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Molecular simulation of nucleation

Indirect simulation:

Transition path sampling

Determination of the critical size
... by observing single droplets in non-equilibrium
... by observing single droplets in equilibrium

Direct simulation:

.. of a metastable state far from the spinodal line
.. of nucleation at a high supersaturation, decreasing over time

.. of a metastable state near the spinodal line
.. of nucleation at a constantly high supersaturation
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The critical nucleus

... is defined by a stable or unstable equilibrium with the vapor.

Free energy of formation _ ethaneat 7 =280 K (p, = 1.88 mol/l)
~ INed LI : \\'\Aﬂ
iy . . e Y
Positive surface contribution: 5 104 :
2 \ : 2.55 molll
5 :
dQA/dAIVj .EAQ"
3 \
S 0 A
: : : o) : \
Negative volume contribution: § 1 2.8 mollN\
() °
; _ 4lid o :
dQ, /dj = u;* - £ _
i glia T '
lim y;™ = g 250 500 750

Jj—o nucleus size in number of molecules
It is essential to know the supersaturation in terms of Ay.
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Equilibrium vapor pressure

100 4 methane at 149 K
~ i i ¢
X —_—— N\
5 Ll === \
%
c
-}
£ 100 -
>
22
€ 500 1 NoT: N=6000, p = 1170 kPa /
o
o
k= NVT: N = 2000, p = 2.16 mol/

-300 - , 000, p .GmO/

) 1

2000 -
©
& \-——
<1000 -
Q

0 I I

10

100

1000

droplet size in number of molecules

THERMODYNAMICS AND ENERGY TECHNOLOGY
PROF. DR.-ING. HABIL. JADRAN VRABEC

DEPARTMENT
OF MECHANICAL
ENGINEERING

Equilibrium condition for
a droplet containing J
molecules:

p=p(T.j)
AG at constant p and T:

1 unstable equilibrium

AF at constant Vand T:

1 unstable equilibrium
1 stable equilibrium
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Systems containing a single droplet

» Vapor and liquid are
equilibrated separately.

» A small (j < 10000)
droplet is inserted into
the vapor.

> If the droplet cannot
evaporate completely,
an equilibrium is
established within a few
nanoseconds.
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Surface tension
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Tolman equation

Vapor-liquid interface of the t-s-LJ fluid
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The higher order terms of the Tolman equation should not be neglected.
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Direct MD simulation of nucleation

» Integration time step typically between 1 and 5 fs;
Feasible simulation time: on the order of nanoseconds.

> A saturated vapor with V = 102 m3 contains:
800,000 molecules (methane at 114 K=0.6 T,)
7,000,000 molecules (CO, at 253 K=0.83 T7,)

» Minimal nucleation rate accessible by direct simulation:

#nuclei / (volume V x time Af) = nucleation rate J

10 / (102°m3 x 109s ) = 1030/ m3s
Direct MD simulation ﬁ Experiment
above 1030 / m3s up to 102/ m3s
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Grand canonical molecular dynamics

Algorithm according to Cielinski:
e fixed values of y, Vund T
» test insertion of a molecule at a random position

P =max|1exp| * AU - v
KT JN(N+1)

 test deletion of a random molecule

P, :max[lexp(_u _AU"‘S] v }

KT NN

« equal number of test insertions and deletions (10-° — 10-3 / step)
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Supersaturation from NVT and uVT simulation
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Szilard‘s demon

SZILARD
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McDonald‘s demon
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Interactive presentation: McDonald‘s demon
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Comparison: NVT and pVT simulation

t-s-LJ fluid at T = 0.7 ¢/k
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Nucleus size distribution

t-s-LJ fluid at T = 0.7 €/k:
uVT (S =2.866) and NVT (p = 0.004044 ¢3) simulation
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Good agreement with CNT for j* and the number of small nuclei.
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Threshold dependence of the intervention rate

Statistical probability for a t-s-LJ fluid, T=0.7, S = 2.496
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CNT predicts an acceptable value for j* and underestimates J significantly.
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Conclusion

MD simulation of equilibria allows sampling over an arbitrary
time interval, eventually leading to the desired level of accuracy.

« Single droplets can be stable in the canonical ensemble.

« Asupersaturated vapor near the spinodal line can be
stabilized by grand canonical simulation with McDonald's
demon.

* The classical theory leads to acceptable results for the t-s-LJ
fluid. However, it does not take into account curvature effects
on the surface tension.
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