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Abstract

This work investigates the evaporation of a thin water layer into vacuum using molecular dynamics simulations
based on TIP4P model for intermolecular potential. The results of simulation reveal micro-scale physical phenomena
near the liquid-vapor interface such as evaporation, condensation, recoil after evaporation or condensation, and molec-
ular exchanges. The simulations show that the hydrogen bond has a significant effect on the molecular behavior near the
interface and may reduce the evaporation coefficient. This study also demonstrates that the combination of molecular
dynamics simulations and the classical Schrage model may provide an elegant methodology to determine the evapora-
tion coefficient of water at different temperatures or corresponding saturation pressures.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Interfacial heat and mass transfer are the key ele-
ments of various phase-change problems and are of sig-
nificant fundamental importance for both science and
engineering applications. There have been numerous
studies in the literature since the pioneering work of
Hertz and Knudsen on the evaporation of liquid mer-
cury into vacuum. The evaporation flux may be pre-
dicted by the Hertz—Knudsen—Schrage equation or its
modified form. However, an accurate prediction of
evaporation flux at an interface by the model has been
hampered by the uncertainty in the numerical values
of the evaporation or condensation coefficients and the
determination of external states [1]. This is particular
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the case for water. A recent analysis given by Marek
and Straub [2] of both theoretical predictions and exper-
imental data indicated that for water, a polar substance,
the deviation of evaporation coefficient or condensation
coefficient is two to three orders of magnitude. The
experimental determination of evaporation coefficient
or condensation coefficient is quite difficult ““as the tem-
perature at the interface, which jumps within a few mol-
ecule layers, cannot directly be measured” [2].
Recently, molecular dynamics (MD) simulations
have been employed in the literature to determine the
evaporation or condensation coefficient as well as the
rate of phase change at the interface [3]. For example,
Yasuoka and Matsumoto [4] employed MD simulation
to obtain the condensation coefficient of argon, metha-
nol and water at certain temperatures. Matsumoto [5]
employed molecular dynamics simulation to explore
the evaporation—condensation dynamics of pure fluids
under both equilibrium and non-equilibrium conditions.
Wu and Pan [6] investigated the evaporation of a thin
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Nomenclature

A; interfacial area (m?)

a; acceleration vector of ith molecule (m s™2)

C fitted constant in Eq. (7) (A7)

G fitted constant in Eq. (7) (ps~)

d fitted constant in Eq. (3) (A)

Ey; kinetic energy of ith molecule (J)

e elementary charge (C)

F; total force vector acting on ith molecule
(N)

j condensation mass flux (m~2s")

J+ evaporation mass flux (m~>s™")

kg Boltzmann constant (J K1)

L, length of the simulation box in the x-direc-
tion (A)

L, length of the simulation box in the y-direc-
tion (A)

L. length of the simulation box in the z-direc-
tion (A)

M molecular weight (kg mol ™)

m; mass of ith molecule (kg)

N number of molecules in the simulation sys-
tem

Np number of molecules in the liquid region or
interface layer

n coordination number of hydrogen bond per
water molecule

n(?) time evolution of molecular number density
in the vapor side (A™%)

P saturation pressure at interfacial tempera-
ture (Pa)

Gia charge on the site a of ith molecule (C)

qp charge on the site b of jth molecule (C)

P(n) possibility of coordination number

R universal gas constant (J mol~' K1)

Feut cut-off distance between two water mole-
cules (A)

Figib distance between site a_of ith molecule and
site b of jth molecule (A)

7,7- position vector between ith molecule and jth
molecule (A)

Fij distance between ith molecule and jth mole-
cule (10\)

roH distance between two sites of oxygen and
hydrogen in a molecule (A)

rom distance between two sites of oxygen and
negative charge in a molecule (A)

T temperature (K)

T liquid or interface temperature (K)

t simulation time (ps)

14 volume of the vapor side (m®)

Zo position of the Gibbs dividing surface (A)

Greek symbols

14 interfacial thickness (A)

€00 characteristic length of Lennard-Jones
parameters for oxygen pairs (J)

€ permittivity (dielectric constant) in vacuum
(C*s*m kg™

b ratio of the circumference of a circle to its
diameter

oL liquid density (kg m~>)

ov vapor density (kg m™>)

Ooo characteristic energy of Lennard-Jones
parameters for oxygen pairs (A)

Oe evaporation coefficient

O. condensation coefficient

op effective pair potential between molecule i

and molecule j (J)

argon layer into vacuum using molecular dynamics
simulations based on the Lennard-Jones potential.
Considering the balance of vapor molecules and com-
bining with the Schrage model, they were able to derive
an equation for the evaporation coefficient based on a
fitted equation from the simulation results.

Molecular dynamics simulations have also been ap-
plied to other phase-change problems. For example, Yi
et al. [7] conducted molecular dynamics simulation of
an ultra-thin liquid argon layer (2 nm) on a platinum
surface. They found that the simulation results agree
with the vaporization process of a similar macroscopic
system. At moderate wall temperatures gradual evapo-
ration process takes place, while at high surface temper-
atures a vapor region is formed between the surface and
the liquid mass, which is really the Leidenfrost phenom-

enon. Wu and Pan [8] investigated bubble nucleation
based on molecular dynamics simulations in a homo-
geneous Lennard-Jones liquid under heating with a
constant mean negative pressure. The simulated nucle-
ation rates agreed very well with the predictions of
classical theory. Depending on the pressure, the bubble
growth rates from the simulation were from 0.08 to
0.197Apsfl, about one order of magnitude smaller
than that predicted by the Rayleigh equation.

The present work employs molecular dynamics simu-
lations based on the TIP4P potential to investigate the
mechanisms of evaporation of thin water film into vac-
uum. Following a similar approach proposed by Wu
and Pan [6], the evaporation coefficients of water are
determined at various different pressures and compare
with theoretical predictions in the literatures.
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2. Simulation models and procedure

The molecular dynamics method is based on the clas-
sical Newton’s second law of motion. Following the der-
ivation of the Hamiltonian dynamics, the equation of
motion for each atom or molecule under consideration
may be expressed as [9]:

= - dz?i - d¢i/(”) 7:’;‘
Fi=ma; =m a7 _;_TI’_U (1)

where F; is the total force vector acting on the ith mol-
ecule; N is the number of molecules; ¢; is the pair poten-
tial between the ith molecule and jth molecule; 7
represents the position vector and r;; is the distance be-
tween ith molecule and jth molecule; m; is the mass of
ith molecule; a; is the acceleration vector of ith
molecule.

The TIP4P model was adopted as the effective pair
potential between water molecules. The model consists
of four sites: two of them for positive charged hydrogen
atoms, one negative charged site for the oxygen atom,
and another Lennard-Jones site for the oxygen atom
[10]:

+ 24: i qiaqu 1 (2)
47[80 Viajb

where ¢;; is the effective pair potential for water between
molecule i and molecule j; &,, and o,, are the Lennard-
Jones parameters for oxygen pairs; g is the dielectric
constant; r,; stands for the distance between site a
and site b; g, and gj, represents the charges on site a
and site b, respectively. The numerical values of these
parameters for TIP4P are listed in Table 1. The cut-off
distance employed in the simulation was 9.0 A. The
TIP4P potential is an effective pair potential optimized
based on the thermodynamic data of liquid water [10].
Its application to the vapor-liquid interface is examined
by comparing simulated liquid and vapor densities with

Table 1

Numerical values of parameters in TIP4P of water [10]
Parameters TIP4P

£00 (J) 1.077 x 1072

Goo (A) 3.154

o (A) 0.957

rom (A) 0.15

ZHOH (°) 104.52

qu (O) 0.52¢

gm (O —1.04e

tabulated data from the literature and predictions from
other potential models later in Fig. 4 and associate
discussion.

The simulation system for the evaporation of a water
film was a parallelopiped with the water film in the mid-
dle of the z-axis as shown in Fig. 1. A total of 1000 water
molecules initially with a fcc arrangement with dimen-
sion in the x—y plane of about 25 x 25 (A)z. This dimen-
sion may be slightly changed at different temperatures to
account for density variation with temperature with the
initial fcc structure. The liquid layer thickness is equiva-
lent to the density corresponding to the initial tempera-
ture specified. The length in the z-direction was 150 A.
The periodic boundary condition was applied for all
the six boundaries.

The numerical integration for the system of equa-
tions employed Gear’s predictor—corrector algorithm.
In order to improve computation performance and
save computing time, the computation of interactions
between molecules employed the neighbor-list method
and the programming procedure was paralleled by
MPI FORTRAN 77/90 on IBM p690 workstations.

I
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2
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0.0ps

q..................-..M"""
L.=1L,

Fig. 1. Simulation model for evaporation of a thin water layer.
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3. Results and discussion
3.1. Liquid—vapor interfacial region

The interfacial region is the key stage for phase-
change phenomena to play and, therefore, deserves
detail examinations. The interfacial region is a narrow
space with density changes continuously, though very
sharp in fact, from the liquid density to the vapor one.
Fig. 2(a) displays the density distributions for several
different temperatures in the direction normal to the
interface after the system reaches the equilibrium state.
The figure clearly demonstrates three distinct regions,
namely, liquid layer, transition layer, and vapor zone.
As suggested by Chapela et al. [14], the density profile
across the three regions may be fitted very well (see
Fig. 2(b)) by a hyperbolic-tangent function:

pz) = %(PL +pv) — % (pL — py) x tanh r —dZo] 3)

where pp and py are the liquid and vapor densities,
respectively; zo is the position of the Gibbs dividing

density profile of all cases
after shifting z-axis
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Fig. 2. (a) Density profile at various different temperatures. (b)
Density profile at 423.15 K and its fitted curve of hyperbolic
tangent form.

surface [13], d is a measure of the interfacial thickness
and is related to the interfacial thickness as

8 =2.1792d (4)

The interfacial thickness is from 4 to 8 A and increases
approximately with increasing the temperature. Fig. 3
shows that the interfacial thickness may be fitted very
well with the temperature of the form:

5 = —10.95 4 0.04068T (5)

where 6 is in A and 7 is in K. The interfacial thickness
for water is much smaller than that for argon, which is
from 16 to 20 A [6].

The simulated liquid and vapor densities agree fairly
well with tabulated data [11] and molecular simulations
with other potential models [12,13], as shown in Fig. 4.
The simulated data of the present study based on the
TIP4P model for the liquid water density under-predict
the tabulated values from 3% to 10% and the deviation
increases with increasing the temperature. The relative
deviation for the vapor density, however, is much larger,
from 100% to 200%. This suggests the limitations of the
TIP4P model and other currently available potential
models for water.

Significant temperature fluctuations are present in the
liquid region as well as the interfacial area as shown in
Fig. 5 for water at 463.15 K. The temperature for the
liquid region or interface layer, 77, is evaluated by
the mean kinetic energy of the group of molecules in
the liquid region or interface layer as:

2 &
TLZM;EH (6)

where Ey; is the kinetic energy of molecule i, Ny is the
total number of molecules in the liquid region or inter-
face layer, kg is the Boltzmann constant. The tempera-
ture fluctuation is primarily due to the velocity

] m thickness of interfacial layer
7.5 —o— fitted curve

7.0 r
6.5 I/o
6.0 ©
5.5 o~
5.0 o~ Y=-10.95+0.04068:X

45] o
40wy
35] o
3.0
257
2.0
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thickness

T T T T T T T T T T T T 1
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temperature K

Fig. 3. Thickness of the interfacial region as a function of
temperature.
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Fig. 4. Comparison of simulated density with tabulated data
and simulated results from literature (a) liquid density and (b)
vapor density.

distribution of liquid molecules and a relatively small
number of molecules under simulation. The temperature
fluctuation at the interface can be as high as 30 K for
this case, while it is less than 10 K for the liquid layer.
The temperature fluctuations in the interface region
are much more violent than that inside the liquid layer,

because the molecules in the interface region are less
constraint than those inside the liquid. Moreover, the
number of molecules in the interface layer is only 62—
119 molecules, depending on temperature, which is
much smaller than that in the liquid region, from about
600 to 800 molecules. Such a small number of molecules
in the simulated system may also be a reason for the sig-
nificant temperature fluctuations in the interface layer.
On the other hand, evaporation at the interface is basi-
cally escape of more energetic, vapor-like, molecules
from the interface to the vapor side; consequently, the
mean temperature for the interface region is about 5 K
smaller than the liquid temperature inside. The slight
temperature reduction at the interface during evapora-
tion is usually attributed to the cooling effect of eva-
poration macroscopically. The molecular dynamics
simulations provide a more insightful observation. The
simulation for argon system also presented the similar
results [6].

3.2. Molecular behavior near or at the interface

Molecular simulations allow direct numerical visual-
ization of molecular behavior near the interface. Using
the PV-WIN to show the results from molecular simula-
tions, the molecular behavior near or in the interfacial
region is investigated in what follows. To make visuali-
zation clearly, only 300 molecules near the interface
are observed and for the figure to be shown in this
section, the sphere represents the oxygen atom, while
the tips of two sticks on the sphere stand for the two
hydrogen atoms respectively.

Evaporation, i.e., a molecule emitting from the inter-
face region to the vapor one, and condensation, i.e., a
vapor molecule impinging the interface region and stay-
ing there or further inside, are two fundamental mecha-
nisms near the interface. A molecule in the liquid region
may gain energy from a series of collisions, in fact,

® 480
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T s
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Fig. 5. Significant temperature fluctuations of liquid and interfacial temperatures.
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interactions with other molecules and eventually evapo-
rates into the vapor region. On the other hand, a vapor
molecule may also condense into the liquid film.

Other than condensation mechanism describe above,
a high speed vapor molecule may recoil to vapor region
again after it “collide” with a molecule or molecules in
the interface region. Fig. 6 illustrates that No. 127 mol-
ecule collides with No. 664 at r = 52.3 ps. At t = 53.3 ps,

439.2ps

No. 127 molecule is back to the vapor region and mov-
ing away. On the other hand, a molecule just evaporated
with high speed may collide with a molecule in the vapor
region and recoil to the interface region again. Fig. 7
displays that No. 400 molecule collides with No. 721
at 439.2 ps. After about 3 ps of interactions, No. 400
molecule is moving back to the interface region, while
No. 721 molecule is traveling away from the interface.

Fig. 7. Condensation due to the collision of two vapor molecules.
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Moreover, for the water system, the hydrogen bound
may play a significant role for the molecular behavior
near the interface. A just evaporated molecule may be
recaptured by the nearby molecules in the interfacial re-
gion through hydrogen bonds between the molecule
under consideration and nearby molecules in the interfa-
cial region. Fig. 8 demonstrates such an effect. At
16.9 ps, No. 697, 775 and 871 molecules are next
each other and all in the interface region. At 19.4 ps,

No. 775 molecule evaporates and is moving away from
the interface slowly. At 19.9 ps, a hydrogen bond is
formed between No. 775 and No. 871 and No. 775 is at-
tracted toward the interface. At 20.4 ps, another hydro-
gen bond is formed between No. 775 and No. 697. At
25.4 ps, No. 775 is back to the interface region again.
This demonstrates that the hydrogen bond effect due
to the polar structure of a water molecule may effectively
reduce the evaporation effect. Moreover, such a kind of

Fig. 8. Effect of hydrogen bond on the molecular behavior near the interface.
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hydrogen bond effect is found to be more significant at
low temperatures than at high temperatures. Indeed,
the coordination number of water molecules due to
hydrogen bond is found to decrease with increasing tem-
perature as shown in Fig. 9. At higher temperatures, the
possibility of coordination number less than 3 is signifi-
cantly increased. This may be due to a higher mean
velocity at high temperatures than that at low
temperatures.

Molecular exchanges may also take place in the inter-
face region. A vapor molecule condenses on the interface
may release its energy to a nearby molecule in the inter-
face and make that molecule evaporate. Fig. 10 shows a
case of the molecular exchange processes in the inter-
face. At 137.4 ps, No. 591 molecule in the vapor region
is moving toward the interface. After about 13 ps of
interactions in the interface region, No. 302 molecule
in the interface is ejected into the vapor region. Such a
kind of molecular exchange phenomenon was reported
earlier by Motsumoto [5] through molecular dynamics
simulations.

3.3. Evaporation of thin liquid film into vacuum

The results of simulation illustrates that the evapora-
tion of the thin liquid film into a closed vacuum space
leads to rapid increase of vapor atoms initially in the
vacuum (vapor) side. Finally an asymptotic value corre-
sponding to the equilibrium state is approached, as
shown in Fig. 11 for water film evaporation at
403.15 K. Significant fluctuations of molecular density
in the vapor region is present. Each point of the curve
shown in the figure is that after integration from z =0
to the time of that data point. Relatively large oscilla-
tions are still present. In particular, significant oscilla-

hydrogen coordination number
0-70'_ of liquid water for different cases
0.65 - from case1 to caes5

0'60'. —=— case1=243.15(k)---1000.0(kg/m’)
0.55 4 | —e— case2=298.15(k)--1000.0(kg/m’)
0.50 ]| —4— case3=373.15()--957.85(kg/m’)
’ )
)

4| —v— case4=423.15(k] ---916,59(kg/m3)
0.45 4 | —o— case5=473.15(k)-—-864.30(kg/m’) °*

0.40
P(n)0.35]
0.30
0.25]
0.20
0.15]
0.10
0.05
0.00]
-0.05 —

Fig. 9. Hydrogen coordination number distribution for water
at different temperatures.

tions in vapor side atom density exist even after the
equilibrium state is approached. This suggests a dynamic
equilibrium at the interface, i.e., the evaporation rate is
larger than the condensation rate at one time and smal-
ler at the other time. This is contrary to the common
view that the evaporation rate is exactly equal to the
condensation rate after an equilibrium state is reached.
The time evolution of molecular number density in the
vapor side can be fitted very well by an asymptotic form
as:

n(t) = C (1 —e ) (7)

The above equation suggests that the net evaporation
rate of liquid film into vacuum in a closed system may
be modeled by the balance of evaporation and conden-
sation rates as:

% V(1)) = 4i j, — Aij_ (8)

where V' is the volume of the vapor side, A4; is the inter-
facial area, and j, and j_ are the evaporation and con-
densation mass flux, respectively. Combined with the
Schrage expression for j. and j_ of interfacial mass
transfer [15], the following equation for the evaporation
coefficient can be obtained by the integration of Eq. (8)
and subsequently equating with Eq. (7) [6]:

Oe = (A,) (C/:; )C12/2 PL ©)

V) \2nRr i

Therefore, using the fitted parameters from the simula-
tion results, the evaporation coefficient g, can be evalu-
ated by Eq. (9). In the above equation, T and Py are
the temperature and corresponding saturation pressure
at the interface; M and R are the molecular weight
and universal gas constant, respectively.

Fig. 12 shows a comparison of the evaporation coef-
ficient obtained in the present work with several theoret-
ical predictions in the literature [16-19], which were
reviewed in Marek and Straub [2]. The evaporation coef-
ficients thus evaluated are from 0.3 to 0.6 and increase
with increasing the pressure (and thus the corresponding
saturated temperature) in the pressure range from 0.6 to
20 bar. As discussed earlier in Section 3.2, the hydrogen
bond effect, which tends to recapture some of the mole-
cules just evaporated with slow speed back to the
interface region, becomes less significant at high temper-
atures. As a result, the evaporation coefficient increases
with increasing pressure and corresponding saturation
temperature. Such a pressure or temperature effect is
consistent with theoretical predictions on condensation
coefficient in the literature [2]. The figure also illustrates
that the condensation coefficients predicted in the
literature is significantly higher than the evaporation
coefficient predicted in the present study. This trend is
also consistent with the analysis of Marek and Straub [2].



3524 T.H. Yang, C. Pan | International Journal of Heat and Mass Transfer 48 (2005) 3516-3526

146.9ps

Fig. 10. Molecular exchange processes at of near the interface.

4. Conclusions 1. The density profile near the interface may be fitted

very well by a hyperbolic tangent function as sug-

Molecular dynamics simulations are conducted for gested in the literature. The thickness of the interfa-

the evaporation of a thin liquid water layer into vacuum. cial region increases approximately linearly with
The following conclusions may be drawn from the re- increase in temperature.

sults of the present study.
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Fig. 11. Time evolution of molecular density in the vapor
region due to thin water layer evaporation at 403.15 K.
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Fig. 12. Evaporation coefficient of water at various pressure.

2. Molecular dynamics simulations demonstrate that
the mean temperature at the interface is lower than
that in the liquid layer due to the escape of more
energetic, vapor-like molecules from the interface to
the vapor region. On the other hand, the temperature
fluctuations in the interface region are much more
violent than that inside the liquid layer, partially
because the molecules in the interface region are less
constraint than those inside the liquid.

3. The molecular dynamics may reveal molecular
behavior near or in the interface region. The hydro-
gen bond effects may recapture the molecules just
evaporated and reduce the evaporation coefficient.
Such an effect is weakened with increasing tempera-
ture or corresponding saturation pressure.

4. The combination of molecular dynamics simulations
and the classical Schrage model for the interface mass
transfer provide an elegant and quick way to deter-
mine the evaporation coefficient. The evaporation

coeflicient thus determined compares fairly well with,
but smaller than, the theoretical predictions of con-
densation coefficient reported in the literature.
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