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Curvature and fluid phase equilibria
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Equilibrium vapour pressure of a droplet

Canonical MD simulation of LITS droplets
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Equilibrium vapour pressure of a droplet

Canonical MD simulation of LITS droplets

® \/rabec et al. (2006)
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Down to 100 mole-
cules: Agreement
with CNT (y = v,)-

At the spinodal, the
results suggest that
R,=2y/Ap — 0.
This implies

limy =0,

R, —0
as conjectured by
Tolman (1949) ...

30t November 12 Martin Horsch, George Jackson, Sergey Lishchuk, Erich Muller, Stephan Werth, Hans Hasse

Lehrstuhl fur Thermodynamik



== N2 = LTD
I m  TECHNISCHE UNIVERSITAT /t\ —! Lehrstuhl fiir Thermodynamik
m KAISERSLAUTERN  goreeoeroces syums ergnoo Prof. Dr.-Ing. H. Hasse

Surface tension from molecular simulation

Integral over the pressure tensor Test area method:

0.6 - T=07 ¢ Small deformations of the volume
o virial route e testarea &
[N E"F'j:ﬂ-@EI (\ItI) — ———— —————— §
S ®
o T=08¢ 0 = ™ £ e -
Eq04 i Gﬂ (% ] ng @ 8o o 707 S
g ) S
% |:|'.‘F|£gp R GC) g
c IP + 02 F 4 B
e = 3 2
O 8| LISTS fluid (T = 0.8 €) .
@) i — o
g 027 oF T=09%¢ | ool . . . . . . . 15
7 o 4 6 8 0 12 1416
Virial route 4 equimolar radius / o
. o
0.0 (LJTS fluid Mutually contradicting

simulation results!
102 10° 104 102 108 10¢

30t November 12 Martin Horsch, George Jackson, Sergey Lishchuk, Erich Muller, Stephan Werth, Hans Hasse 5



e YA

I m TecHniscHE UNIVERSITAT — Z PN
m KAISERSLAUTERN  gooorproce s Systoms Engneurng

oooooooooooooooooooo

] LTD
=2l Lehrstuhl fiir Thermodynamik
Prof. Dr.-Ing. H. Hasse

Analysis of radial density profiles

The thermodynamic approach of Tolman (1949) relies on effective radii:
* Equimolar radius R, (obtained from the density profile) with
r=["dRR2[p(R)- o]+ [  dRRZ[o(R) - p"]=0
* Laplace radius R, = 2y/Ap (defined in pterms of the surface tension y)

Since y and R, are under dispute, this set of variables is inconvenient here.

o l e

E equimolar radius R
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Analysis of radial density profiles

Various formal droplet radii can be considered within Tolman'’s approach:
* Equimolar radius R, (obtained from the density profile)
 Capillarity radius R, = 2y./Ap (defined by the planar surface tension y..)

* Laplaceradius R, = 2y/Ap (defined by the curved surface tension y)

o l e
E equimolar radius R
201 - - g
B LJTS fluid
3 T=0.75¢
©0.01 . . ———
0 5 10 15 20

distance from the centre of mass / o
Approach: Use instead of 1/R, use instead of R,
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The Tolman equation

Tolman theory in R, R, and 1/R,
Tolman length:
6=R,-R,
Tolman equation:
-1
oInR, 26 20° 26°
=1+ +—t
olny R, R’ 3R

T 14

First-order expansion:

1 1
Y =V, — 204V, R T OLRS)

4

30" November 12 Martin Horsch, George Jackson, Sergey Lishchuk, Erich Miiller, Stephan Werth, Hans Hasse 8



Ea— N2

C
I m  TECHNISCHE UNIVERSITAT /t\
m KAISERSLAUTERN  cenveorpoc 058 Systoms Enginoaring

imperial College, London

] LTD
=2l Lehrstuhl fiir Thermodynamik
Prof. Dr.-Ing. H. Hasse

The Tolman equation in terms of R,

Tolman theory in R, R, and 1/R,

Tolman length: Excess equimolar radius:
0=R,-R, n=R,-R,

Tolman equation: Tolman equation:

-1 3\
onR,\ _, (25 25° 26° olnyR,") 3|, | YR+
olny ). R, R2 3R§’ oy ) 2 Y

First-order expansion: First-order expansion:
1 1 % v
=V, —20,Y,— +0| — 2n, —+0
V VO OVO RV+ [Rfj V V0+ rIO RV+ [Rfj

How do these notations relate to each other?

_ i _ Yo |__ N 2
" _‘I‘LT"(R" VRJJ_ Alm’(R" vRylj_ ”
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Extrapolation to the planar limit
Radial parity plot

LJTS fluid * The magnitude of the excess
5 16 1o R_from IK equimolar radius is consistently
- °© R_from p found to be smaller than o/ 2.
x~1447=075¢
9  This suggests that the curvature
S 12 1 o O dependence of y is weak, i.e. that
. /_,164 t10 the deviation from y., is smaller than
g 10 - ? 10 % for radii larger than 10 o.
qg,' 84 . / olanar limit: » This contradicts the results from the
‘oA - virial route and confirms the grand
6 4 S _A,LTD(R —R ) canonical and test area simulations.
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capillarity radius R _/ o
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Interpolation to the planar limit

Radial parity plot Nijmeijer diagram
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Simulation of planar vapour-liquid interfaces

Lennard-Jones fluid
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Size dependence of liquid slab properties

By simulating small liquid slabs,

- 0.8 curvature-independent size effects
o can be considered.
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Size dependence of liquid slab properties

By simulating small liquid slabs,

- 0.8 curvature-independent size effects
o can be considered.
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Curvature-independent size effect on y
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Relation with y(R) for droplets?

9, Is small and probably negative:

Ghoufi, Malfreyt (2011): , = -0.3 or -0.008
Troster et al. (2012): -0.27 < §, < +0.19
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Nonetheless, the surface

extremely small droplets.
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Curvature-independent size effect on y

Surface tension for thin slabs:
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Relation with y(R) for droplets?

9, Is small and probably negative:

Ghoufi, Malfreyt (2011): , = -0.3 or -0.008
Troster et al. (2012): -0.27 <, < +0.19
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“an additional curvature
dependence of the 1/R3
form is required ...”
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Conclusion

* Mechanical (virial) and thermodynamic (test area and grand canonical)
routes lead to contradicting results for the curvature dependence of y.

« Without knowledge of the surface tension, it is impossible to
determine the Laplace radius R,. In terms of the capillarity radius R, and
the pressure difference Ap (or u), Tolman'’s approach can still be applied.

* Results for the excess equimolar radius confirm the thermodynamic
routes to the surface tension: In the planar limit, the Tolman length is
small (and negative, according to the most recent literature).

» However, for extremely small liquid phases, the surface tension
decreases due to a curvature-independent effect.
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