))q is taken
over all possible mutual orientations in space. It follows that:

[ darlroo, ) - e ag
et\Too,324) - € B
De1(100) = (Per(To0, D))q = =2 Y (2.21)

Joe T dQ

Since in our study ¢.; < kgT , the Boltzmann exponential term may be approximated by:
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_%e1(roo) " Ge1 (100, V)

e kel — (2.22)
B

Substituting Equation 2.22 into Equation 2.21 and using fom fon fom[--- 1dB,dB,dps for [ [-+]1dQ,
we get the simplified form of ¢,,; , which is independent on ():

Per(To0) = — _SDivater_ (2.23)
in which, Dy, q¢er 1s the magnitude of water’s dipole moment:
dil:
Dyater = 2qyLpon COST (2.24)

By substituting Equation 2.23 and 2.6 into Equation 2.5, we get the relation for ¢; ; as a function
of 1y only:

Tspc/e)lz (rspc/e)6 3Divater
e ( B _ _2Pwater 2.25
¢, (To0) spc/e [ Too Too 2kpT - 15, .

With ¢; ; depending only on the separation between two oxygen atoms of water molecules, we

can now substitute Equation 2.25 into Equation 1.14 to evaluate k for water. The lower integral
limit 7,,;, is again determined by Equation 2.1, while the upper limit 7;,,, is set to be co.
Executing the integration using the derived relation for the potential function, the net result of the
analysis for water is:

7 1
. _ 9ay, (BiNa)3 — 63by (PiNA)3 (2.26)
water Zlaw(ﬁlNA)S - 63bw(ﬁlNA)
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in which,

Aw = 4'Espc/erslz;wzc/e (2.2721)

4
3DWClt€T‘

bw = 4651,6/67‘561,6/6 + W (227b)

As in the case of argon, p; has to be specified for a given temperature to determine a numerical
value of K,4¢er from Equation 2.26. Because in Carey’s scheme [14] density is set to be uniform
in the system for the bulk saturation state (i.e. p'and p" are set to be zero), k and the potential
function will not play a role in the calculation of the saturated liquid density p;. So, for water, the
Redlich—-Kwong model predictions of saturation properties, represented in dimensionless form in
Table 2.1, are used to determine the saturation liquid density, and the relation for k,,4¢er
Equation 2.26, incorporating dipole and van der Waals forces is used to account for density
variation p" effects in the capillarity model. By matching water’s measured critical temperature
T, and critical pressure P, the equation of state, zero slope: (0P /d7) = 0, and inflection point:
(0%2P/0D?); = 0 relations are solved simultaneously, yielding the numerical values of Redlich-
Kwong constants ag,, bg, and the critical density p, indicated in Table 2.3. After substituting
Kwater and other constants from Table 2.3 into Equation 1.13 for a given temperature, the log of
the partition function In(Q) incorporates the effect of the second derivate of the density profile
p"(z) in a form that facilitates its use in the film molecular capillarity analysis.

§ 2.2 INTERFACIAL VOLUMETRIC FREE ENERGY

Using the definition of free energy per unit volume 1 in Equation 1.15 and the expression of In Q
given in Equation 1.13, we have:

£-5

1—pNyb
&]— ﬁRT[ 5 Inm — In o,

= —pRT — pRT1 [
§—3 T aroNap
———PpRT1 -
2 P M\ Oroim)  bRT2
_ aroNaxp"(2)
2boT1/2

In(1 + pN,bg) (2.28)

In(1 + pN,bg)

in which, R is the universal gas constant, and A is defined as:
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2 12
A= |—— (2.29)
2nMkgT

Since in Equation 2.28 only the last term on the right side accounts for the effect of non-uniform
density profile, we consider the volumetric free energy ¥ consisting of two parts:

Y =1o(p) —m(p)-p-p" (2.30)

where Y () accounts for the uniform density part of i:

1—pNyb -5
(A):—ART—ARTII] # — DRT f InTt—Ino
olp p p s
PN,4A3
§—3 5RT1 T aRONAﬁl (1 + pN,by) @31)
2 P M Brgem) Tz e T PTATR

and m(p) - p - p" provides the correction for the effect of non-uniform density distribution, in
which m(p) is defined as:

agpoNyK

R

m(p) =

We consider here the idealized configuration of a sandwiched liquid film (see Figure 1.8) with a
characteristic thickness 6,,; = 1"/p; , where " is the moles of fluid per unit area of film and

D, 1s the saturation molar density for bulk liquid. Note that this film molar loading thickness
quantifies the molar (or mass) loading of the film per unit area. It is the thickness that the film
would have if the density everywhere in the film was equal to the saturated bulk liquid value.
The half film (centerline to vapor) free energy o is defined as one half of the system excess free
energy (per unit area of interface) above that for step changes in density at the interfaces of
z=—0m,/2and z = §,,;/2 for the idealized initial state. The half film free energy o is
computed as:
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1 —8mi/2 Smi/2
o= v [ o) - vl
S ~Omi/2 (2.33)

+ j W) - w(ﬁv)]dz}
8ml/2

in which, the factor of 1/2 accounts for two identical interfacial regions in this configuration.
This can be written in the form:

1 [o0]
0= W6 - Y@z (234

where Y4, is the straight-line approximation of ) between saturation vapor and liquid densities
as shown in Figure 2.3.

Y
>

interfacial region
!‘ Hl

bulk vapor |
bulk liquid

;)r ;)l P

Figure 2.3 Variation of volumetric free energy with molar density.
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A oA Y(py) —P(By)
¢sla(p) - lp(pv) + [ ﬁv _ _ﬁl

l (P = pv) (2.35)

Substituting Equation 2.30, Equation 2.31, Equation 2.32 into Equation 2.35, and noticing that
for a pure substance the specific Gibbs function § = f + P% is equivalent to the chemical
potential /i, the expression of Y, simplifies to:

Ysia = wo(ﬁv) + .av(ﬁ - ﬁv) (2.36)

where, I, is the molar chemical potential for saturated vapor. Substituting Equation 2.30,
Equation 2.36 back into Equation 2.34, and using the symmetry property of the configuration, we
can reorganize Equation 2.34 as:

0 0
o= we@az=[ m@)-p-paz 237)
where, 1, (p) is defined as excess volumetric free energy:

Ye(B) = o(P) = Yo(Py) — Ay - (B — P») (2.38)
Two boundary conditions are specified for the density profile p(z):

P'lz=0 =0 (2.39)

Plzo-0 = Py (2.40)
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Condition 2.40 implies that:

P'lzo-00 =0 (2.41)

The first boundary condition 2.39 comes from the symmetry of the configuration; the second
2.40 and Equation 2.41 come from the requirement that density and density gradient at infinity
should not be affected by density variations in the film.

By using boundary conditions Equation 2.39 and 2.41, the expression of interfacial free energy
can be further simplified via integration by parts on the second integral term in Equation 2.37 to
obtain:

0 1
o= f [ @) +5577(5) ¢z (2.42)

where,

agoNiK

2.43
L+ pbaNy) -T2 (243)

n(@) =2[m+p |
m = m —| =
p P

§ 2.3 DETERMINATION OF DENSITY PROFILES

Based on thermodynamic arguments, the equilibrium density profile 5(z) is that which

minimizes the half film interfacial free energy o determined from the integral in Equation 2.42.
The density profile p(z) must also satisfy the three boundary conditions given in Equations 2.39,
2.40 and 2.41. The law of conservation of mass also requires that p(z) must satisfy the following
constraint condition:
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0
6
| 6-poaz == 5 .44

This formulation defines a classical isoperimetric calculus of variations problem to determine a
functional solution minimizing an integral and satisfying a constraint condition. Mathematically,
this type problem is solved by converting it to an Euler-Lagrange equation [16]. Introducing the
Lagrange multiplier A, and setting:

1
f(2,0,0) = Ye(P) + 5 p*M(P) (2.45)

9(z,p,p') =p =Py (2.46)

we obtain the corresponding Euler-Lagrange equation as:

of+i-9) d 0(f+/1'g)l:0 (2.47)

p  dz ap"

Substituting the expressions for f and g (Equation 2.45 and Equation 2.46) into Equation 2.47,
we get the following second-order non-linear ordinary differential equation for p:

dp.(p) 1 _,dm(p)
dap 2P “ap

— (PP +1=0 (2.48)

This equation can be simplified to a first-order ordinary differential equation by introducing p’ as
a new variable and using the identity:

' (2.49)
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This converts Equation 2.48 to:

dp, d 2 _
AI n p— .50
2— ~(p"*Mm)+21=0 (2.50)

This can be solved by integration using boundary conditions Equation 2.40 and Equation 2.41,
yielding the relation:

1
2, + 20(p — p,)|?

The Lagrange multiplier A is a purely mathematical term. But we can relate it to p;, the local
density at the centerline (z = 0) by combining the boundary condition of Equation 2.39 with
Equation 2.51 to obtain:

) = L) (2.52)
Pv — Pci
With this result, Equation 2.51 can be written as:
1
p—p, 1\2
210 (p) — 20, (p [P Py ]
p" _ lpe(p) we(pcl) Pet — Py (2'53)
m(p)

To determine p;, the constraint condition equation 2.44 is used:
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Sl ~ 0 o z-0 1 pP-Dc 1
T(pl_pv):f (p—pv)dz=J (p—pv)r,dp=f (P —py)dp
—oo z-—00 p p~Pv p
1
_ ( o 7 (2.54)
P | m(p) N
=| @=p)- - ) - ap
’ 200(9) — 2 | 2P| e (po0)
pcl pv )

Rearranging Equation 2.54, we obtain an equation that dictates p;:

Omi = aequiv () (2.55)

where the function on the right hand side has unit of lengths and is a function of p;:

( 1\
2 Pc I m(p) ?|
Sequiv(Pel) = [)‘T . fA P —pv) - R 5—p " dp (2.56)
: voh lee(P) -2 [’\ — = ]lpe(pcl)
Pct — Py

Note that the lower limit on the integral is chosen to exceed p,, by a small amount €5 because 1,
is zero and the integrand is singular at §,,. Likewise, the upper limit is chosen to be no more than
Pc1 — €5 because the integrand is singular at p;. The integrand approaches a well-defined limit
as €5 — 0 because of its asymptotical behavior. Computationally, choosing €5 to be very small
compared to p,, provides an accurate prediction of this asymptotical value.

In executing this analysis, for a given temperature and film molar loading thickness 6,,,; =
1"/pe » we first determine the centerline density p,; by numerically integrating Equation 2.55.
Then, by integrating Equation 2.53 numerically with the derived p.;, we obtain the
corresponding density profile.
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§ 2.4 COMPARISON OF THICK HALF FILM WITH A SINGLE INTERFACE

If we increase the film molar loading thickness §,,; to infinite in our model and only consider
half of the system based on the argument of symmetry, the configuration of our model essentially
reduces to Carey’s single-interface model [14]. In this limit 6,,,; = o, p,; = p;, and the free
energy and interfacial region thickness for each half film should then be equivalent to a single
interface between two bulk phases under comparable conditions. To calculate the thick film limit
values of the non-dimensional interfacial region thickness §;/L; and the non-dimensional surface
tension a /(P.L;) as 6,,; = oo at various temperatures, we first calculate the corresponding
asymptotical density profiles. The non-dimensionalization constants used here are the critical
pressure P. and the length scale L; defined as:

(2.57)

ksT,
Li:(Bc)

For most fluids, this length scale is close to nanometer. For argon, L; = 0.753 nm, whereas for
water L; = 0.739 nm. Invoking the fact that p.; = p; in this limit, after some algebra
manipulation of Equation 2.53, we obtain:

1

2 5)]2

p = [ VD) (2.59)
7(p)

The density profile is then computed by numerical integration Equation 2.58 for half of the film:
Z € (—0,0).

We define z. as the z coordinate at the centerline of the interface, dictated by:

N
m@m%=”2m (2.59)

Following Carey [14], the thickness of the interfacial region §; is then defined as:
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5, =P Pv (2.60)

ﬁ’ |z=zC

Using density profile results generated by our model together with Equation 2.60 and computed
values of the half film free energy, limiting case (&,,; = o) values of §;/L; and /(P.L;) are
obtained for water and argon at various T,.. The numerical results of §; /L; and o /(P.L;) for argon
are exactly the same as those predicted by the model of Carey [14], since the same Lennard-
Jones 12-6 potential function is used in both Carey’s model and our model. For water, the
numerical results are slightly different due to the fact that SPC/E potential function was used in
our study. For water, as the temperature approaches the critical point value, §;/L; and o /(P.L;)
approach the following power law asymptotic variations:

L—f =0.768(1 — T,) 051 (2.61)
l
o — 1.441

Bl 17.8(1—-T,) (2.62)

In contrast, the Redlich-Kwong model developed by Carey [14] predicts that for water as T,. = 1,
the power law asymptotic variations of §;/L; and o /(P.L;) are:

L = 0.683(1 —T,)~0670 (2.63)

l

&~ S

o
= 14.4(1 — T,)1328
P L ( ) (2.64)

Using the same power law function form, we curve-fit the asymptotic variation of NIST
recommended surface tension data [41] for water:

o
= 20.4(1 — T,)144!
P L 0.4( ) (2.65)
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As shown in Figure 2.4, the surface tension variation of water predicted by Equation 2.62, based
on SPC/E potential function, compares more favorably to the NIST recommended data than that
predicted by Equation 2.64, based on Lennard-Jones potential function.

— From the aéyxnptotfcal stuéiy of our mbdel;
---From Carey's model [14] i
~-NIST recommended data [41]

o/(FcLy)

0'%1.02 0.03 0.04 0.05 0.06 0.07 0.08 0.b9 0.1
i3

Figure 2.4 Comparison of o /(P.L;) for water among this study, Carey’s model [14] and NIST data [41]

§ 2.5 EXPLORATION OF INTRINIC STABILITY

Stability analysis is carried out at a specified reduced temperature by comparing the computed
density profiles for various values of film molar loading thickness §,,,; = 71"/p; with the density
values corresponding to the limits of intrinsic stability. The spinodal limits of intrinsic stability
are determined from the Redlich—-Kwong equation of state in the manner described by Carey [14].
We postulate here that the model predicts film rupture when the film core lacks intrinsic stability.
In this way, the critical thickness J,, i.e. the minimum film thickness that will not rupture
spontaneously, is determined for the specified temperature. The effect of temperature on stability
is studied by using this approach to predict the relationship between the critical thickness and
system temperature.
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Density profiles and intrinsic stability for argon liquid film at T, = 0.6

Reduced temperature of T,- = 0.6 is chosen as an example to illustrate the process of determining
the critical thickness &, from the density profiles of various values of film molar loading
thickness 8,,; = "/p;.

In using Equation 2.55 to execute the analysis of determining the local density p.; at the
centerline (z = 0) described above, we use argon properties from Table 2.2, together
with Ky gon from Equation 2.2. The resulting variation of p; with film molar loading
thickness &,,; indicated by the analysis at T,. = 0.6 is plotted in Figure 2.5.

40 | | | ! | ! !

3 (98]
=] wn

r
e
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Pci

i i i i : '
0 0.5 1 1.5 2 2.5 3 35 4

Opu = 1”/py (nm)

Figure 2.5 Variation of p; with §,,; = 1"/p; for argon at T, = 0.6 predicted by Equation 2.55

Density profiles across the film are determined by numerically integrating Equation 2.53 using
the computationally determined values of p; for each §,,; value. The resulting density profiles
for argon at T, = 0.6 are shown in Figures 2.6 to Figure 2.9 with decreasing 6,,,; values.
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Figure 2.6 Density profile for argon at T, = 0.6, §,;,; = 3.44 nm
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39



Interfacial Region Thermophysics and Intrinsic Stability of Thin Free Liquid Films

Chapter 2 — Film Capillarity Theory for Free Liquid Films

(O8] 4
- -]

(\®]
o

p x 1072 (mol/m?)

[a—
=)

o e

iﬁd = 272I43 mol 11135

o

i I Combined intra- i
: spinodal region :
(] \ : ! )
-l:* ------- f: ------------ d:l ------- ?--_’ ——————
Ois & | i
{ i 6f = 1.39 nm
I I

i
I
i
i
i
I
i

----- Vapor spinodal
=-=Liquid spinodal

......... ....|.':...............;...............:|.. S Ak ansd ke
H I H el

- 8 = 1,16 nm

4}

LH ]
I
I

-'—-"'

I

|

=—Equilibrium density I
I K o

i

05 0
Z (nm)

1.5

Figure 2.8 Density profile for argon at T, = 0.6, §,,,; = 1.05 nm (conditions resulting in incipient loss of

40

film core stability)

— Equilibrium density

Per = 17472 mol/m?

== Initial density

Ruptured film ] I |**** Vapor spinodal
5 i i I |=--Liquid spinodal
T ) e s S R
T~ himsemem— o —— o 1 e SRSt TS R e W S
o r 3
- ! .
- Intra-spinodal region
o e L~
— ¥ ]
X i
i
1
1
cages
b

. H

e e et
i :
: .

SRR Y

3 0

Z (nm)

Figure 2.9 Density profile for argon at T,. = 0.6, &,,; = 0.57 nm (conditions resulting in ruptured film)
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Also shown in some of the above figures are the mean density film thicknesses &5 for
equilibrium film density profiles, and thicknesses of the intra-spinodal sublayers &;5. &y is
defined as:

6 =2, — 2 (2.66)

where, z; and z, are the z coordinates at which the local density in the interfacial regions is equal
to the mean value of p; and p,,:

A A Py + P
p(Z)|Z=Zl<0 = p(Z)|Z=Zr>0 = UTC (267)

In general, &5 differs from the film molar loading thickness &,,,;. The intra-spinodal sublayer
thickness 6;, is defined as:

8is = Zspinodal,l — Zspinodal,v (2.68)

where, Zspinodar,i a0d Zspinodar,y are the z coordinates at which the local density within the left
half of the film (z < 0) is equal to the spinodal liquid density Pspinoaqi, and the spinodal vapor
density Pspinodarv respectively:

ﬁ(z)lz=zspinodal,l<0 = ﬁspinodal,l (2.69a)

p(2) |Z=Zspin0dal,17<0 = ﬁspinodal,v (2.69b)

The values of 6; and 6;5/L; predicted by the model analysis are also listed in Table 2.4 for argon.

Based on the series of plots shown from Figure 2.6 to Figure 2.9, some common characteristics
of density profiles can be summarized:
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1. Density profiles exhibit steep gradient interfacial regions at the edges of the film. The
maximum local densities exist at z = 0, where centers of initial film regions are located:

ﬁmax = ﬁcl (2.70)

2. With the decrease of film molar loading thickness &,,;, the local density at the centerline
P decreases.

3. Consistent with Carey’s study of the interfacial region between semi-infinite vapor and
semi-infinite liquid regions [14], our results also indicate that there are two inner
sublayers of the interfacial regions in which local densities are between the spinodal
vapor and spinodal liquid densities predicted by the Redlich-Kwong equation of state.
Based on classical thermodynamics, these intra-spinodal sublayers are expected to lack
stability because the intrinsic stability requirement criterion (0P /d7) < 0 is not
satisfied.

4. With the decrease of film molar loading thickness &,,;, the intra-spinodal sublayer
thickness 6;; increases, meaning that unstable intra-spinodal sublayers on both sides of a
film span an increasing fraction of the film. Eventually the unstable sublayers merge and
span most of the thickness of the film. This apparent progressive destabilization of the
film appears to be a mechanism for film rupture. We therefore take the onset of rupture
to correspond to p; between the spinodal limits. When this is the case, the core of the
film is an intra-spinodal layer, suggesting that the bulk of the film lacks intrinsic stability.
For these conditions, §;5 and &y are not indicated in Figure 2.9.

Here we interpret the thinnest stable film thickness (critical thickness) &, as the value of 6¢
corresponding to the incipient merging of the intra-spinodal sublayers from both sides of a film.
As shown in Figure 2.8, in terms of density, the merging is equivalent to the decrease of p; to
the liquid spinodal density Pspinoaqr- This dictates the following condition as a means to
calculate the critical thickness:

Pet = ﬁspinodal,l (2.71)

Substituting this value of p; back into Equation 2.53 and integrating it numerically, we are able
to obtain the density profile, from which we determine the mean density film thickness &y, i.e.,
the critical thickness &, corresponding to this specified temperature. For the case of argon

at T,, = 0.6, which we demonstrated here, the critical thickness therefore is indicated in Figure
2.8asd, = 1.39 nm.

With density profiles derived, the half-interface free energy o for each film molar loading
thickness &,,; are calculated by numerical integration on Equation 2.42. Summarized in Table
2.4 are the local density at the centerline p.;, non-dimensional half-interface free energy
o/(P.L;), non-dimensional intra-spinodal sublayer thickness 8;;/L;, non-dimensional interfacial
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region thickness 8;/L; (for thick film only, which represents interfaces between bulk phases),
and the mean density film thicknesses 6.

Table 2.4
Calculated results for argon at T, = 0.6 for four typical §,,; values

8t (NnM) 3.44 1.15 1.05 0.57
Pei (mol/m3) 35,216 29,434 27,243 17,472
a/(P.Ly) 4.84 4.71 4.61 3.78
8is/L; 1.12 1.25 1.53 -
8;/L; 1.20 - - -

8¢ (nm) 4.40 1.47 1.39 -

Density profiles and intrinsic stability for water liquid film atT,. = 0.6
By using water properties from Table 2.3, together with k4., from Equation 2.26, the variation

of the local density p; at the centerline (z = 0) with film molar loading thickness &,,; for water
at T, = 0.6, as predicted by Equation 2.55, is plotted in Figure 2.10.
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Figure 2.10 Variation of p; with 8,,; = 1" /p, for water at T,, = 0.6 predicted by Equation 2.55

Density profiles across the film are determined by numerically integrating Equation 2.53 using
the computationally determined values of p.; for each §,,; value. The resulting density profiles
for water at T,. = 0.6 are shown in Figures 2.11 to Figure 2.14 with decreasing &,,; values.
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film core stability)
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Figure 2.14 Density profile for water at T, = 0.6, §,,; = 0.56 nm (conditions resulting in ruptured film)
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The group of density profiles of water showing from Figure 2.11 to 2.14 demonstrates same
features as that we summarized for the analysis of argon. As shown in Figure 2.13, using the
density condition, Equation 2.71, to calculate the critical thickness, we obtain §, = 1.33 nm for
water at T, = 0.6.

The half-interface free energy o for each film molar loading thickness 6,,; is calculated by
numerical integration on Equation 2.42 after deriving the density profiles. Summarized in Table
2.5 are the local density at the centerline p.;, non-dimensional half-interface free energy
o/(P.L;), non-dimensional intra-spinodal sublayer thickness 8;5/L;, non-dimensional interfacial
region thickness 6;/L; (for thick film only, which represents interfaces between bulk phases),
and the mean density film thicknesses 5 for water.

Table 2.5
Calculated results for water at T, = 0.6 for four typical §,,; values

Sy (NM) 3.38 1.13 1.01 0.56
e (mol/m?) 37,186 31,319 28,769 18,455
o/(P.L;) 4.72 4.60 4.47 3.69
8is/L; 1.09 1.21 1.49 —
8:/L; 1.30 — — —

8 (nm) 4.03 1.41 133 —

§ 2.6 SURFACE TENSION DEVIATION

As shown in Table 2.4 and 2.5, for both liquid argon films and water films, values of surface
tension o decrease with the decrease of film molar loading thickness §,,,;. As the film thickness
approaches to the critical thickness, the surface tension value deviates significantly from its bulk
value between bulk liquid phase and vapor phase under comparable conditions. This is somewhat
analogous to the Tolman length associated with droplets of diminishing size [42], although here
the change in surface tension is not due to curvature of the interface, but instead is a consequence
of the interaction of the interfacial regions.
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Figure 2.15 shows the variation of non-dimensional surface tension o /(P,L;) with the mean
density film thickness & for both argon and water at T, = 0.6. More values of §,,; are analyzed
using the method described in previous section in order to obtain more data points in the plot.
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Figure 2.15 Variation of the half-interface free energy with film thickness at 7, = 0.6

We define the threshold film thickness of surface tension deviation J;;, at which the half-
interface free energy of the film decreases to 1% less than that for a semi-infinite body of liquid

At a reduced temperature of T, = 0.6, the value of §;; for argon is 1.63 nm and for water is 1.53

nm.

The study by Tolman [42] suggests that the deviation of the surface tension ¢ for a droplet due to

its curvature effects can be described by:
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o 1 1—2 (rT) + (rT>

—_— — j— —_ ol—

Ow 142 ;l T4 T4 (2.72)
d

in which, g, is the surface tension value between a bulk liquid phase and a bulk vapor phase,

14 1s the droplet radius, and 7 is the characteristic Tolman length for a specified fluid. Other
previous studies suggest that away from the critical point, the Tolman length of a specified fluid
is on the order of its effective molecular diameter D. The numerical values of 7 reported in
literatures are general in the range of 0.2D to 0.7D. For a Lennard-Jones 12-6 fluid, Haye and
Bruin [43] found that /D is close to 0.2 for 0.696 < T,. < 0.835. Since argon has an effective
diameter of Dgyg0p, = 0.188 nm, this suggests the Tolman length of argon is about 0.038 nm.

For water, Pruppacher and Klett [44] recommended a value of 0.157 nm for its Tolman length.

In contrast, the values of the threshold thickness &;, showed in our study, which characterize the
deviation of surface tension for a liquid film with thinning film thickness, are an order of
magnitude greater than the corresponding effective molecular diameter for both argon and water.
Also as shown in Figure 2.15, the dropping of the surface tension for a thinning film occurs more
abruptly near the threshold thickness §;;, than that of a droplet with diminishing radius described
by Equation 2.72. We therefore propose a function form, Equation 2.73, to curve-fit the
theoretical predictions of the surface tension variation with thickness for use in further analysis.

2 _1_B <%> @2.73)
8¢

where, the coefficient B = 0.01 is dictated by the definition of &, described above. Values of
the power constants m that best fit the predictions of argon and water at T,, = 0.6 are also given
in Figure 2.15.

§ 2.7 EFFECT OF TEMPERATURE ON CRITICAL THICKNESS AND SURFACE TENSION

The same procedure for deriving the critical thickness and the surface tension used for both
water and argon analysis at T,, = 0.6 is applied for other reduced temperatures from T,, = 0.6 to
T,- = 0.9. The resulting variations of §, with temperature for argon and water, showing in Figure
2.16, indicate that the critical film thickness for both fluids increases as the system temperature
increases.

49



Interfacial Region Thermophysics and Intrinsic Stability of Thin Free Liquid Films
Chapter 2 — Film Capillarity Theory for Free Liquid Films

3.5

| % Argon
. |-e-Water

06 065 07 075 08 085 09
Reduced temperature T,

Figure 2.16 Variation of critical thickness §, with reduced temperature T, for argon and water.

At other reduced temperatures, the surface tension values for argon and water films also show

significant deviations from their bulk values when the film thickness drops below the threshold
film thickness J;;,. Using the function form of Equation 2.73, we obtain values of the constants
&, and m that best fit the predictions at different T, for water and argon, as listed in Table 2.6.
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Table 2.6
Surface tension deviation correlation constants at various reduced temperatures

T, 0.6 0.65 0.7 0.75 0.8 0.85 0.9
6. (hm) 1.39 1.50 1.64 1.83 2.08 2.44 3.12
Argon &y, (hm) 1.63 1.76 1.96 2.22 2.57 3.06 3.81
m 8.73 8.92 8.07 8.70 8.51 8.10 10.12
6. (hm)  1.33 1.44 1.58 1.77 2.02 2.40 3.08
Water &, (nm)  1.53 1.69 1.90 2.15 2.51 2.96 3.76
m 11.41 9.12 8.59 8.09 7.69 8.36 9.48

§ 2.8 MODIFIED WAVE INSTABILITY MODEL

As noted in the introduction, earlier investigations have postulated that onset of film rupture is
associated with conditions that result in amplifications of waves on the film interface. These
wave instability models are based on implicit idealizations that the liquid-vapor interfacial region
is a well-defined 2-D surface and the surface tension is a constant, presumably at bulk fluid value
for the system temperature. However, the prediction of the film molecular capillarity model
developed here indicates that the interfacial region between two phases has finite thickness,
within which there is an intra-spinodal sublayer that lacks the intrinsic stability. As the film
thickness decreases, the unstable intra-spinodal sublayers on both sides of a film span and
interact with each other, causing a significant deviation of surface tension from its bulk value
when the film thickness drops below the threshold film thickness &;,,. Eventually the unstable
sublayers merge and destabilize the entire film core region, which can be a different mechanism
for the onset of film rupture.

Therefore, we propose to extend the wave instability model of Vrij [4] in the following way to
count for the effects of interactions between interfacial regions and the surface tension deviation
with thinning film thickness. Assuming Equation 1.4 applies at the critical thickness, and
substituting our curve-fit Equation 2.73 for the surface tension g, we obtain the following
relation for the critical thickness 6,.:
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A,17 \°% S0
= —B—=— 2.74
O <47r3aoo> 1-5B ( S, ) @74)

Equation 2.74 can be solved iteratively to determine §, at different temperatures.

As shown in Equation 1.4 and Equation 2.74, both the original wave instability model of Vrij [4]
and the modified wave instability model with surface tension correction account for the effect of
the lateral dimension L of the liquid film on film stability. Because the lateral film size L is an
upper bound to the wavelength of perturbing wave components that can exist on a film surface in
wave instability models, the greater L is, the less stable a film will be, resulting the increase of
critical thickness &, with the increase of L. In the film molecular capillarity model developed
here, however, because intrinsic stability of the liquid in the film is independent on its lateral
extent, the film’s lateral dimension L does not affect the impact of this mechanism on film
instability and rupture.

The variations of 6, with L predicted by the original (uncorrected) and corrected versions of
Vrij’s wave instability model [4] are shown in Figure 2.17 and 2.18 for argon and water at

T, = 0.6 respectively. The Hamaker constant Ay in Equation 1.4 and Equation 2.74 is calculated
by [45]:

2
AH — EkBT <€dielectric,v - Edielectric,l) + 3hVe . (712127 - 71212)125 (2‘75)
4 16v2 (n3 +np)t

Edielectric,v + Edielectric,l

where, €gierectricy ANd €gjerectric, are dielectric constants for saturated vapor and liquid,
respectively [46,47], n,, and n; are the refractive index for saturated vapor and liquid,
respectively [47,48], and v, is the main electronic absorption frequency (typically 3 x 1015 5™
for various materials [45]).
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Figure 2.17 The transition lateral film dimension L4, for argon at T,. = 0.6.
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Figure 2.18 The transition lateral film dimension L4, for water at T,. = 0.6.
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The original Vrij’s wave instability model predicts that the critical thickness &, is proportional to
the square root of the lateral film dimension L, as indicated by Equation 1.4, therefore variations
of 6, with L are shown as inclined lines in the log-log plots of Figure 2.17 and 2.18 for argon and
water. The prediction by the modified Vrij’s wave instability model with surface tension correct
shows less dependence of the critical thickness &, on the lateral film dimension L for small
values of L, suggesting in this regime wave instability has less impact on the film stability than
the interaction between interfacial regions does.

Also shown in Figure 2.17 and 2.18 is the characteristic transition length L;,.,,,, at which lateral
film dimension the critical thickness &, predicted by the wave instability model is the same as
that predicted by our film molecular capillarity model. It can be seen that above the lateral size
transition value L;,.,, the critical film thickness predicted by the wave instability model are
greater than that predicted by our capillarity model for the intrinsic stability mechanism. This
implies that for L > L4,, as a film becomes thinner it would become wave unstable first. For
films with lateral extents smaller than L4, the critical film thickness for intrinsic stability is
larger than that for wave instability, implying that as the film becomes thinner for this regime, it
will likely rupture due to lack of intrinsic stability before wave instability occurs. The transition
value of L4y, for the corrected wave instability model is slightly smaller than that for the
original model of Vrij for constant surface tension. Since the corrected wave instability model
takes both the wave instability and the interaction between interfacial regions into account and
shows the consistent physics in its prediction of §, variation with L, we conclude that its
predictions of L4, are more accurate. The values of L;,.,, for argon and water are 17.13 nm and
23.57nm respectively.

Note that L4, can be predicted by combining the critical thickness prediction of our film
capillarity model with the corrected wave model, Equation 2.74. Figure 2.19 shows the variation
of Li,qn predicted in this way for water and argon. This plot implies that film rupture due to the
lack of intrinsic stability in the film will likely be important only when the film has lateral
dimensions less than 10 nm. While this is unlikely in macroscopic systems, for films in nano-
channels, or films modeled with MD simulations of small lateral extent, the intrinsic stability
mechanism may play a role in film rupture.
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Figure 2.19 Variation of the transition lateral film dimension L;,.q,, with reduced temperature T ..

§ 2.9 SUMMARY

It has demonstrated in this chapter that the viability of extending classical molecular capillarity
theory to a full free liquid film. This extension has been formulated for molecules that are well-
modeled by a Lennard-Jones interaction potential, and applied to argon liquid films. We have
also developed the extension of capillarity theory to liquid water films by incorporating an
averaged form for the SPC/E interaction potential which accounts for the dipole character of
water. This new approach to modeling liquid water films predicts half film excess free energy
values for thick films that agree well with NIST recommended values of interfacial tension
between bulk liquid and vapor water phases.

The capillarity theory provides closed form relations that predict the relationships among
parameters that govern the film structure and thermophysical behavior and specifically the
critical film thickness corresponding to incipient film rupture for a thinning film.
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The prediction that surface tension diminishes as the film thickness decreases below a threshold
value of film thickness is a key outcome of our model analysis. Although for argon and water

at T, < 0.9, the film thickness must drop to less than a few nanometers for surface tension
reduction to be significant, this effect can be important, however, as the liquid film thins towards
conditions for onset of rupture, or for bubbles of small physical size in, for example, nano-
structured boiling surfaces. Therefore we propose that wave instability theory should be
modified to account for the effects of surface tension reduction with film thickness in this range.
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CHAPTER 3 - MD SIMULATIONS TECHNIQUES AND IMPLEMENTATIONS

This chapter outlines the techniques used in our MD model construction and simulation
implementations. The initial conditions and the boundary conditions are first discussed.
Potentials used for argon, water, and electrolyte aqueous solutions as well as the
implementations of potentials in simulations are examined in details. Algorithms to advance the
system in time and the simulation equilibrium criteria are provided subsequently. At the end of
this chapter, methods of deriving macroscale statistical thermodynamic properties from MD
simulations, such as the mean density and ion concentration profiles, pressure and surface
tension, are presented to prepare for the next chapter’s stability analysis of thin liquid films.

§ 3.1 POSITION INITIALIZATION

In order to investigate the stability of a liquid film, the MD system modeled in our simulations
features two liquid-vapor interfacial regions, as shown in Figure 3.1.
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Figure 3.1 System illustration of liquid film bounded by its vapor on both sides
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Initial configuration for monatomic fluid — Argon

A liquid argon film is initially positioned between two vapor phases via a face-centered-cubic
(f.c.c) lattice structure, as shown in Figure 3.2. The dimension of each liquid or vapor lattice cell
(Lyattice, OF Ligetice ) 1s determined respectively by the bulk liquid or bulk vapor molar density
value at the specified temperature as:

1
4 \3
Llattice,l = (ﬁlNA) G.1a)
4 1
3
Livrsicoy = (A_) (3.1b)
lattice,v Py NA

A particle on the vertex

is shared by 8 f.c.c lattice
/ cells
A particle at the center of

&dtriEos fashared b3 The.eftectwe nl.lmber of
. particles exclusive to one
f.c.c lattice cells

\ f.c.ccell is:

8x1+6x1—4
8 z

~

Llarrt’ce

Figure 3.2 Face-centered-cubic (f.c.c) lattice structure used in the initial configuration
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The numbers of liquid f.c.c lattice cells in x, y and z directions are represented by n,;, n,,; and
n,, respectively. n,; and n,, ; are set equal to represent the lateral size L, ,, of a square segment
of liquid film, which is also the lateral dimension of the simulation domain , as Equation 3.2:

Lx,y =Ny, X Llattice,l (32)

The number of vapor f.c.c lattice cells in x and y directions n,,, and n, ,, are determined from
the lateral size of the simulation domain L, ,, as:

L
Nypy = Nyp = \ = | (3.3)

Llattice,v

N, the number of liquid f.c.c lattice cells in z direction, dictates the characteristic molar loading
thickness 6,,,; of the liquid film:

=)

Omi = = = Nz X Ligetice,l (3.4)

™

l

The dimension in the z direction for each side of the vapor phase, L, ,,, is set as 2 X L, ,, in order
to ensure independence of each liquid film in simulations with the periodic boundary condition.
The number of vapor f.c.c lattice cells in z direction n,,, for each side of the vapor phase is
determined as:

Ny =

(3.5)

2 X Lx,y|

Llattice,v

Therefore, the total simulation domain length in the z direction is:
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L,= (nz,l + 4nx,l)Llattice,l (3.6)

Figure 3.3 provides a snapshot of the initial configuration for an argon MD simulation of 1188
molecules (n,; = n,; = 7,n,; = 6) at reduced temperature T, = 0.6.

r Ly

z (nm)

Figure 3.3 The initial configuration of argon MD simulation at T,- = 0.6 with 1188 molecules

Initial configuration for polyatomic fluid — Water

Centers of mass of water molecules are initially positioned in f.c.c lattice structures, in the same
way as that for argon. For each water molecule, we use its center of mass as the origin and set the

local molecular coordinate frame (E), EZ), E?) as shown in Figure 3.4.
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Figure 3.4 The local molecular coordinate frame with the molecular center of mass at origin.

Using the bond length L, oy and bond angle ayy, we are able to specify position vectors for the
oxygen atom and two hydrogen atoms in this local molecular coordinate frame as:

. 1 a — - .

Totacal = — 5 Lnon cos (—5) - E{ +0-E; + 0 E (3.7a)
P — HH - . Ay — —
rHl,local = §Lb,OH COoS (T) . E1 - Lb,OH Sin (T) . Ez + 0- E3 (37b)
Thz,local = 3 Lb,on COS (T) E1 + Lp oy Sin (T) "E; +0-Ej (3.7¢)

Each water molecule is then given a random initial orientation by choosing three random Euler’s
angles Q = (ay, @y, a3) as shown in Figure 3.5 for a 3-1-3 configuration. The Euler’s angles are
used to rotate the local molecular coordinate frame (Fl), Fz), E_3>) into the global coordinate

frame (e;, €5, €3).
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Figure 3.5 3-1-3 Euler’s angle orientation of molecules using angles a4, a, and a5.

The rotational matrix [49] for applying the Euler’s angles is given by:

COS 3 COS @y — COS &y Sinaq Sinaz  cosazsinag + cosa, cosaq sinaz sinazsina,
Q = |—sinazcosa; — cosa, sinaq COSa3 COS arq COS a COS a3 — SinazSinay CoS a3 sina,
sin a, sin a4 —sina, cos aq cos a,

(3.8)

Applying the rotational matrix to the molecular coordinate frame gives a global position vector
to each atom as:

rla,global = rl,c.o.m + Q ' 7"la,local (3-9)

where, 7,4 giopar @nd Tyq 10cqr are the position vector of atom a of molecule i in the global

coordinate frame (e;, €5, e3) and the local molecular coordinate frame (El), Fz" E_3)) respectively,
and 7, ¢, m 1s the center of mass of molecule i in the global coordinate frame.

Figure 3.6 provides a snapshot of the initial configuration for a water MD simulation of 736
molecules (n,; = n,,; = 6,n,; = 5) at reduced temperature T, = 0.65.
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Figure 3.6 The initial configuration of water MD simulation at 7, = 0.65 with 736 molecules

Initial configuration for mixtures — Electrolyte aqueous solutions

In MD simulations for electrolyte aqueous solutions, water molecules are set in the same way as
that for pure water simulations. Some liquid water lattice cells are randomly chosen to contain
dissolved electrolyte ions. For each one of these lattice units, one solute ion (a Na" ion or a CI’
ion for sodium chloride aqueous solution, as an example) is placed at the body center of that cell,
as shown in Figure 3.7.

Figure 3.7 F.c.c lattice structure with a solute ion in its body center
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As shown in Equation 3.10, the total number of liquid lattice cells n;,,_.e;; having ions is

determined by the solute concentration Cs,ye in M (mol/I), and the number of ions in each
solute molecule n;,,. NaCl, for example, has n;,,, = 2.

1
Nion—cell = 4"OoonionCsolutenx,lny,lnz,l ~

(3.10)

Figure 3.8 provides a snapshot of the initial configuration for 0.75 M (mol/lI) NaCl aqueous

solution MD simulation of 724 water molecules (n,; = n,,; = 6,n,; = 5) and 15 NaCl solute
molecules at reduced temperature T, = 0.6.

T

L SR

y (nm 0

0 l“‘z*nu_:_

Figure 3.8 The initial configuration of 0.75 M NaCl MD simulation at T, = 0.6. Green particles represent
Na' ions and yellow particles represent CI ions.

§ 3.2 VELOCITY INITIALIZATION

Velocity initialization is based on the Maxwell-Boltzmann distribution from kinetic theory and a
technique developed by Box and Muller [50].
Velocity initialization for monatomic molecules and ions

For monatomic molecules and ions, we consider only the translational velocities. The Maxwell-
Boltzmann velocity distributions in x, y and z directions are given by:
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_vE

_ = (3.11a)
f(y) CT\/Ee
1 -
floy) = —=e *F (3.11b)
T
f) = —=¢ 2¢t 3.11¢)

where, f (v, )dv, is the probability that the x component of velocity lies between v, and
v, + dvy, and cr is a characteristic velocity, defined as:

o = /kB—T (3.12)
m

To apply this distribution in MD program, the following procedure is followed:

and m is the mass of the particle.

1. Generating two random number R, and R, in the range of [0,1]
2. Calculate two intermediate parameters ¢ and 6 as:

{=.—2InR, (3.13)

0 = 2nR, (3.14)

3. Calculate the x and y components of velocity as:

v, = {cpcosB (3.15)

vy, = {crsinf (3.16)

4. Repeat step 1 through step 3 to determine v,, neglecting the second component of the
velocity in step 3.
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Velocity initialization for polyatomic molecules

For polyatomic molecules, the translational component of velocity is initialized by the same
method that is described above. The rotational kinetic energy of the molecule is determined by
the rotational Boltzmann distribution [51]:

2— V Erot e ~€rot/(kpT) (3.17)

f(Erot) = \/E(kBT)3/2

where €,,; is the rotational energy, and f (€,4:)d€yo; is the fraction of molecules with rotational
energies between €,,¢ and €,.,; + d€, ;-

To apply this distribution in MD program, the following flow chart of Figure 3.9 is used to
determine the value of €,,;.

| Generating a random number R € [0,1]
g

!

Set y =0.1and Ay = 0.1

g

E

- ~ 2 =
Numerically evaluate R = —= Jrev=estag e —

X=X T4y —— R >R >
Yes !
— i No | x=x-2x
- |[R —R| < 0.001 =
R Ay = Ax/10
Yes !

€ror = XkgT

|

Figure 3.9 The flow chart used to determine the rotational kinetic energy of polyatomic molecule
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Upon determining €,,;, random numbers are assigned to determine the direction in which the
rotational energy is applied. The rotational velocity in that direction is expressed as:

§={x,y orz} (3.18)

in which, ¢ represent the x, y or z direction, and I¢¢ is the moment of inertia in the direction
chosen.

§ 3.3 PERIODIC BOUNDARY CONDITION

Periodic boundary condition is applied by constructing infinite arrays of replicated simulation
domains in x, y and z directions throughout space. Every particle in the original simulation
domain has mirror image counterparts in all other replicated simulation domains, and changes in
the original simulation domain are matched exactly in all other replica domains. As illustrated in
Figure 3.10, any particle leaving one side of a simulation domain is automatically replaced by its
counterpart in a neighboring domain entering through the opposite side. Consequently, the
original simulation domain is devoid of any boundaries, and surface effects are eliminated.

T Entering
X molecule

N Y

Figure 3.10 Schematic for periodic boundary condition
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§ 3.4 POTENTIAL FUNCTIONS

Inter-particle potential functions are the core of MD simulations. The force upon an atom, a
molecule, or an ion is determined by the potential function and the position configuration of the
system in current time step, as:

N
R == ) vy (3.19)

Jj#i

The Lennard-Jones 12-6 potential form is used for argon, and the extended simple point charge
(SPC/E) potential form is used for water and ions. It should be noted that all potential models are
empirical in nature, and their parameters are originally derived to match the interatomic radial
distribution functions of experiment data as closely as possible.

Potential function for argon

The Lennard-Jones 12-6 potential function applied in MD simulations for argon is the same as
that used in our film capillarity theory model, Equation 1.17, with the energy and length
parameters, €;; and ;;, from Table 2.2. The corresponding force vector on molecule i from the
interaction with molecule j is:

1, do;; e (r\° [ (m\°
L Rk 24%<ﬂ> z<£) - 1|7, (3.20)
1y dryj 1 \Tij Tij

in which, 7;; is the distance between molecule i and j:
= | (3.21)

The total potential energy of a system of N molecules is stated as:
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N N N N 12 6
1 rlj rlj
U=- d)l] = 261]' — —|— (322)
2L Ly et £ [\ 775 147,
=1 j+#i =1 j#i

However, because the periodic boundary condition is imposed on the MD simulations, the
intermolecular interactions have to include not only those among the N molecules in the original
simulation domain, but also those among the infinite array of periodic images. In order to avoid
this difficulty, the potential cutoff method and the minimum image convention are used in
simulations.

Since the short-range Lennard-Jones 12-6 potential of Equation 1.17 decays rapidly for distances
beyond 37y, the cutoff radius is set as ., = 373;. To calculate the interactions of molecule i,
we use its position as the origin and draw a sphere of radius .. Depending on the location of
molecule i, the sphere may contain regions in both the original simulation domain and the replica
simulation domains. Molecule i only interacts with other molecules falling within the sphere,
either real molecules in the original simulation domain, or image molecules in the replica
simulation domain. Interactions with molecules or image molecules outside of the sphere are
neglected.

However, it should be noted that although the interactions beyond cutoff radius are insignificant,
the inherent discontinuity of this cutoff method leads to a resultant impulse on the molecules
near the cutoff distance, which may disrupt the simulation as reported in the studies of Mecke et
al. [52] and Trokhymchuk and Alejandre [53]. Therefore, the force-shift truncation [54-57] is
adopted in our MD simulations to implement the potential cutoff as:

do;;
bijr-s = Pij — (¢ij)rij=7.cut - <F:J]> (1ij — Teur) (3.23)
Tij=Tcut

Fors=—-2 = T (3.24)

Frr= Tt Lldby_(400)
rij drij rl'j drij

dar;:
Y Tij=Tcut

The force-shift modified potential function ¢;; r_¢ and force F;, r_; both approach exactly zero at
the cutoff distance, as 17 = 7y
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Potential function for water and ions

The extended simple point charge (SPC/E) potential form is used for interactions among water
molecules and various ions:

12 6 3 3
bij = 4€spc/ew—w [(M) - (M) + 4n1€ Z Z z'aCIl') (3.25)
ij ij 0a=1b=1 iabj
bi o = de _ l(rspc/e,w—ion)12 _ (rSpc/e,w—ion)6l n 1 : 9a9a (3.26)
i,a spc/ew—ion Ti—a —rm 41‘[60 L Tion .
bog = 4e o [(rspc/e,ion—ion>12 _ (rspc/e,ion—ion>6] n 1 qa9p (3.27)
a,p spc/e,ion—ion —raﬁ Tug 4re, Tap .

in these relations, i, j represent water molecules, a, § represent ions, and subscripts a and b
varying from 1 to 3 sequentially represent H-O-H atoms within water molecules. Also, € and

r with subscripts spc/e, and w or ion are respectively the energy parameter and length
parameter in the SPC/E type interaction potentials, and € is the vacuum permittivity. In these
relations, r with subscripts i, j, a, b, a or [ is the distance between two interacting particles. If
one of the interacting particles is a water molecule without the subscript a or b specifying an
atom, the distance is measured based on the oxygen atom in that water molecule. g is the point
charge assigned to a specified atom or ion. Values of these constants used in our MD studies are
summarized in Table 3.1 [58-63].
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Table 3.1

Constants of SPC/E form potential functions used in MD simulations for water and ions

Tspc/ew—w
Tspc/e,Nat-Nat
Tspc/e,ca?t—ca?*
Tspc/e,cl——cl™
Tspc/el=—I~
T'spc/e,(ClO,)~—(ClOy)™
Tspc/e,w—Na*t
Tspc/e,w—Ca?+
Tspc/ew—Cl™
Tspc/ew—I~
Tspc/e,w—(ClO,)™
Tspc/e,Nat—cl™
Tspc/e,Nat-I~
Tspc/e,Nat—(Cl0,)™
Tspc/e,ca?t—cl™
dn

Ana*

Gei-/ -

3.166x10™° (m)
2.350x10™° (m)
3.029x10™° (m)
4.400x10™ (m)
4.168x10™° (m)
3.604x10™ (m)
2.758x10™° (m)
3.097x10™° (m)
3.783x10™° (m)
3.667x10™° (m)
3.385x107° (m)
3.375x10™° (m)
3.259x10™° (m)
2.977x10™° (m)
3.714x10™° (m)
0.4238 (e)

1(e)

-1 (e)

€spc/ew—w
€spc/e,Nat—Na™*
€spc/e,ca?t—ca?t
€spc/e,cl——Cl™
Espc/e,l_ -1~
€spc/e,(ClOy)~—(ClOy)~
€spc/e,w—Na*
€spc/e,w—Ca?*
€spc/ew—Cl™
Espc/e,w—l‘
€spc/ew—(ClOL)™
€spc/e,Nat—-Cl™
€spc/e,Nat—I~
€spc/e,Nat—(ClOy)~
€spc/e,ca?t—Cl™
do

dca2t

q(cio,)"

1.080x10%* (J)
9.033x107% (J)
8.657x107% (J)
6.957x10% (J)
8.661x107% (J)
1.060x10%* (J)
9.915x10% (J)
9.727x10% ()
8.877x10% (J)
9.729x107% (J)
1.070x107%* (J)
7.995%x10% (J)
8.847x107% (J)
9.816x10% (J)
7.807x107% (1)
-0.8476 (e)

2 (e)

-1 (e)

As seen in Equation 2.35-2.37, the electrostatic portion of the SPC/E potential does not decay as
rapidly as the Lennard-Jones potential (as =1 versus r~°). Therefore, the electrostatic potential
cannot be truncated simply by the cutoff radius r,,;. Instead, the Ewald summation technique [64,
65 and 23], is applied in our MD simulations for handling the long-range interactions.
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In the Ewald summation technique, a shielding charge distribution is placed on top of the point
charges to reduce the error of the columbic potential and force calculation at the cutoff radius.
The charge density of the shielding charge converted the dependence of the real-space potential
to erfc(r) /r, which decayed much more rapidly than the 1 relationship in the original
potential function. To neutralize the introduced shielding charge distribution, a compensating
charge distribution is also added to the simulation. The periodicity of the compensating charge
due to the periodic boundary condition allows for it to be handled by a Fourier analysis over the
reciprocal lattices generated from repeating the simulation domain in all directions. Therefore,
we divide the columbic potential into four components:

¢columbic = ¢r + ¢f - ¢s - ¢m (3-28)

in which, ¢"is the potential induced by the coupling of the original point charges and the
shielding charge distribution and is calculated in real-space; ¢/ is the Fourier component
stemming from the compensating charge distribution; the Fourier calculation of ¢/ includes the
self-interacting term ¢p° among the compensating charge distribution, which is therefore
subtracted from the overall potential; similarly, since ¢/ also includes the interactions among the
compensating charge distribution and the original point charges on the same molecule, this intra-
molecular component ¢p™is subtracted in Equation 3.28. Expressions of these four terms used in
MD simulations are given as:

1 N Natom N Natom
Z Z Z Z ialjb erfc(lcwriabj) (3.29)
€y = o s Tiabj
¢/ = pr— QU|s(R)|’ (3.30)
k%0
1 N Natom
K
s — LA 2 3.31
e DI (3.31)
i=1 a=1
N[l om
o™ = ! lii qiaqlberfc(lc Tiap) (3.32)
Ame, 2 4 Tiab w'iab
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kZ

QW) = 7z % (3:33)

N Natom

s(k) =Z Z Gige' T (3.34)
i=1 a=1

From Equation 3.19, the corresponding force due the electrostatic portion of potential is then
obtained as:

F,=FL+F} (3.35)

in which, @) and Flg are the force components calculated in the real-space and the Fourier-space
respectively:

N Natom
T qla Z q]b [2 —KZT'Z . —_
FL = —KyTigpi€ W labi +erfc(;c 7 b-) Tab (3.36)
La 47‘[60 ]il & rlflbj \/E whiaoj whiabj aonj

[T LIPS kTag(k) ) k

@ = " dge V kiOQ m|e (3.37)

Note that the self-interacting term in Equation 3.28 does not provide an additional force on the
molecules since its gradient is zero.

Above equations (Equation 3.29 to 3.37) use water molecules as examples to illustrate the MD
implementation of the electrostatic portion of Equation 3.25. q;, and 7;, are the charge value and
position vector for atom a of water molecule i. For the electrostatic portions of Equation 3.26
and 3.27 (for interactions between water molecules and ions, and interactions among ions),

qiq and 74 are replaced by g, and 7,5 respectively to represent their counterparts of ions.

The vector k is the reciprocal lattice vector used in the Fourier space calculation:
2nn, , 2mn, , 27mn,

k= .
L X+ L y+ L Z (3.38)

73



Interfacial Region Thermophysics and Intrinsic Stability of Thin Free Liquid Films
Chapter 3 — MD Simulations Techniques and Implementations

where, X, ¥ and Z are unit vectors in the principal Cartesian directions, and n represents the
number of repeated cells in a given direction. k in Equation 3.29-3.37 is the magnitude of k:

k= |k|.

K,, in Equation 3.29-3.37 is the shielding charge width, one of the key control parameters in the
Ewald summation technique. k,, together with the real-space cutoff radius 7,; and the Fourier
cutoff number n.,; control the speed of convergence and the calculation accuracy in both the
real-space and the Fourier-space in MD simulations. The process of determining these three
parameters is discussed in detail by Frenkel and Smit [64], Kolafa and Perram [66].

For our non-cubic MD simulation configuration, the most accurate possible value for the real-
space cutoff radius 7, is half of the minimum length of the simulation domain:

Lo, L
Teur = =5 = % (3.39)

Frenkel and Smit [64] provided a relation for the value of k,, that minimizes the computational
cost:

320\ 1/6
K, = (o N (3.40)
L Tf

where, 7, and 7 are the computational time for each real-space and Fourier-space calculation

respectively. In our simulations, k,, = 5.6/L is found by Equation 3.40 to optimize the
calculation speed.

Kolafa and Perram [66] discussed that the increase of calculation accuracy in Fourier-space
decreases the accuracy in the real-space. Using the error analysis method, they proposed a
relation among 7, k,, and n.,; to balance the calculation accuracies in both spaces:

mn
—L (3.41)

Ky, T, =
w'cut KZWL

Therefore, we can determine the Fourier cutoff number n.,; from r,,; and k,, as:
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2
i L eut (3.42)

Neyt = T

Substituting the Fourier cutoff number n.,; into Equation 3.38, we obtain the magnitude of
cutoff vector as:

2Nyt

(3.43)

keye =

In each step of MD simulations, the magnitudes of the Fourier vectors of reciprocal lattice points
|k| are compared with k_,;. Only vectors of |k| < k., are considered in the energy calculation.

§ 3.5 ADVACING ALGORITHMS AND SIMULATION STAGES

In MD simulations, positions and velocities of all molecules are updated at each time step based
on the applied intermolecular potentials. Algorithms of advancing the simulation in time adopted
in our study are the velocity Verlet algorithm [67] for monatomic molecules and ions, and the
RATTLE algorithm [68] for polyatomic molecules.

The velocity Verlet algorithm for monatomic molecules and ions

The major advantage of the velocity Verlet algorithm comparing to the original Verlet and the
leap-frog Verlet algorithms is the ability to control the particles’ velocities directly at each time
step. It also contains less inherent numerical errors than the original Verlet algorithm, and
conserves energy as well as the other two methods. Therefore, the velocity Verlet algorithm is
applied in our MD simulations for monatomic molecules and ions.

The algorithm is implemented via the flow chart shown in Figure 3.11 for each particle in the
system.
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~liag Ko R Y

Figure 3.11 The flow chart of the velocity Verlet algorithm. Subscript i represents each monatomic
molecule or ion in the simulation
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The RATTLE algorithm for polyatomic molecules

Atoms in polyatomic molecules (water) feel both interatomic and constraint forces. Calculations
of constraint force are difficult and computationally expensive. Therefore, the RATTLE
algorithm is used for polyatomic molecules in order to avoid calculating constraint forces. The
original version of SHAKE algorithm was devised by Ryckaert et al. [69] corresponding to the
leap-frog Verlet algorithm. RATTLE was developed by Andersen [68] as an adaptation of the
SHAKE algorithm to the velocity Verlet algorithm.

The RATTLE algorithm is implemented via the flow chart shown in Figure 3.12 for each water
molecule in the system.
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Figure 3.12 The flow chart of the RATTLE algorithm. Subscript i represents a molecule, a and b
represent atoms in the molecule, and €,,; is the specified tolerance.
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Simulation stages

Although the molecular configuration is initialized such that the liquid and vapor regional
densities match those for the bulk phases, the system did not begin in equilibrium. Therefore,
before simulation results are collected, several simulation stages are taken to allow the system
reaching equilibrium.

As shown in Figure 3.13, the total number of simulation steps is 80,000 and the system advances
in time by 5 stages: the initial relaxation stage (stage I) of 1000 steps for releasing the extra
potential energy in the initial lattice structure, the heating stage (stage II) of 19,000 steps for
taking the system from an initially low temperature (10% of the desired temperature) to the
target temperature, the constant temperature stage (stage III) of 10,000 steps using velocity
rescaling to maintain the system temperature, the second relaxation stage (stage IV) of 20,000
steps with the temperature maintenance turning off, and the data collecting stage (stage V) of 30,
000 steps. The time step At is set as 5 fs except for the initial relaxation stage, which uses a time
step of 0.5 fs to allow liquid molecules or ions to initially adjust in small steps. Interfacial free
energy and statistical system temperature determined from systems statistics are monitored over
time and mean values of both were steady during the statistical data collection stage of the
simulation, indicating that the simulated system had reached thermodynamic equilibrium. Figure
3.14 shows the equilibrium statistical system temperature and interfacial free energy variations
with time steps in a MD simulation for 0.36 M NaCl aqueous solution at T, = 0.65.

T
A
[ 11 S | | B v : \Y :
I I I 1 ]
Teq [~ —: __________ 1 1 1 ]
1 1 1 1 ]
) 1 1 1 1 I
’5 1 [ 1 1 |
gl : : : :
= : | : : I
5 1 I 1 1 I
= : l I I I
1 ] 1 1 ]
1 [} 1 1 ]
T [ ! ! | . Time step
1 [ 1 1 1 } T
1,000 20,000 30,000 50,000 80,000

Figure 3.13 Schematic of various simulation stages
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Figure 3.14 Surface tension and statistical temperature variations with time steps for a MD simulation
(0.36 M NaCl aqueous solution with n,; = 4 at T,. = 0.65 ) reaching equilibrium.

Velocity and position adjustments

The velocity rescaling is used to control system temperature, either increasing the system
temperature in simulation stage II, or maintain the constant temperature in stage III. The concept
behind the velocity rescaling method lies in the kinetic theory definition of temperature:

N
1
sz”mz = KE = SNk,T (3.44)

where, { is the number of degrees of freedom for the simulating particle. The value of { for
argon, water, ion are 3, 6 and 3 respectively. Therefore, at any instant in the simulation, the
statistical system temperature is calculated by:

N
1 .
Teaic = MZ milvllz (3.45)
i=
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To rescale the particle velocities such that they conform to a desired temperature Tyesired»
Equation 3.46 is applied to alter the velocities:

—_— __ Tdesired
171,ad}usted =N Teale (3-46)

Besides the velocity adjustment for the purpose of temperature control, the particles’ position
vectors need be adjusted for all simulation stages in order to remove the velocity bias. The
random velocity distribution ideally provides no net momentum of the liquid layer in the

z direction. However, the finite size of the simulation domain may accumulate the velocity bias
from each time step, resulting in a small amount of z directional momentum. In order to ensure
that the liquid film region remains in the center of the simulation domain, which is very
important in the data collecting stage as we obtain results of density or ion concentration profiles,
the particles’ position vectors are adjusted at each time step.

Because the number of particles in the liquid region is much greater than that in the vapor region,
we can safely approximate that the center of mass of the liquid film is equal to that of the entire
simulation domain, which may be calculated as:

N

C.0. Mz,calc(T) = %z z; (1) (3.47)

=1

For fixing the liquid film at the center of the simulation domain, the desired center of mass for
the entire system should maintain the same as that from the previous time step:

N
1
C.0. M, gosirea(t) = C.0.M,(t — 1) = Nz 2t —1) (3.48)

=1

Applying the position adjustment equally among all simulating particles to obtain the desired
system center of mass, each position vector is altered according to Equation 3.49:
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Zi,adjusted(T) =z (r) + (C- 0. Mz,desired (r)-C.0. Mz,calc(T))

N - 3.49
=7(7) +%(Z z(t—1) - ZZi(T)> (3.49)

=1 =1

§ 3.6 THERMODYNAMIC PROPERTIES CALCULATION

Several thermodynamic properties are collected during the data collecting stage for the purpose

of film stability analysis, such as the local mass density, the local ion concentration, and surface
tension. Some properties, like temperature, system total energy, are monitored in all simulation

stages in order to make the program running smoothly. The statistical thermodynamics methods
for calculating these properties based on MD simulation data are presented in this section.

Local mass density and ion concentration calculations

After equilibrium is reached, the simulation domain is divided into 100 bins along the z-axis
(normal to the film interface), as shown in Figure 3.15. The local mass density data and the local
ion concentration data (for electrolyte aqueous solutions) are collected in each bin at every step
in the data collecting stage. The mass density of a bin k at time step 7, denoted as py, (1), is
determined from the number of molecules in the bin Ny, () and the bin’s volume V},:

MNp, (1)

7 (3.50)

Pm.k (T) =

where m is the molecular mass. For a polyatomic molecule, the position of the center of mass of
that molecule is used to decide whether it belongs to the bin k or not. The time average local
mass density p,,  is then calculated as the mean of p,, , () values over all time steps of the data
collecting stage:

Pmk = (Pm,k(T))re [50000, 80000] (3.51)
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The ion concentration of the bin k at time step 7, denoted as C; ;. (7), is determined in the similar
way:

Ny (7)

(1) = 3.52
Cor(T) 1000N,V, (3.52)

in which N; ; () is the number of ions in the bin k at time step 7. The time average local ion
concentration is then calculated as:

Cie = (Cix (V)2 e (50000, 80000] (3.53)

The importance of minimizing system velocity bias discussed in the previous section is seen in
the dividing of the domain into bins. Since positions of bins are fixed, erroneous data will be
collected if the liquid region is to propagate in the z-direction as the simulation advancing in
time.
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Figure 3.15 Density and ion concentration data collection bins in the simulation domain
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Pressure and surface tension calculation for argon

The pressure for a monatomic fluid is calculated from the intermolecular forces and the system
kinetic energy by [70]:

N N N
1 ., 1 S
i=1

i=1 j>i

Note that for an ideal gas, the intermolecular forces are zero everywhere except when the
intermolecular distance is zero. Therefore, the dot product in the second term is zero everywhere.
This modification, couple with Equation 3.45 for temperature, gives the well-known expression
for an ideal gas,

PV = NkgT (3.55)

In some MD simulation cases, values of local pressure are more concerned than the total pressure
given by Equation 3.54. To obtain local pressure values, the simulation domain is divided into
100 bins along the z-axis (normal to the film interface), the same way as that used in collecting
local density data shown in Figure 3.15. The expression used to calculate the local pressure P (k)
of bin k is proposed by Weng et al. [22] as:

N N
1 1 .
P(k) = 3V, Z m;|v;|? +m Zfiiju "1y (3.56)

i€bink i=1 j>i

The coefficient f;;; represents the portion of the interaction between molecules i and j that falls
in bin k. Figure 3.16 illustrate the determination of f;, in various scenarios:
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Figure 3.16 Determination of f; . for local pressure calculation

For the case of molecules i and j lying in the same bin k, all interactions between i and j lies in
bin k and f;j, = 1. For the case of molecules i and j lying in different bins, as shown in Figure
3.16, the pressure induced by the interaction between i and j is divided equally among bins
according to the portion of the bin that is involved in the interaction. For example, bin k has
fijt = Li/z;j; bin o has f;;, = L;j/z;;; bin m has fi;, = Lpin/z;;; and for bin p, since the
connecting line between i and j does not cross it, f;j, is assigned value of zero. This method
provides more precise evaluations of local pressure values than the conventional method, in
which if molecules i and j appears in different bins, half of the pressure calculated by Equation
3.54 is applied to each bin.

The surface tension values are calculated by the Virial method, integrating the difference
between local normal and tangential pressure components through the entire simulation domain:

100
1" 1
o= EJ._OO[Pn(Z) - Pt(Z)] dz = Ekzzl[Pn(k) — Pt(k)] (357)

The factor 1/2 is applied since two liquid-vapor interfaces exist in our MD simulations.

The local pressure tensor is broken down into Cartesian components using the form:

N N
1 1
Pf(k) = V_ z mivff + V_ZZﬁ]kFl]"frUf f = {X,y, or Z} (358)
k k

iEbink i=1 j>i

85



Interfacial Region Thermophysics and Intrinsic Stability of Thin Free Liquid Films
Chapter 3 — MD Simulations Techniques and Implementations

Since in our MD simulation configurations, the normal to the film interface is in z direction, the
normal pressure component points in the z direction and the tangential pressure component is the
average of x and y direction pressure values. Therefore, P, (k) and P,(k) in Equation 3.57 are
calculated as:

N N
1 1
P,(k) = v Z myvf, + Vz zfiijij,zTij,z (3.59)
i€bink i=1 j>i
1
Pt(k) =ﬁ Z ml(le+vly)+ Zfl]k(Fljer]x L]yrlj,y) (3-60)
i€Ebink L 1 j>i

Pressure and surface tension calculation for water and electrolyte aqueous solutions

In our MD simulations, the center-of-mass approximation proposed by Ciccotti [71] is used for
polyatomic fluid, water. In this approximation, all interatomic forces are assumed to act on the
center of mass of the molecule. The calculation for pressure using this approximation is:

Natom Natom

BVmel|m| 3VZZ z Z tabj -’ rlabj (3-61)

i=1 j>i a=1 b=1

where m,, ; is the molecular mass and v, , is the center of mass velocity vector for molecule i;

ﬁ]’ is the vector between the centers of mass of molecule i and j, and F,g, is the force vector
between atom a on molecule i and atom b on molecule j.

Incorporation of the Ewald sum technique into Equation 3.61 is required in order to handle the
electrostatic portion of interactions. Alejandre et al. [23] provided relations for the columbic
contribution to pressure in the Cartesian coordinate system:
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N Natom N Natom

Pe = BREOVZ Z Z Z Qiaqjb [\/—Kwrlab] Tiabs +erfc(;cwrlabj)]u

a=1 ]:tz b=1 lab]

2

2k k
Z Q(k)|S(K)| (1 St S ﬁ) (3.62)

k+0
N Natom

-;Z > le-n(rl),  e=toror

where Q(k), S (E) and F;g are given by Equation 3.33, 3.34 and 3.37 respectively.

Equations 3.61 and 3.62 use water molecules as an example to illustrate the MD implementation
of the pressure calculation. For electrolyte aqueous solutions, interactions among water
molecules and dissolved ions need be included in Equation 3.61 and 3.62. The subscripts of i, j,
a, b are replaced by a, f accordingly to represent the counterparts for ions in the above
equations.

Surface tension is calculated using Equation 3.57 in the same manner as for the monatomic
system of argon. In MD simulations, the integral in Equation 3.57 is carried out across the
simulation domain. Therefore, for simulations which only yield total pressure values without
local pressure results in individual bins, the surface tension of Equation 3.57 can be
approximated as:

o= %[PZ —%(Px + Py)] (3.63)

§ 3.7 SUMMARY

In this chapter the fundamentals of MD implementation of a system incorporating liquid-vapor
interfacial regions have been discussed. The initialization process provided molecules in a f-c-c
lattice structure for both the liquid and vapor regions with velocities matching the Maxwell-
Boltzmann distribution. Periodic boundary conditions are applied to eliminate surface effects due
to limited dimensions of simulation domain. For monatomic molecule argon, the Lennard-Jones
12-6 potential function is used to calculate the intermolecular interactions. For polyatomic
molecule water and various dissolved electrolyte ion, SPC/E type of potential functions are used
in MD simulations. The long-range electrostatic portion of SPC/E potential is handled by the
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Ewald summation technique in both real-space and Fourier-space. The velocity Verlet and
RATTLE algorithms are used to advance the simulation in time for systems with and without
intra-molecular constraint forces respectively. This chapter is ended by the discussion of deriving
macroscale statistical thermodynamic properties from MD simulations, such as the mean density
and ion concentration profiles, pressure and surface tension, based on which the stability of thin
liquid film is analyzed.
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CHAPTER 4 - STABILITY ANALYSIS BY MD SIMULATIONS

MD simulations of free thin liquid films have been carried out for systems consisting of argon,
water and various electrolyte aqueous solutions. The stability of thin liquid films is studied using
the thermodynamic intrinsic stability criteria and density profiles derived from MD simulations.
Effects of film thickness, system temperature and electrolyte concentration on film stability are
investigated by series of MD simulations with specified system variables. Also discussed are the
surface tension of liquid-vapor interfacial regions and the relations of surface tension with film
thickness, system temperature, electrolyte species and dissolved ion concentration profile.

§ 4.1 DENSITY PROFILES AND CRITICAL THICKNESSES

In the data collecting stage of MD simulations, local density data are collected in each bin at
every time step. Time averaged mean values are obtained for each bin at the end of simulations.
Figure 4.1, 4.2 and 4.3 show the mean density profiles predicted by the simulations of argon,
pure water and 0.38 M (mol/I) NaCl aqueous solution respectively. In these simulations, the
system reduced temperature is set as T, = 0.6, the lateral film dimension for argon is fixed as
Ly, = 3.83 nm (n,,; = n,,; = 7), for water and NaCl aqueous solution L, , = 2.48 nm (n,; =
n,; = 5), the film molar loading thickness for argon varies from 0.55 nm to 3.83 nm (n,; =
1~7), and for water and NaCl aqueous solution the film molar loading thickness varies from
0.50 nm to 2.48 nm (n,; = 1~5), as shown in these Figures respectively.
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Figure 4.2 Time-averaged density profiles predicted by MD simulations for pure water at T, = 0.6
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Figure 4.3 Time-averaged density profiles predicted by MD simulations for 0.38 M NaCl aqueous
solution at T, = 0.6

The four horizontal lines shown in the above three plots represent bulk liquid density p;, spinodal
liquid density pspinoaari> Spinodal vapor density pgpinodary and bulk vapor density p,, from the
top to the bottom respectively. The bulk density values and spinodal density values are
calculated using the Redlich-Kwong equation of state, as shown in Equation 2.4a. In Figure 4.3,
for dilute NaCl solutions, although the presence of Na" ions and CI ions has noticeable effect on
the density distribution in the system, it shall not significant affect the numerical value of local
density in an individual bin. Therefore, density profiles showing in Figure 4.3 only take account
of the water molecules, and the bulk densities and spinodal densities calculated by the Redlich-
Kwong equation of state for pure water are reasonable estimations for dilute NaCl aqueous
solutions as well.

Density profiles derived from MD simulations show inherent fluctuations, however the overall
density distributions for argon, pure water and electrolyte dilute aqueous solutions present
consistent features as those derived by our film capillarity theoretical model previously. For thick
liquid films, density profiles have discernible different regions for the vapor phase, the central
liquid phase and liquid-vapor interfaces. In liquid-vapor interfacial regions, density profiles
exhibit steep gradient at the edges of the film. Also as shown in Figure 4.1, 4.2 and 4.3, with the
decrease of the film molar loading thickness §,,;, the mean density within the central core region
Dcc decreases.
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In MD models, the definition of the mean film thickness &5 is based on the density profile as
well:

6 =2z, — 2z 4.1)

where, z; and z, are the z coordinates at which the local density in the interfacial region is equal
to the mean value of p.; and p,,:

_ PotPcc

p(z)|z=21<0 = p(Z)|z=zr>0 - T (4-2)

Comparing the definitions of & in the film capillarity model (Equation 2.66 and 2.67) and in

MD simulation model, we notice that p; in Equation 2.67 is replaced by p,. in Equation 4.2.
Due to the fluctuating nature of MD simulations, using the mean density of the central core
region is more reasonable than using the local density of a single bin containing the center line of
simulation domain. In general, 5 derived from MD simulation results also differ from the film

molar thickness §,,;.

Showing in Figure 4.4, 4.5 and 4.6 are the variation of p.; with the film thickness & for argon,
pure water and 0.38 M NaCl aqueous solution respectively. Each data point in Figure 4.4 to 4.6
corresponds to a density profile as those shown in Figure 4.1 to 4.3, and the connecting lines
between data points are drawn by curve fitting in order to show the trends of variations.
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Figure 4.4 Variations of p.; with 8 for argon at T, = 0.6
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Figure 4.5 Variations of p.. with 8 for pure water at T, = 0.6
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Figure 4.6 Variations of p¢. with 8 for 0.38 M NaCl aqueous solution at 7. = 0.6

As we can observe from the above three plots (Figure 4.4 to 4.6), the mean density within the
central core region p.. decreases with the decrease of film thickness &5, and eventually reaches
to a level below the spinodal liquid density pspinodar, for all three systems of argon, pure water,
and NaCl aqueous solution. Based on thermodynamic intrinsic stability criteria, we know that
mean density values between spinodal liquid and spinodal vapor densities are not expected to
exist in real systems because the fluid would lack intrinsic stability for such conditions.
Therefore, we expect that the liquid film is ruptured if the mean density within the central core
region P, is less than the spinodal liquid density pspinoaar,» indicating the initially central liquid
region lacks intrinsic stability. The critical thickness 6, is defined as the value of 6¢
corresponding to this density condition:

m's,::&c = Pspinodal,l (4.3)

The cross points of p.. curve-fitting lines and spinodal liquid density lines showing in Figure 4.4,
4.5 and 4.6 indicate that at reduced temperature of T, = 0.6, §, = 0.91 nm for argon liquid film,

6, = 0.80 nm for pure water liquid film and 6, = 0.79 nm for 0.38 M NaCl aqueous solutions
respectively.
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As mentioned in the introduction chapter, an important advantage of MD simulation method is
that it can provide direct insight into the behavior of molecules or ions and their interactions. The
stability analysis described above is verified by examining snapshots of the molecular behavior
in MD simulations. The following Figures from 4.7 to 4.9 show two MD snapshots for systems
of argon, pure water and 0.38 M NaCl aqueous solutions respectively, in which one of the
snapshots corresponds t0 pec < Pspinoaari> and the other corresponds to Pec > Pspinoda,i-

Snapshot for argon system at T, = 0.6. &,,; = 0.55 nm. 7 = 70,000
(a) — T

0—1""""112'._2 :
23 2 4 z (nm)

Figure 4.7 Snapshots of molecules in MD simulations of argon: (a) peec < Pspinodat, () Pec > Pspinoda,l

95



Interfacial Region Thermophysics and Intrinsic Stability of Thin Free Liquid Films
Chapter 4 — Stability Analysis by MD Simulations

(a) Snapshot for water system at T, = 0.6. 6,y = 0.50 nm. 7 = 70,000

0 ] == B & a 6 8 : 10
2 )3 0 - . z (nm)
.T=170,00

e

Figure 4.8 Snapshots of molecules in MD simulations of water: (2) pec < Pspinodat,l (b) Pec > Pspinodat
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(a) Snapshot for 0.38 M NaCl aqueous solution system at T,. = 0.6. 6,y = 0.50 nm. 7 = 70,000
e ]
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Snapshot for 0.38 M NaCl aqueous solution system at T,. = 0.6, §,,; = 2.48 nm. 7 = 70,000

Figure 4.9 Snapshots of molecules and ions in MD simulations of 0.38 M NaCl aqueous solutions: (a)
m < pspinodal,l (b) m > pspinodal,l

As suggested by these snapshots, for simulations with pcc > pspinodar (Figure 4.7b, 4.8b, 4.9b),
films of molecules (including ions for NaCl aqueous solutions) consistently span the lateral
extent of the simulation domain, indicating the formation of stable films. For simulations with
Pcc < Pspinoaar, (Figure 4.7a, 4.8a, 4.9a), systems fail to form steady films spanning the lateral
dimensions, indicating film ruptures. The behavior of molecules and ions is in agreement with
our stability analysis prediction that the film is unstable when the mean density within the central
core region is below the liquid spinodal density.

§ 4.2 CRITICAL THICKNESS VARIATION

In previous section, we discussed the effects of the film molar loading thickness §,,; on film
stability. The critical thickness J, is determined by series of MD simulations at fixed system
temperature, specified system composition (i.e. the solute concentrations for electrolyte aqueous
solutions), with various values of §,,,;. Using the same method, we can obtain the values of
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critical thickness for different system temperatures or electrolyte solute concentrations. Since a
larger value of critical thickness &, indicates that the system is less stable and the film ruptures
more easily, we can investigate the effects of temperature and solute concentration on film
stability by examining the variations of §, with these parameters.

Variations of critical thickness §,. with system temperature

For systems of argon and pure water, MD simulation are carried out at seven reduced
temperatures from 0.6 to 0.9, and for system of 0.38 M NaCl aqueous solution, five reduced
temperatures from 0.6 to 0.8 are studied. Shown in Figure 4.10, 4.11 and 4.12 are the variations
of 6, with reduced system temperatures, in which Figure 4.10 and 4.11 are for argon and pure
water respectively, and Figure 4.12 is for 0.38 M NaCl aqueous solutions.

0d6 065 07 075 08 085 09
/4

Figure 4.10 Critical thickness variations with reduced system temperature predicted by MD simulations
for argon
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Figure 4.11 Critical thickness variations with reduced system temperature predicted by MD simulations
for pure water
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Figure 4.12 Critical thickness variations with reduced system temperature predicted by MD simulations
for 0.38 M NaCl aqueous solution

As suggested in these three plots, for systems of argon, water and NaCl aqueous solution, the
critical thickness increases with the increase of system temperature, indicating that films are less
stable under higher temperatures. This observation is consistent with our expectation and the
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results from our film capillarity model. Based on the kinetic theory, at a higher temperature,
molecules or ions move more vigorously, which may expand the thickness of liquid-vapor
interfacial regions and intensify the interactions between interfacial regions on two sides of the
film, resulting in a less stable film.

Variations of critical thickness &, with electrolyte concentration

To investigate the effect of electrolyte solute concentration on film stability, 5 X 5 MD
simulations are carried out for NaCl aqueous solutions, in which five NaCl concentrations from
0.38 M to 1.88M and five reduced temperatures from 0.6 to 0.8 are studied. Variations of critical
thickness &, with NaCl concentrations Cy,; are plotted in Figure 4.13. Each line in this plot
represents a specified reduced temperature.
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Figure 4.13 Critical thickness variations with electrolyte solute concentration predicted by MD
simulations for NaCl aqueous solution at five reduced temperatures

As shown in Figure 4.13, MD simulation results indicate that the increasing NaCl concentration
decreases the critical film thickness at fixed temperatures, which in turn suggest that the presence
of the Na" and Cl ions tends to stabilize the liquid film. For bubbles in liquid, this suggests that
the presence of dissolved NaCl makes it less likely that adjacent bubbles will merge in two-phase
flow or during a boiling process.
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From the point of view of the wave instability model [4], the presence of the Na" and CI” ions
tends to enhance the increase of free energy due to the increase of surface area in a perturbing
wave and increase the interfacial tension of the solution. Thus, in turn, has the effect of
enhancing the stability of the film by reducing the critical film thickness as shown in Equation
1.3 and Equation 2.74. This is also consistent with the conclusions reached by our MD
simulation results regarding the impact of dissolved ionic solids on film stability.

Although no theoretical model or explicit experimental data about the critical thickness of NaCl
aqueous solution film can be found in literatures, many previous studies showed consistent
conclusions that NaCl enhances bubble stability. The observations of Huang and Carey [72],
regarding the effect of dissolved salt on the Leidenfrost temperature for water spheroids
deposited on a hot aluminum surface, found that addition of dissolved NaCl significantly raised
the Leidenfrost temperature, the minimum surface temperature required to sustain film boiling.
Theories of the Leidenfrost transition proposed by Bernardin and Mudawar [73,74]) and others
are based on the premise that bubble merging under liquid droplet or spheroid masses in contact
with a hot surface is the mechanism that dictates the transition from transition boiling to film
boiling on the side of the droplet facing the surface. If this theory of the mechanisms is correct,
any alteration of the process that tends to suppress bubble merging will push the surface
temperature for the onset of film boiling to a higher level. The data obtained by Huang and Carey
[72] indicate that the Liedenfrost temperature that defines this transition is increased
substantially by the addition of a small amount of dissolved NaCl. Our MD simulation results
described here imply that increasing NaCl concentration enhances the stability of the thin liquid
film between adjacent bubbles, which makes it more difficult for the bubbles to merge and
makes it more difficult to establish a stable vapor film between a liquid spheroid an a heated
surface. Therefore the surface temperature must be pushed to a higher level to create
circumstance that produced more rapidly growing bubbles to overcome the added resistance of
bubble merging by adding NaCl to the water. As shown in Figure 4.13 the critical thickness
changes slowly with increasing NaCl concentration. In aqueous solutions with dilute salt
concentrations, the effect of dissolved ion on film stability may therefore be low. However, for
films between bubbles growing through vaporization, the salt concentration may be locally
enhanced, resulting in a stronger stabilizing effect.

§ 4.3 SURFACE TENSION

Surface tension derived from MD simulations is of great importance in our study. The abundant
experimental measurement data in literatures make the surface tension an ideal indicator to
validate our MD simulation model. Since most of the surface tension data found in literatures
were measured for its bulk value at the interface between semi-infinite bulk liquid and semi-
infinite bulk vapor phases, values of surface tension from MD simulations to make the
comparison are taken from thick film cases, which contain both stable vapor and liquid phases.
For examples, at T, = 0.6, §,,; = 3.28 nm case for argon, or §,,; = 2.48 nm case for pure water
and NaCl aqueous solution contain both stable vapor and liquid phases as indicated by both the

101



Interfacial Region Thermophysics and Intrinsic Stability of Thin Free Liquid Films

Chapter 4 — Stability Analysis by MD Simulations

mean local density profiles (as shown in Figure 4.1 to 4.3) and observations of molecular
distributions during the simulations (as shown in Figure 4.7 to 4.9).

Surface tension variations with temperatures

Shown in Figure 4.14 and 4.15 are the surface tension variation with temperature for argon and
pure water respectively. In these two figures, the NIST recommend values of surface tension [41]
at various system temperatures are also plotted for comparison.
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Figure 4.14 Variations of surface tension with reduce temperatures for system of argon
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Figure 4.15 Variations of surface tension with reduce temperatures for system of water

Despite of the embedded idealization of potential functions and the inherent error of computing
algorithms used in MD simulations, values of surface tension predicted by MD simulations and
recommended by NIST [41] are in fair agreement. The numerical differences are generally
greater for water than that for argon at the same temperature due to the fact that the SPC/E
potential function of water is more complex and computing intensive than the Lennard-Jones
potential function used for argon. For both argon and water, surface tension decreases with the
increase of system temperature, as we expected.

Surface tension variations with electrolyte solute concentration

Plenty of experimental measurement data are available in literatures to study the effects of
dissolved ionic solute on surface tension, including various electrolyte species at different
concentrations. Comparisons between the experiment data and the surface tension predicted by
MD simulations are shown in Figure 4.16, in which we plot the variation of surface tension with
solute concentrations for NaCl, Nal, NaClO4and CaCl, aqueous solutions. Since most of the
experiments are done under room temperatures of 25 °C, the MD simulations for NaCl, Nal,
NaClOy4 and CaCl; aqueous solutions are carried out at reduced temperature of T, = 0.46. The
parameters of potential functions of Nal, NaClO4 and CaCl, are given in Table 3.1. As discussed
in the beginning of this section, values of surface tension from MD simulations are taken from
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thick film cases (n,; = 5 and &,,,; = 2.47 nm), which contain both stable vapor and liquid
phases.

Electrolyte solute concentration (M)
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Figure 4.16 Effect of ionic solute concentration on the change in surface tension relative to water
(experimental data are from Weissenborn and Pugh [30], Abramzon and Gaukhberg [31], and
Svenningsson, et al. [32]).

The solid lines and broken lines in Figure 4.16 are the first order polynomial fitting lines for
experiment measurement results and MD simulation results respectively. MD simulations
accurately predict the increase of surface tension with the increase of electrolyte solute
concentration for NaCl, Nal, NaClO4and CaCl,, as indicated in Figure 4.16. The rates of surface
tension increase with the concentration, do /dC, for these four species of electrolyte solutes
predicted by MD simulations are seen to be in good agreement with the experimental data.

The increase of surface tension with the increase of electrolyte solute concentration indicated in
Figure 4.16 is consistent with the well-known Gibbs adsorption equation (Carey [15], Miller [7]),
and the distributions of ions within the interfacial regions and the center core regions. As an
example, Figure 4.17 shows the ion distribution profile for a 1.88M NaCl aqueous solution film
with §,,; = 2.47 nm at T,- = 0.46, together with its time-averaged local density profile predicted
by MD simulation.
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Figure 4.17 lon concentration profile and density profile for the 1.88M NaCl aqueous solution simulation
with film with §,,,; = 2.47 nm at T, = 0.46.

The Gibbs adsorption equation [35] is:

_ CNaa>< do )
e = = () (3,). (44)

in which, [y,; 1s the surface excess mass of NaCl, the excess of NaCl per unit area of the liquid-
vapor interfacial region over what would be present if the concentration in the center core liquid
region prevails all the way through the interfacial region. It is clearly indicated in Figure 4.17 that
[vaciis @ negative quantity, i.e. ions are more concentrated in the center core region than in the
vapor-liquid interfacial regions, resulting a positive value of (06 /0Cyqct) -
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§ 4.4 SURFACE TENSION DEVIATION FOR THINNING FILMS

In the film capillarity theory analysis discussed previously, a noteworthy observation is the
significant deviation of the surface tension value from its bulk value as the film becomes thinner.
A characteristic threshold thickness 8,5, is defined. When the film thickness 8¢ drops below this
threshold thickness, the surface tension values for thinning films decrease abruptly from its bulk
value for a thick film containing both stable vapor and liquid phases. This surface tension
deviation predicted by the film capillarity model is curve-fitted and described by Equation 2.73.

Values of surface tension predicted by a sequence of MD simulations with decreasing film
thickness indicate the same type of surface tension deviation, as shown in Figure 4.18 for pure
water at T, = 0.6.
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Figure 4.18 Surface tension variations with film thickness 8y for pure water predicted by MD simulations
atT, = 0.6.
As proposed by Equation 2.74 in the film capillarity theory analysis, the surface tension

deviation may have noteworthy impact on the determination of the critical thickness. Therefore,
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we use the same definition of the characteristic threshold thickness §;; and use the same function
form of Equation 2.73 as those used in the film capillarity model to describe the surface tension
deviation predicted by MD simulations. As a comparison, at reduced temperature T,- = 0.6, the
film molecular capillarity model predicts §;, = 1.53 nm for pure water and the value of §;,
predicted by MD simulations for pure water at the same temperature is 1.62 nm. Determination
of 8, from MD simulation data requires curve-fitting of the variation of o with 8, which has
inherent uncertainties. It can be seen, however, that the order of magnitude of §;;, predicted by
MD simulations is consistent with our film molecular capillarity theory results.

For pure water at room temperature of T,, = 0.46, the correlation-constants of Equation 2.73 are:
0w = 69.22 mN/m, §;;, = 1.498 nm and m = 2.906. Given in Table 4.1 are the correlation-
constants of Equation 2.73 for NaCl, Nal, NaClO, and CaCl, aqueous solutions with various
solute concentrations at T,, = 0.46, which are going to be used in the following chapter to
compare the modified wave instability model (Equation 2.74) with the bubble merging
experiments at room temperature of 25 °C.

Table 4.1
Surface tension deviation correlation constants for NaCl, Nal, NaClO, and CaCl, aqueous solutions at
room temperature of 25°C.

Concentration (M) 0.375 0.751 1.127 1.502 1.878

Ownact (MN/m)  69.97 71.16 71.76 72.41 73.46

Sennact (nM) 0.685 0.633 0.622 0.619 0.615
Myacl 2127 2913 2632 2098 2.279
oo vay (MN/m) 69.84 7054 7120 7161 72.27
Sennar (NM) 0.921 0.809 0.752 0.729 0.706
Myar 2217 2463 2149 2154 2.506

Owonacio, (MN/m) 6935 69.70 69.81 69.95 70.17
Stnnacto, (NM) 1453 1415 1381 1355 1.341

Myacio, 2964 2.669 2946 2701 2.561

Owcact, (MN/m) 7073  71.86 7405 7494 76.15
Stncact, (NM) 0.627 0.603 0596 0.591 0.590

Mcact, 2215 2359 2952 2300 2.540
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§ 4.5 SUMMARY

By using the method described in the previous chapter, MD simulations are carried out in this
chapter for various fluid systems, film thickness, system temperatures and solute concentrations.
Simulation results of density distribution profiles, ion distribution profiles and surface tension
values are examined and analyzed in detail.

First, the stability of thin liquid films is studied and the critical thickness is defined, using the
thermodynamic intrinsic stability criteria and density profiles derived from MD simulations.
Based on the critical thickness variations with respect to system temperature and the electrolyte
solute concentration, the effects of these two parameters on film stability are investigated.

Values of surface tension from MD simulations for various temperatures and system
compositions are compared with the experimental data in literatures. Fairly good consistencies
showed in the comparisons indicate that MD simulation is an acceptable method for our research
purpose. In addition, the surface tension deviation for thinning films is also observed in our MD
simulation results. We are able to characterize and describe this surface tension deviation using
the definition of threshold thickness and the correlation proposed in the film capillarity model.
For electrolyte aqueous solutions, constants of the surface tension deviation correlation derived
from MD simulations supplement the results we derived for argon and pure water from the film
capillarity theoretical analysis.
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CHAPTER 5 - EXPERIMENT AND COMPARISON

In previous chapters, film stability is investigated by the wave instability models, the film
capillarity intrinsic stability model and MD simulations. Critical thickness, corresponding to the
thinnest stable film before the first occurrence of film rupture, is generally reported on the order
of nanometers. Direct experimental measurements for films with thickness in the nanometer
length scale are commonly difficult and involve complex optical systems. Therefore, although
indirect, the bubble merging experiment method is adopted in our study. Since the bubble
merging probability is tightly related with the critical thickness of separating liquid films
between pairs of bubbles, by examining the variation of bubble merging probabilities with
electrolyte species and concentrations, the effect of dissolved electrolyte ions on film stability is
studied and compared with our predictions from the wave instability model, the film capillarity
intrinsic stability model and MD simulations.

The apparatus and procedure of the bubble merging experiment are first described. Experiment
results for various system compositions and concentrations are presented with the discussion of
the relationship between the bubble merging probability and film stability in order to interpret
the experiment results. Finally, conclusions of film stability analysis reached by the wave
instability models, the film capillarity intrinsic stability model, MD simulations and bubble
merging experiments are compared.

§ 5.1 EXPERIMENT APPARATUS AND PROCEDURE

In the experiments, pairs of contacted air bubbles are generated by two brass injection tubes with
diameter 4.76mm aligned vertically in a transparent Plexiglas cylindrical chamber as shown in
Figures 5.1. The cylindrical chamber is filled by pure water or electrolyte aqueous solutions at
desired concentrations. The schematic diagram of the apparatus used is shown in Figures 5.1.
The two injection tubes are connected to two 20 ml gas-tight syringes by polyvinyl tubes
respectively. The pistons of the syringes are fixed on a rigid platform, which can be raised and
lowered mechanically along a threaded bolt. Raising the platform at a constant speed pushes the
pistons of two syringes simultaneously. Pairs of bubbles are generated on the tips of injection
tubes in the solution. Buoyancy acts to push the bubble ejected from the lower tube upward
against the bubble ejected downward form the upper tube. Because the vertical buoyant force
acting on a bubble is dominant, placing the injection tubes vertically in the solution reduces the
disturbance introduced by external vibrations or other sources. The separation between the tips of
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injection tubes is adjusted to 10 mm in order to ensure that the ejected bubbles are pressed into
close proximity before departure from the tips of injection tubes.

Figure 5.1 The schematic diagram of the experimental apparatus.

Seven concentrations ranging from 0 M (pure water) to a 1.88 M solutions of NaCl, Nal, NaClO4
and CaCl, were tested at room temperature of 25°C respectively. The solutions were made by
dissolving ACS reagent grade electrolytes with minimum purities of 99% into distilled water. At
each concentration, 100 pairs of bubbles are generated. The degree of bubble merging is
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determined by counting on the number of coalescing pairs and determining the fraction that
coalesced, which is reported as the probability of merging.

§ 5.2 EXPERIMENT RESULTS AND INTERPRETATION

As shown in Figure 5.2a, pairs of air bubbles formed simultaneously at the top and bottom
injection tubes are slightly pressed together before releasing. Measuring from still images of
contacted bubbles give the lateral size L;;s0r-q; Of the separating film on the order of 3.5 mm.
Figure 5.2b and 5.2¢ represent the typical behavior of bubbles in pure water or NaClOy4 solutions
and in other electrolyte aqueous solutions respectively. Bubbles most often coalesced
spontaneously on contact in pure water or NaClOy solutions, but were more likely to remain
separate in other electrolyte aqueous solutions..

Figure 5.2 Typical behaviors of bubbles in experiments: (a) formation of pairs of bubbles, (b) merged
bubble in pure water or NaClOy solutions, (b) separate bubbles in other electrolyte aqueous solution.

The probabilities of bubble merging P, for NaCl, Nal, NaClO4 and CaCl, aqueous solutions
with seven different concentrations at room temperature of 25 °C are given in Table 5.1. In
Figure 5.3 and 5.4, our experiment results for NaCl and CaCl, aqueous solutions are compared
with previous reported results by Lessard and Zieminski [36], Aguilera ef al [37] and Craig et al
[75].
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Table 5.1
The bubble merging probability B, for NaCl, Nal, NaClO4 and CaCl2 aqueous solutions with various
concentrations at room temperature of 25 °C.

Concentration (M) Ppnaci Pmnar Pmnacio, Pmcact,

0 0.99 0.99 0.99 0.99
0.09 0.86 0.91 0.96 0.57
0.19 0.37 0.77 0.97 0.06
0.28 0.12 0.34 0.95 0.02
0.75 0.02 0.13 0.93 0.02
1.50 0.01 0.02 0.94 0.01
3.76 0.00 0.00 0.91 0.00

Q-E -©-This work

. -6-Lessard, 1971

‘E' 08 s Aguilera, 2002 4
= 7 Craig, 1993
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Figure 5.3 Comparison of bubble merging experiment results for NaCl aqueous solutions. Experiment
results reported by other researchers include: Lessard [36], Aguilera [37] and Craig [75].
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Figure 5.4 Comparison of bubble merging experiment results for CaCl, aqueous solutions. Experiment
results reported by the other researcher are from Craig [75].

Although the numerical values of merging probability reported by different researchers are
slightly different due to different experimental setup, the overall trend of electrolyte effect on
bubble merging is consistent among the results, as shown in the above two plots.

From the perspective of the liquid film between contacted bubbles, whether bubbles merge or not
is determined by the film thickness as well as the critical thickness under the experiment
condition. As illustrated in Figure 5.5, if the thickness of the separating film &, is greater than
the critical thickness &, corresponding to the specified temperature and electrolyte solute
concentration, film should remain stable and the pair of bubbles should remain separate after
contact, whereas if film thin to less than the critical thickness, the resulting rupture of the film
would lead to the merging of bubbles in the experiment. It is reasonable to assume that the
thicknesses of the separating film for each pair distribute randomly within a fixed range. It
follows that the experimentally determined trends of decreasing bubble merging probability with
the increase of electrolyte solute concentrations shown in Figure 5.3 and 5.4 indicate the
decrease of critical thickness, which is consistent with the trends predicted by MD simulations
and wave instability models, as shown in the subsequent section.
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Figure 5.5 Illustration of the relationship between the bubble merging probability and critical thickness

§ 5.3 COMPARISONS AMONG THEORETICAL MODEL ANALYSIS, MD SIMULATIONS
AND EXPERIMENTS

The research described in this report has studied the free liquid film stability and the effects of
system variables on stability, such as film thickness, film lateral size, system temperature and the
addition of electrolytes. The original wave instability model, the modified wave instability model
with surface tension correction, the film capillarity intrinsic stability model, the MD simulation
method and experimental method are examined in details in this study. As a key outcome, the
critical thickness 8. quantitatively characterizes the stability of a system, and its variations with
other variables describe their effects on the film stability. In the theoretical model analysis and
the MD simulation method, numerical values of §, are derived explicitly. Although the critical
thickness &, is not measured directly in the experiments, the bubble merging probability reported
in the experiments is interpreted to be tightly related with the critical thickness of separating
liquid films. Therefore, comparisons across theoretical model analysis, MD simulations and
experiments are based on the critical thickness 8, and its variations. The first comparison uses
argon and pure water as examples. Numerical values of §, and variations of §, with temperatures
predicted by theoretical model analysis and MD simulations are compared, showing the effect of
system temperature on film stability. The second comparison uses the electrolyte aqueous
solutions as examples. Variations of §, with electrolyte concentration predicted by theoretical
model analysis, MD simulations and experiments are compared, showing the effect of the
addition of electrolytes on film stability.
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Comparing the effect of system temperature on film stability

Figure 5.6 and Figure 5.7 show the variations of critical film thickness 6, with reduced system
temperatures indicated by the original wave instability model, the modified wave instability
model with surface tension correction, the film capillarity intrinsic stability model and MD
simulations for argon and water respectively. In the original wave instability model, the critical
thickness &, is calculated by Equation 1.4, in which the Hamaker constant Ay is calculated by
Equation 2.75, and the lateral film dimension is set as L = 3.83 nm for argon and L = 2.48 nm
for water to better match the MD simulation domains. In the modified wave instability model,
the critical thickness &, is calculated by Equation 2.74, in which the constants of the surface
tension deviation correlation are given in Table 2.6. Values of critical thickness &, calculated by
the film capillarity intrinsic stability model are also listed in Table 2.6, and 6, derived from MD
simulations are also plotted in Figure 4.10 and 4.11 for argon and water respectively.

@ Film capillarity intrinsic stability model| -
©MD simulation results .
AModified wave 1nstab1ﬁty model oL . FO =12 _.
DHOriginal wave instability model ST WU SU———

-

Critical thickness §,. (nm)

046 0.65 07 0.75 0.8 0.85 0.9
Reduced temperature T,

Figure 5.6 Critical thickness variations with reduced temperature predicted by the film capillarity intrinsic
stability model, MD simulations, and wave instability models for the lateral dimension of the simulations
(L = 3.83 nm) for argon
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Figure 5.7 Critical thickness variations with reduced temperature predicted by the film capillarity intrinsic
stability model, MD simulations, and wave instability models for the lateral dimension of the simulations
(L = 2.48 nm) for water

From Figure 5.6 and 5.7, it is obvious that for the specific lateral film dimensions used in these
MD simulations, the critical thickness observed in our MD simulations is generally below that
predicted by the film capillarity intrinsic stability model, but the observed critical thickness for
film rupture in the MD simulations was generally significantly greater than that predicted by the
original wave instability model. For argon, the thickness for onset of rupture in our MD
simulation results differs only slightly from our capillarity theory model’s predictions of thed,,
but for water, the differences are greater. This appears to be at least partly due to the fact that the
identical potential function is used is both models for argon, whereas for water, the capillarity
theory uses an averaged form of the SPC/E potential function used in the MD simulations. It also
can be seen that the correction for the variation of surface tension with film thickness increases
the wave instability model prediction of critical thickness, bringing it into better agreement with
the thickness for incipient rupture observed in our argon MD simulations. For water, the
predictions of this corrected version of the wave instability model indicate critical film
thicknesses that are slightly larger than the MD simulation predictions. For both fluids, the
modified wave instability model predictions are seen to be slightly lower than the critical
thickness associated with the intrinsic theory predicted by film capillarity model. Overall, Figure
5.6 and 5.7 indicate that the predicted effect of system temperature on §, is consistent for all
three models and MD simulations considered here.
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Comparing the effect of electrolyte solute on film stability

In Figures 5.8 to 5.11, we compared the effect of four electrolyte solutes on film stability
indicated by the original wave instability model, the modified wave instability model with
surface tension correction, MD simulations and bubble merging experiments respectively. In the
wave instability models, the lateral film dimension is set as L = 3.5 mm to be consistent with our
bubble merging experiments. In the modified wave instability model, the critical thickness 6, is

calculated by Equation 2.74, in which the constants of the surface tension deviation correlation
are given in Table 4.1 at the room temperature of 25 °C.
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Figure 5.8 Critical thickness variations with NaCl solute concentrations predicted by wave instability
models and MD simulations are compared with bubble merging probability variation from experiments
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Figure 5.10 Critical thickness variations with NaClOy solute concentrations predicted by wave instability
models and MD simulations are compared with bubble merging probability variation from experiments
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Figure 5.11 Critical thickness variations with CaCl, solute concentrations predicted by wave instability
models and MD simulations are compared with bubble merging probability variation from experiments

As discussed previously, the dimensionless bubble merging probability reported by the
experiment is related with the critical thickness such as the decreasing bubble merging
probability indicates the decrease of critical thickness. Therefore, the critical thickness variation
shown in Figures 5.8 to 5.11 is normalized to the critical thickness value in pure water predicted
by corresponding models in order to present a clear comparison:

Oc
6c,normalized = 5 (5.1)
c,purewater

In previous discussion of the film capillarity theory, it is found that above a certain lateral film
size transition value L;,.,,, the critical thickness 6, predicted by wave instability is greater than
that predicted by the intrinsic stability mechanism, as shown in Figure 2.17 and 2.18. This
implies that for films with lateral extents great than L4y, as a film becomes thinner it would
become wave unstable first. For a film with L < L4, its rupture is more likely due to the lack
of intrinsic stability before wave instability occurs. This transitional lateral film size L4, is also
found in MD simulations for electrolyte aqueous solution by comparing the 6, predicted by MD
simulations with that derived from Equation 2.74. For electrolyte concentrations in the range
considered here (< 4 M), L4 1s on the order of 10 nm. Since in the experiment the lateral
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dimension of the separating film L = 3.5 mm is orders of magnitude greater than the transitional
dimension L;,4,, the film ruptures observed during the experiment are expected to be due to the
wave instability rather than lack of intrinsic stability predicted by MD simulations. As it is
expected, Figures 5.8 to 5.11 show that the modified wave instability model with interfacial
region thickness taking into account has the best agreement with the experiment results. For
NaCl, Nal and CaCl; solutions, the results indicate steep declines in film critical thickness
precisely over the range of concentrations in which the measured probabilities of bubble merging
rapidly drop to a value close to zero. And for NaClO4 aqueous solutions, the presence of the salt
and its concentration variations do not show significant effects on liquid film stability and bubble
coalescence.

§ 5.4 SUMMARY

In this chapter, the setup and procedure of bubble merging experiments have been discussed in
detail. Four common engineering inorganic electrolytes: NaCl, Nal, NaClO4 and CaCl, are
examined in the experiments to study their impacts on bubble coalescence and the stability of the
liquid film separating adjacent bubbles. Various electrolyte concentration solutions have been
tested and the bubble merging probabilities are reported and compared with coalescence
experiment results reported by other researchers.

Conclusions of film stability analysis reached by the wave instability models, the film capillarity
intrinsic stability model, MD simulations and bubble merging experiments are compared. The
first comparison is made among the wave instability models, the film capillarity intrinsic stability
model, and MD simulations, using argon and pure water as examples. The effects of system
temperatures on film stability are demonstrated in this comparison and consistent trends of
critical thickness variation with temperatures are shown for all three models and MD simulations.
The second comparison is made among the wave instability models, MD simulations and
experiments, using electrolyte aqueous solutions as examples. Because the critical thickness is
not directly measured in experiments, the relationship between the bubble merging probability
and the film stability is examined first, proposing a comparison on a dimensionless basis. The
effects of electrolyte solute concentration on film stability are demonstrated in this comparison
and consistent trends of critical thickness variation with electrolyte concentrations are shown for
the wave instability models, MD simulations and experiments, in which the modified wave
instability model with interfacial region thickness taking into account has the best agreement
with the experiment results.
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CHAPTER 6 - CONCLUSIONS

In this report, the thin liquid film stability has been investigated by three strategies:
thermodynamics theoretical analysis, molecular dynamics computer simulations and bubble
merging experiments.

The thermodynamics theoretical analysis has demonstrated the viability of extending classical
molecular capillarity theory to a full free liquid film. This extension has been formulated for
molecules that are well-modeled by a Lennard-Jones interaction potential, and applied to argon
liquid films. We have also developed the extension of capillarity theory to liquid water films by
incorporating an averaged form for the SPC/E interaction potential which accounts for the dipole
character of water. This new approach to modeling liquid water films predicts half film excess
free energy values for thick films that agree well with NIST recommended values of interfacial
tension between bulk liquid and vapor water phases.

The investigation documented here also demonstrated the usefulness of combining the film
capillarity theory with MD simulations using the same or similar molecular interaction potentials.
The capillarity theory, although more idealized, provides closed form relations that predict the
relationships among parameters that govern the film structure and thermophysical behavior. The
use of comparable MD simulations allows more detailed explorations of the molecular-level
features of the film structure and thermophysics. Using approaches of both the film capillarity
theory and MD simulations, we have deduced the conditions for incipient film rupture due to
lack of intrinsic stability in the film core, and we have demonstrated that this prediction is close
to observed film rupture conditions indicated by comparable MD simulations. Specifically, the
critical film thickness corresponding to incipient film rupture for a thinning film predicted by the
capillarity theory model was shown to be slightly higher than that observed in the corresponding
MD simulation.

A key outcome of the film capillarity theory and MD simulations is the prediction that surface
tension diminishes as the film thickness decreases below a threshold value of film thickness. The
capillarity theory model predicts that for argon and water at T, < 0.9, the film thickness must
drop to less than a few nanometers for surface tension reduction to be significant. Our
comparable MD simulations confirm this trend. Free liquid films between bubbles during boiling
and two-phase flow are frequently much thicker than a few nanometers and we therefore expect
that the effect of film thickness on surface tension will be negligible in those cases. The effect
can be significant, however, as the liquid film thins towards conditions for onset of rupture, or
for bubbles of small physical size in, for example, nanostructured boiling surfaces.

The predictions of the film capillarity theory model indicate that lack of core intrinsic stability in
the liquid film can be a mechanism for onset of film rupture if the film thins to below 5 nm in
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thickness without rupturing due to some other mechanism. Wave instability theory for thin free
liquid films indicates that liquid films of macroscopic lateral extent will rupture by wave
instability at film thicknesses much larger than 10 nm. However, our capillarity theory model
and the comparable MD simulations both indicate that films with lateral extent on the order of 10
nm can be stable to thicknesses below 10 nm nanometers, and in such cases, lack of intrinsic
stability may be the dominant mechanism that initiates film rupture. The results of our
investigation also indicate that for films with thicknesses less than 10 nm, wave instability theory
should be modified to account for the effects of surface tension reduction with film thickness.

As at the molecular level, the MD simulation is used as our exploratory and verificational tool, at
the macroscopic levels, the bubble merging experiment is designed and carried out for electrolyte
aqueous solutions to validate our conclusions reached by the modified version of wave instability
model and MD simulations. We measured how salt concentration affects bubble merging
probability in saline solutions and clearly defined how dissolved ionic solids would impact the
film stability that plays a key role in bubble merging mechanism. Our experiments have shown
that the presence of some types of electrolyte solutes in water makes it less likely that bubbles
brought into contact will merge, which is consistent with the trend indicated by MD simulations
and wave instability models. However, for bubbles with dimensions in the micron range or larger,
wave instability is expected to be the dominant mechanism for film rupture. The prediction of
critical thickness by our modified version of wave perturbation theory was consistent with our
experimental results. For some types of electrolyte solutes, the improved wave perturbation
model indicates a steep decline in film critical thickness precisely over the range of concentration
in which the measured probability of bubble merging rapidly drops to a value close to zero,
implying that the decrease in critical film thickness is enhancing the stability of the film and
suppressing bubble merging.

Although the film molecular capillarity theory and the MD simulation models described here
have limited accuracy in the systems of interest, and the bubble merging experiments in this
study are limited in scope, they provide important insight into the free liquid film stability, and
shed light on the effects of system variables on the stability, which are of significant engineering
importance for applications involving coalescence of bubbles, two-phase flows, and collapse of
foams.
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