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Heat Transfer at the Nanoscale: Evaporation of Nanodroplets
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We demonstrate using molecular dynamics simulations of the Lennard-Jones fluid that the evaporation
process of nanodroplets at the nanoscale is limited by the heat transfer. The temperature is continuous at
the liquid-vapor interface if the liquid/vapor density ratio is small (of the order of 10) and discontinuous
otherwise. The temperature in the vapor has a scaling form T(r, r) = T[r/R(z)], where R(z) is the radius of
an evaporating droplet at time ¢ and r is the distance from its center. Mechanical equilibrium establishes
very quickly, and the pressure difference obeys the Laplace law during evaporation.
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In 1999, Feng and Ward [1] conducted a series of very
precise measurements of the temperature distribution near
the evaporating surface of water and found that the tem-
perature is discontinuous at the interface, with the vapor
temperature 7\,, higher than the liquid temperature Ti,.
This result contradicted the commonly accepted theories of
evaporation [2—4] based on the linearized Boltzmann
equation in a vapor phase. The authors concluded their
paper as follows: “at present there does not appear to be
any explanation for this observation from classical me-
chanics. It remains to be seen if quantum mechanics will
provide an explanation.” In 2004, Bond and Struchtrup [5]
argued, using elements of kinetic theory of gases combined
with elements of irreversible thermodynamics, that tem-
perature discontinuity is strongly related to the energy flux
during evaporation, a quantity grossly neglected in the
theories of evaporation. They concluded that [5] the tem-
perature discontinuity found in experiments [1,6] cannot be
obtained from the classical Hertz-Knudsen or Schrage
models of evaporation. The theories of evaporation which
were developed and refined over the last 100 years [5,7],
following the Maxwell paper [8], were based on approx-
imations which focused on the mass transfer in vapor and
underestimated the role of energy flux and energy balance
during the evaporation process. Even today, the primary
quantity of interest in the theoretical approach is the
evaporation coefficient, condensation coefficient, accom-
modation coefficient, and the reflected flux of the vapor
molecules [5,9—-12]. Lack of careful experiments, such as
those performed by Ward et al. [1,6,13,14], precluded
proper verification of the theories against experimental
results.

Here, we demonstrate in computer simulations of the
Lennard-Jones (LJ) fluid that evaporation at the nanoscale
is limited by heat transfer and energy balance at the liquid-
gas interface and not by the mass diffusion inside the vapor
(as assumed in the current theories). Our results agree
quantitatively with the solution of irreversible thermody-
namics in the two-phase region [15] for small liquid/vapor
density ratio (of the order of 10). When this ratio is large,
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we observe large temperature discontinuity (as large as
nearly 30% of liquid temperature) at the interface. In
previous simulations [9,16—23] of evaporation performed
for very small number of atoms (from 10° up to 10°), the
analysis of the heat transfer and energy balance analysis
was not done. The results of our molecular dynamics
simulations together with the solution of irreversible ther-
modynamics in the two-phase region [15] show a clear
need for the reformulation of the current view on the
dynamics of the evaporation.

We performed the molecular dynamics (MD) computer
simulations for more than 10° Lennard-Jones atoms with
the interaction potential truncated and shifted up to make
the potential zero at r = 2.50, where o, the Lennard-Jones
diameter taken as 0.35 nm, set the length scale (for phase
diagrams, see the supplementary information [24]). The
Newton equations of motion were solved using the Verlet
“leapfrog” scheme [25,26] with the time step o6t =
0.010(m/e)"/?, where the energy unit was given by & =
112kz K and mass of atoms at m = 40 amu. &/kg =
112 K set the temperature scale. The time unit was ¢, =
o(m/€)'/? ~ 2.3 ps. Simulations of the evaporation pro-
cess were performed for 5 equilibrium initial temperatures
Ty (changed from 0.68 to 0.9) leading to the liquid-vapor
density ratio p, /pV,p from 120 to 14. Three values of the
boundary temperature 7}, were considered (1.25, 1.75, and
2.5). The critical temperature in the system was roughly
1.1. Each simulation run started (¢t = 0) with a liquid
droplet of radius R(z = 0) (of sizes from 26.8 to 37.1)
equilibrated with the surrounding gas and located in the
center of the sphere of radius R, (varied from 151 to 402).
The gas particles were reflected elastically from the bound-
ary of the sphere. Heating was done by scaling the particle
velocity just after the reflection. The scaling factor was
(T,/T,)"/* where T, was the current value of the tempera-
ture of the gas enclosed between R, and R, — 3. During
the evaporation process, the center of a droplet was fixed at
the center of the sphere. Simulation runs were performed
for the number of particles N from 746414 to 2691 050. In
the simulations, the maximum value of the ratio Ny / Nyap
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(ratio of a number of atoms in the droplet to the one in
vapor) at ¢ = 0 was 0.143, typical value was 0.07-0.09, and
the lowest one amounted to 0.023. For a few sets of initial
parameters, simulation runs were repeated for different N,
R,,, with no significant changes in the results. The energy
per particle and the pressure in a liquid droplet, necessary
to evaluate the enthalpy of evaporation, were measured (in
a central part of the droplet) during simulation using
standard formulas [25]. In order to evaluate the heat trans-
fer, we determined the heat conductivity, Ky, in the vapor
using a direct method proposed by Muller-Plathe [27], and
as a check we used independent method proposed by Evans
[25,28]. We found that k,,, varied between 0.3 to 0.55 for
different temperatures and densities (supplementary infor-
mation [24]). The surface tension was determined in the
independent simulations (for flat interface) from the dif-
ference between the normal and tangential pressure com-
ponents [29] (supplementary information [24]).

The evolution of thermodynamic parameters during
evaporation of a droplet can be conveniently divided into
two regimes: a transient nonstationary regime and a quasi-
stationary regime. Similar behavior was observed in the
solution of irreversible thermodynamics equations in the
two-phase region [15,30]. The first regime is associated
with the process of heating the system. We observe that an
initial sudden increase of T to T}, at the boundary initiates
a sound wave which moves from the wall to the surface of
the droplet. The wave heats up a droplet from T, to
Tyiq(Thiq # T}). The heating process is due to the conden-
sation of hot vapor at a colder surface of the droplet; thus,
paradoxically, evaporation starts with initial condensation
of vapor. Because of this condensation process, initially the
droplet increases its temperature and size.

For our system, this initial transient period lasted for a
time, #,, of the order of few nanoseconds, but the time scale
depended on the details of the heating process.
Importantly, the stationary values of Ty, and pj, were
independent of the heating rate. An extra simulation run
with scaling of velocities at the boundaries by the factor
(T,/T,)"/* less than 1.004 (slow heating) led to exactly the
same values of Tj;q and pjq as that for a factor 1.15 (fast
heating). However, the first process characterized by slow
heating lasted 10 times longer than the second one, and theJ
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FIG. 1. Temperature, T(r, t), versus inverse distance [R(z)/r],
normalized by the droplet radius R(z) for liquid to vapor density
ratio equal to 11 (r is a distance from the center of a droplet). The
data are given for the evolution no. 5 from Table I at ¢+ = 3000,
R(7) = 24.6 (empty circles); r = 4000, R(t) = 22.3 (empty tri-
angles); t = 5100, R(f) = 19.4 (crosses). The solid line is given
by Eq. (3) with Ty, = Tiq.

droplet evaporated nearly 40% of its mass before reaching
the quasistationary regime.

In the quasistationary regime, T} and pjq were con-
stant, and the temperature profile in the vapor obeyed
scaling relation T(r,t) = T[r/R(r)] for R, > R(t). We
observed that the temperature distribution and evaporation
rate strongly depended on the magnitude of liquid-vapor
density ratio pjj /ply. First, we consider a case when
PP/ Plap Was smaller than roughly 20. In this case, the
temperature was continuous at the interface T[r = R(r)] =
Ty, = Tiq- We found that the temperature profile obtained
in the simulations was well described by the following
equation (from irreversible thermodynamics [15]):

3,(PKyapd, T) = 0, (1)
with the boundary conditions given by

Tlr=R(N]=T, T(r=R,) =T, 2

ap

The solution to Eq. (1) (for x4, constant) reads as follows:

T(r: [) = [Rth - R(I)Tvap - RbR(t)(Th - Tvap)/r]/[Rb - R(Z)] for r = R([) (3)

and T(r, 1) = Tyiq = T\, for r < R(z). In Fig. 1, we show a
comparison of the simulation results with Eq. (3).
In the second case, when p{ /p,, > 30, we found that

temperature was discontinuous at the interface (shown in
Fig. 2) with the vapor temperature T,,, larger than the lig-
uid temperature Tjiq. The difference T.,, — Tjiq grew as we
decreased the vapor density and increased the liquid den-
sity (Table I). The temperature profile was quasistationary
also in this case; i.e., T(r,t) = T[r/R(t)] as shown in

{
Fig. 2, but it deviated from the 1/r dependence given in
Eq. (3). The observed deviations of the temperature profile
from Eq. (3) (Figs. 1 and 2) could arise (i) from the depen-
dence of the heat conductivity on temperature [see Eq. (1)]
and (ii) from a constraint of mechanical equilibrium.

In all studied cases (presented in Table I), we analyzed
the evaporation rate on the basis of the heat transfer and
energy balance equation at the interface:

- pliqAHatR = Kvap(arT)r=R(t)- 4)
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FIG. 2. Legend as in Fig. 1. Liquid-vapor density ratio is equal
to 119. The data are taken from the evolution no. 1 from Table 1.
Here, = 10450, R(t) =31.9 (empty circles); = 16300,
R(1) = 27.5 (empty triangles); t = 20470, R(t) = 24.1 (crosses).
The solid line is a theoretical line given by Eq. (3) with T,,, =
Tyq + 0.195.

On the left-hand side, the mass flux — py;,d,R into the vapor
is multiplied by the enthalpy change AH (per particle)
upon evaporation. The energy flux into the vapor is com-
pensated by the heat flux given on the left-hand side of

TABLE I. Results for experimental and theoretical values Wy
and Wy, respectively. Wy—theoretical value of the slope of
[R* () (R*(t)> = R()*[1 — 2R(¢)/(3R,,)]) versus t given by
Eq. (6). Wry—experimental value of the slope taken from fitting
[R*(¢)]* with a straight line after the initial transient regime (¢ >
fp) (see Figs. 3 and 4). T,,,—vapor temperature at the interface
taken from the fit of 7(r) to Eq. (3) (see Figs. 1 and 2). T,
p(v’ap—initial (equilibrium) temperature and vapor density. 7;,—
temperature at the boundary; Tj;q, py;q—temperature and density
measured in central parts of droplets during evaporation. Here,
Ah = h(pYap Tyap) — h(piig» Thig) is the change of enthalpy upon
evaporation. We find that Wy = Wy, supporting our conclusion
that heat transfer is a limiting factor for evaporation. Note that
the slope changed 1 order of magnitude in the simulations (first
and last row of the Table). In simulations, no. 1-5, we decrease
liquid-vapor density ratio (pyq/ pgap) up to a point where the
temperature jump disappears (the wall temp. was set at 1.25)
which occurs at the density ratio of the order of 10. For such
small density ratio (simulations 5-9), we do not observe tem-
perature jump even when the boundary temperature 77, is as high
as 2.5.

Teq pgap T, Tliq Pliq Ah We Wr Tvap - Tliq
0.679 0.0065 1.25 0.731

0.776 5.865 0.043 0.055 0.195

0.713 0.0096 1.25 0.768 0.756 5.594 0.054 0.062 0.151
0.758 0.0148 1.25 0816 0.727 5234 0.068 0.072 0.097
0.800 0.0219 1.25 0.863 0.696 4.832 0.080 0.085 0.050

0.851 0.0327 1.25 0912 0.662 4391 0.100 0.104 0.0
0.851 0.0327 1.75 0963 0.621 4.157 0284 0.284 0.0
0.851 0.0327 250 1.017 0564 3.842 0.627 0.659 0.0
0903 0.0484 125 0971 0611 3923 0133 0.122 0.0
0903 0.0484 1.75 1.031 0544 3.569 0454 0.407 0.0
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FIG. 3. R*(t)> = R(t)*[1 — 2R(¢)/(3R,)] versus time, ¢, for the
evolution no. 5 from Table I. The empty circles give simulation
data. The solid line is the theoretical result given by Eq. (6).

Eq. (4) by the heat conductivity at the interface multiplied
by the temperature gradient at the interface, Ky, (9, T),—g()-
Inserting Eq. (3) into (4) gives the following relation for
R(?):
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FIG. 4. R*(¢)* versus time, t for large liquid-vapor density ratio
and different mean-free path of atoms in the vapor, A =
(07 pyap) ™' The empty circles give the simulation data. The
solid line is given by Eq. (6). (a) evolution no. 3 from Table 1.
A =21.5; (b) evolution no. 2 from Table I, A = 33.2;
(c) evolution no. 1 from Table I A = 49. Deviations from
Eq. (6) are observed when the diameter of the droplet becomes
smaller than 1 mean free path [2R(¢) < A].
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FIG. 5. The pressure difference inside or outside the droplet,
Ap = piq — Pvap Normalized by the Laplace value 2y/R(7), is
shown as a function of time ¢ for the evolution no. 3 in Table 1.

R(1)’[1 = 2R(1)/(BR,)] = R(10)’[1 — 2R(19)/ (3R;)]
- 2Kvap(Tb - Tv)/(pliqAH)
X (1 = 1) 5)

For R(f) < R,,, we get a linear relation R*(f) — R*(t) =
—Wy(t — 1), where

Wr = 2Kvap(Tb - Tvap)/(pliqAH)- (6)

Here, ky,, is the heat conductivity at temperature T,
Figures 3 and 4 and Table I show comparison between
simulation and theory [Egs. (5) and (6)]. All thermody-
namic parameters in Wy were determined independently,
and theoretical formula does not contain any free fitting
parameters. Please note that Eq. (4) is very restrictive. In
principle, evaporation could proceed with a decrease of
droplet temperature without a need for an energy flux from
the vapor.

Mechanical equilibrium established very quickly in
comparison to thermal equilibrium. The Laplace’s law
was obeyed during the evaporation as shown on Fig. 5
(see also Fig. S3 in supplementary information [24]). Since
the evaporation flux is governed by the chemical potential
difference which is a function of temperature and pressure,
we conclude that evaporation follows the change of tem-
perature and not that of pressure. Additionally, the condi-
tion of mechanical equilibrium,

Ap = pliq(Tliq’ pliq) - pvap(T[r/R(t)];
Puaplr/R(D]) = 27/R(1),

gives the constraint on possible profiles of temperature and
density.

We demonstrated that the evaporation process is limited
by the heat transfer and energy balance condition.
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