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Formation, Stability, and
Breakup of Nanojets

Michael Moseler and Uzi Landman*

Atomistic molecular dynamics simulations reveal the formation of nanojets
with velocities up to 400 meters per second, created by pressurized injection
of fluid propane through nanoscale convergent gold nozzles with heating or
coating of the nozzle exterior surface to prevent formation of thick blocking
films. The atomistic description is related to continuum hydrodynamic mod-
eling through the derivation of a stochastic lubrication equation that includes
thermally triggered fluctuations whose influence on the dynamical evolution
increases as the jet dimensions become smaller. Emergence of double-cone
neck shapes is predicted when the jet approaches nanoscale molecular
dimensions, deviating from the long-thread universal similarity solution
obtained in the absence of such fluctuations.

Liquid jets of macroscopic dimensions and
their breakup into drops have been of great
scientific interest (/, 2) and have been used in
fuel injection (3), cutting and machining (4,
5), spraying and coating, fiber spinning (6),
needle and syringe injection, ink-jet printing
(7), and micro- and optoelectronic device
manufacturing (8). Perturbations at the noz-
zle opening and surface tension help drive
capillary instabilities in jets. Through the ap-
plication of linear stability analysis to invis-
cid incompressible fluid columns, Rayleigh
concluded that out of all disturbances the
fastest growing one has a wavelength of
about nine times the column’s radius (9). The
accepted mechanism of jet breakup involves
flow from regions of the liquid column with
smaller radii (necks where the Laplace pres-
sure is larger) to crest regions where the
pressure is lower, until pinch-off occurs; ex-
tensions of Rayleigh’s original work have
shown (/0-14) that the effect of viscosity
can reduce the breakup rate and increase the
drop size.

The highly nonlinear nature of the Navier-
Stokes (NS) equations that govern fluid flow
prevents reliable analyses of the nonlinear
dynamics near breakup with linear stability
methods or higher order perturbative treat-
ments and requires the development of a full
nonlinear theory. Progress in this direction
has been achieved with NS simulations (/)
and through analytical formulations based on
the “lubrication theory” (I, 15-18). Particu-
larly pertinent to our study are treatments
based on the “slenderness approximation” al-
lowing systematic derivation (/) (starting
from the NS equation) of viscous one-dimen-
sional (1D) equations that can be solved nu-
merically with relative ease [unlike the orig-
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inal three-dimensional (3D) NS equation].
Indeed, such treatments have been used re-
cently with remarkable success in investiga-
tions of various liquid structures (7), yielding
quantitative correct predictions in the neigh-
borhood of breakup, as well as far from it.

Substantial efforts have been invested in
studies addressing the design of nozzles (3,
14, 18, 19) including geometrical factors
(such as nozzle shape) and material proper-
ties (such as wettability of the nozzle by the
fluid) and their effects on the efficiency of
conversion from potential to kinetic energy
(sometimes termed “pressure” and “flow” en-
ergies) as well as on the internal and exit flow
(velocity) profiles and the magnitude of the
disturbances (particularly at the nozzle open-
ing). As the scale of the jets is reduced for use
in or fabrication of miniaturized devices, the
jet diameter approaches the molecular size,
and the commonly used continuum fluid dy-
namics treatments are of questionable valid-
ity (1, 20).

We present the results of large-scale ato-
mistic molecular dynamics (MD) simulations
(21-23) aimed at extending our knowledge of
jet processes to the nanometer-scale regime
(that is, to nanojets, or NJs). Although such
NJs are envisaged to substantially impact var-
ious technologies [such as nanoscale materi-
als’ machining and patterning, printing of
high-density miniaturized circuitry, and
transfer of biological materials (24), such as
genes, into cells with minimal damage], un-
derstanding the conditions for the formation
of NJs and their properties is a most challeng-
ing fundamental problem. In particular, be-
cause of the reduced dimensions, the behav-
ior of such systems involves large spatiotem-
poral variations and fluctuations of the liquid
properties (such as temperature gradients and
liquid density changes caused by viscous
heating and evaporative cooling) that compli-
cate (and in many cases invalidate) the use of
continuum mechanics treatments and require

the development of physically reliable and
accurate atomic-scale simulations.

We used a newly developed MD method
for atomistic simulations of jet processes to
show that NJ formation can indeed be
achieved through high-pressure injection and
thus overcome large internal viscous energy
losses and surface tension effects. We also
propose new design principles, such as the
use of nonwetting nozzles as well as heating
of the nozzle exterior surface, as means for
speeding up flow and for enabling NJ forma-
tion. Furthermore, aiming at the long-stand-
ing goal of relating and integrating atomistic
simulations with continuum hydrodynamic
modeling, we derive a stochastic modifica-
tion of the hydrodynamic (deterministic) lu-
brication equation (LE) for the description of
free-surface flow problems and show through
comparative MD and hydrodynamic simula-
tions that fluctuation effects increase as the
jet radius decreases and that the jet dynamics
near breakup is dominated by thermal fluctu-
ations. Our simulations reveal that such fluc-
tuations influence the jet profile near breakup
as well as control the breakup length, which
we found for NJs to depend only weakly on
the strength of perturbations generated in the
vicinity of the nozzle just after exit, in con-
trast to macroscopic jets where the latter pro-
cesses are the determining factor.

In our MD simulations, we used a com-
mon fuel (propane, C,H,) as a fluid confined
and injected into vacuum through a nozzle
(25-30). Various configurations of the inlet
nozzle (modeled as crystalline metal) were
used, including a long tube of constant diam-
eter, a hole in the wall of the container, and a
convergent nozzle (31); below, we show re-
sults for the convergent nozzle (Fig. 1A).

To determine the conditions for jet forma-
tion, we performed a number of simulations
for a range of exit orifice diameters D be-
tween 2 and 6 nm and nozzle inlet pressures
P, between 250 and 500 MPa (the upper limit
was chosen to prevent glassification of the
propane fluid), with an overall nozzle tem-
perature 7, = 150 K. A steady-state jet (with
a velocity of 200 m/s) was produced (32)
only in simulations with P, = 500 MPa and
with the gold atoms of the outer surface of a
6-nm-diameter nozzle heated to the boiling
temperature of propane (230 K) while the
temperature of the inside gold atoms was kept
at T, = 150 K. Under these conditions, the
thickness of the wetting film on the outer
surface of the nozzle (Fig. 1A, time ¢ = 20
ps) was limited to three propane layers. With-
out heating of the outer surface, a transient
initial jet formed, but it was slowed down
because of viscous frictional interactions with
a thickening wetting film, as well as by sur-
face tension effects, culminating in blocking
of the flow. Jet formation was also inhibited
for P, = 500 MPa when smaller orifice
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diameters were used (D < 6 nm) because of
a strong pressure drop caused by frictional
losses inside the nozzle, and also for the
6-nm-diameter orifice with a smaller driving
pressure P, = 250 MPa. As an alternative to
preventing formation of thick wetting block-
ing films by heating of the outside surfaces of
the nozzle as described above, we found for
the 6-nm-diameter nozzle with P, = 500
MPa and T, = 150 K that a jet can be formed
(with a higher velocity of 440 m/s) under
nonwetting conditions, which we modeled by
truncating the interaction potential between
the propane molecules and the exterior gold
atoms of the nozzle to exclude the attractive
interaction between them (in practice, one
could use a nonwetting thin coating applied
to the exterior of the nozzle).

Atomistic configurations during the initial
formation stages of the jet (with heated out-
side surfaces of the nozzle exit) are shown in
Fig. 1A, and the evolution of the jet during
the first 2 ns of the simulation is shown in
Fig. 1B. The exit of the fluid from the nozzle
is accompanied by evaporation of molecules
and lateral (radial) spreading resulting in
thin-film formation, accompanied by thicken-
ing (swelling) of the fluid column (Figs. 1A
and 2A); a much reduced swelling of the jet
was found in the nonwetting simulation (Fig.
2B). In both cases, the velocity profile (33) is
perturbed at the exit (larger perturbation in

Fig. 1. (A) Atomic con- 5
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the wetting case) and relaxes over a rather
short distance (5 nm for the wetting case and
a shorter distance for the nonwetting one),
transforming from laminar flow (34), with a
parabolic velocity profile inside the nozzle, to
a uniform velocity profile (pluglike) outside
(Fig. 2, A and B).

The variations with distance along the jet
of the time-averaged axial (v,, along the jet
axis) and radial (v,, perpendicular to the axis)
velocities of the jet calculated at steady state
for z = Ly (where Ly is the average intact
length of the jet, also called breakup length)
are displayed in Fig. 2C. In both the wetting
(solid lines) and nonwetting (dashed lines)
cases, v, increases in the converging section
(z = -1 nm) of the nozzle (as expected
because of the continuity of the fluid), and the
increase of v, reflects focusing of the flow;
however, for the wetting case, near the nozzle
exit the attractive interactions of the propane
molecules with the nozzle surfaces cause a
substantially smaller increase in v, and a
somewhat larger increase in v,, resulting in
drag forces on the flowing fluid. Upon exit,
the internal pressure and density in the liquid
drop precipitously (Fig. 2D). The pressure in
the fluid after the nozzle remains constant
and near zero, whereas the density shows a
slow gradual increase that is related to evap-
orative cooling of the jet.

Internal frictional processes increase the

figurations  selected
from MD simulations
of a propane N]J
formed through injec-
tion into vacuum
through a convergent
3D gold nozzle with
the dimensions given
in the top left panel.
The upper solid gold
walls were removed to
expose the interior of
the nozzle. A pressure
of 500 MPa is applied
at the back of the noz-
zle assembly, the tem-
perature inside the
nozzle is controlled at
150 K, and the exterior
gold surface of the
nozzle exit is heated to
230 K. The sequence of
configurations depicts
the initial exit of the
propane fluid (10 ps)

B

t (ns)

and wetting of the
outside surface of the

kinetic temperature of the molecular fluid
substantially in the nozzle exit region. In the
wetting case, friction occurs even outside the
nozzle because of the molecular film ad-
sorbed on the exterior surface of the nozzle,
and consequently, the temperature is further
increased (Fig. 2E). Immediately past the
nozzle (for z = 20 nm), the total internal
energy of molecules near the surface of the
jet is positive (gray areas in Fig. 2E), leading
to a decrease in the temperature due to effi-
cient evaporative cooling and consequent re-
duction in the jet radius along the jet axis; the
rate of these processes slows for z = 30 nm.

The initial (transient) stage of the evolution
of the jet (Fig. 1B, ¢ < 1 ns) is characterized by
the generation of small fast-moving droplets
and molecular clusters, portrayed by sawtooth-
shaped discontinuities in L at the droplets’ de-
tachment times (Fig. 1B, inset), where L is the
intact length of the jet. At steady state (z = 1
ns), the jet instabilities result in the formation of
droplets with a narrow size distribution corre-
sponding to an average intact length of the jet
(breakup length) L, ~ 170 nm (we also ob-
tained similar L values in simulations with a
hotter propane fluid, 7, = 200 and 250 K);
also, a smaller satellite droplet that eventually
merged with the preceding larger one occasion-
ally formed (Fig. 1B, ¢ = 1 ns; Fig. 3C, ¢ = 1.65
ns). Typically, the neck shape before pinch-off
resembles a double cone (see Fig. 3B and the

0.1

L (nm)

Z (nm)
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nozzle to form a thin adsorbed propane film, accompanied by swelling of the
exiting fluid propane jet near the nozzle exit (t = 20 ps). The formation of
the jet, which achieves a flow velocity of 200 m/s, is accompanied by
evaporative cooling, and steady-state flow is achieved at ~1 ns. The propane
molecules are depicted in blue, and the gold atoms are in yellow. (B)
Evolution of the propane NJ along the direction of propagation (z axis) at
selected times (0.1ns=t =2 ns% after exit from the nozzle. Formation of
fast-moving droplets and molecular clusters is observed at the initial (tran-
sient) stage (t < 1 ns), achieving steady-state flow conditions (v = 200 m/s)

att ~ 1 ns. Molecular evaporation and formation of necking instabilities are
observed, resulting in breakup events and formation of drops. At pinch-off,
the droplets are of elongated ellipsoidal shape, and they become rounded
shortly after. On some occasions, small satellite (secondary) drops are seen
(for example, at t = 1 ns) merging later with the preceding larger drop. In
the inset, we display the time evolution of the intact length of the jet. Each
sawtooth-shaped discontinuity corresponds to a pinch-off of a drop. Att =
1 ns, steady state is achieved with the mean breakup length of the jet, L, ~
170 nm.
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top configuration in Fig. 3D for the wetting and
nonwetting cases, respectively); occasionally,
the jet profile deviates from axisymmetry (Fig.
3A), or it may be somewhat elongated, forming
a small cluster between the intact part and the
main droplet (Fig. 3C). The neck radius de-
creases steadily to its final value of one or two
molecular diameters, and a smooth separation
of the few remaining molecules in the double-
cone apex completes the pinch-off process.

In the hydrodynamic description (/, 18), the
radius of the neck shrinks as breakup of the jet
is approached, and the fluid velocity in this
region increases strongly (developing a singu-
larity at the pinch-off time), thus localizing the
breakup process both spatially and temporally
(1, 35). Such “locality” is reflected in the inde-
pendence of the fluid motion near breakup from
the initial conditions and from details of the
experimental setup (e.g., the radius of the noz-
zle); that is, the fluid motion near pinch-off
becomes universal (/). Under these circum-
stances, the only relevant length and time scales
(1, 18 35) are I, = w*/py) and £, = n*/(py*)
(expressing the balance between viscous and
surface tension forces), respectively, which are
determined by the viscosity m, the density p,
and the fluid surface tension . Furthermore,
asymptotic analysis (/) reveals that the fluid
motion close to the breakup singularity is a
similarity solution of the equations of motion
(see below), with the jet profile consisting of
long thin threads connected by strongly sloped
segments to the rest of the fluid.

In general, the neck shape of macroscopic
jets (1, 35) depends on the ratio between the
observation scale /. and the intrinsic mate-

rial-dependent lengotlils scale [ . For [, /I, >
1, the shape of the neck near the pinch point
approaches that of a cone connected to a
spherical cap (35), whereas for [, /I, <1,
the aforementioned similarity solution thin-
thread profile occurs (/); for macroscopic
values of [, [that is, [, ~ 1 pm, which is
the limit for optical detection (20)], the above
classes of behavior are associated with fluids
whose viscosities are low (such as water) or
high (such as glycerol), respectively. For the
propane NJ (with [, - of the order of the neck
radius, that is, a few nanometers), this ratio is
<1 (even though propane is a low-viscosity
fluid), and thus, thin-thread formation is ex-
pected and indeed confirmed (Fig. 3D, LE
simulation) by numerical integration (36) of
the LE simulations (/) for the axial velocity
W(z, t) and the radius A(z, ¢) of the jet along the
z axis

oMz, 1) + vz, 09z, 1) = —[8.p(z, Dlp
+ 3v,[h(z, 6)%0,v(z, )VA(z, )* (1)

3h(z, 1) + v(z, 1)d,h(z, 1)
= —[9,v(z, )]h(z, t)/2 )

with the Laplace pressure given by
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(Fig. 3D, middle), the mean breakup length
1 of Ly ~ 530 nm (Fig. 3E, top), and the
y( — steady-state variation with time of the small-
h(z, {1 + [0:A(z, I} est neck radius of the jet (minimal jet radius
32h(z, 1) h;, in Fig. 3E, bottom) obtained through the

0+ [; A (z, t)]2}3/2> (3) LE simulations are in obvious disagreement

with the corresponding MD simulation re-
where k is the surface curvature and v = m/p  sults, which exhibit a double-cone (some-
(in Eq. 1) is the kinematic viscosity.

times called “hourglass”) neck shape (Fig.
However, the long thread-shaped neck 3D, top), a much smaller mean breakup

p(z, t) = y(z, ) =

A - B

4l

R(nm)

|
|

0!

v (nm/ps)

50 100

Fig. 2. Steady-state properties of the propane NJ formed by injection of propane through a nozzle
with a 6-nm diameter. Velocity profiles of the propane fluid are shown for simulations (A) where
the propane wets the exterior surface of the nozzle and (B) where the exterior surfaces of the nozzle
are nonwetting. At the nozzle exit (z = 0), the flow-velocity profile is laminar with a parabolic
variation (as shown by the length of the arrows) from the solid gold surface to the middle.
Formation of an adsorbed film (with a thickness of three propane layers) in the wetting case causes
swelling of the exiting jet with a rapid relaxation to a pluglike flow profile [at z ~ 5 nm in (A)].
Minimal swelling is found in the nonwetting case (B). The steady-state flow velocities of the NJ are
200 and 440 m/s for the wetting and nonwetting cases, respectively. (C) Time-averaged axial (v,)
and radial (v,) velocities of the jet (calculated as an average over the corresponding velocities of the
propane molecules in cylindrical slices with a radius of 2 nm and a width of 0.5 nm centered on the
jet axis) versus distance along the z axis for the wetting (W) (solid lines) and nonwetting (NW)
(dashed lines) cases. There is a larger increase in v, upon exit and a relaxation to a higher flow
velocity for the NW nozzle. (D) Time-averaged variation of the pressure P and density p of the
propane fluid plotted versus z, exhibiting sharp drops in the convergent (z = 0) part of the nozzle.
(E) Time-averaged variations of the propane NJ radius R (bottom two curves) and molecular kinetic
temperature T (upper curves) for the W (solid lines) and the NW (dashed lines) cases; T is calculated
by subtracting the local flow velocity of the jet from the instantaneous molecular velocities and
time-averaging the resultant molecular kinetic energies in slices of the jet along the z axis. The
emanating jet has a higher temperature for the wetting case with T going above the boiling point
of propane (230 K) right after the exit. With efficient cooling of the emanating “gaseous fluid”
through molecular evaporations from the surface of the jet, which is accompanied by gradual
shrinking of the jet radius, T decreases and the propane density in the jet increases [p in (D)],
causing condensation of the propane fluid. The gray areas superimposed on the radius plots
indicate spatial regions where the total internal energy (potential plus molecular kinetic energy) of
the propane molecules is positive, corresponding to regions of the surface layers of the jet where
molecular evaporation is most probable.
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length Ly ~ 250 nm (Fig. 3E, top), and a
manifestly less regular variation of 4_, that
exhibits faster decay near pinch-off (Fig. 3E,
bottom). These observations indicate the in-
applicability of the deterministic LE contin-
uum treatment for the description of nano-
scopic jets and of nanoscale free-surface flow
problems in general with a likely source of
the difficulty being the neglect of fluctuations
(1, 20, 37, 38). Indeed, the continuum de-
scription of such small systems requires the
use of exceedingly small volumes, each con-
taining a very limited number of particles,
and consequently, continuum variables asso-
ciated with such small volume elements,
which represent (local) averages over the
properties of the microscopic constituents,
are expected to exhibit large fluctuations.
To extend the LE continuum approach to
the nanoscale regime, we derived a stochastic
version of the LE (SLE) by applying the
slenderness approximation to the NS equa-
tion p(d,v, + Zvdv) = 39,0, (here, i and j
are coordinate indices i, j = 1, 2, and 3), with
a Gaussian noise obeying the fluctuation-
dissipation theorem (FDT) (39, 40) added to
the deterministic stress tensor o In the re-
sulting SLE, the dynamics of the jet is de-
scribed by Eqgs. 1 to 3 with a term —d_f/
(wh?p) added to the right-hand side of Eq. 1,
where f is a Gaussian white-noise variable
obeying the FDT (f(z, f({E, t)) =
6k Tmwh(z, Hd(z — z')8(t — t'); kg is the
Boltzmann constant. The magnitude of the
added stochastic term increases as the lateral

Fig. 3. (A through C) A
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dimension of the jet (the radius /) decreases.

The results of simulations of the propane NJ
using the SLE are in remarkable agreement
with the MD simulations, as evident from com-
parison of the neck shapes (Fig. 3D), the break-
up length (Fig. 3E, top), and the evolution of
h, i (Fig. 3E, bottom). In the deterministic LE
solution, the minimum neck radius decays
(close to pinch-off) linearly in time (measured
from the pinch-off time ¢); that is, A, =
0.037,(t — t,)/t,, following the universal law
associated with the similarity solution (),
whereas both the SLE and the MD simulations
exhibit a less regular pattern of &, versus ¢ and
a faster decay [for results obtained with MD,
LE, and SLE comparative simulations pertain-
ing to breakup processes in a liquid bridge at
constant temperature, as well as a discussion of
the effects due to the disjoining pressure (41),
see the supplementary material (42)].

The above results suggest that in NJs the
very nature of the dynamical evolution is
influenced strongly by hydrodynamic fluctu-
ations, deviating in a substantial way from
the behavior predicted through the analysis of
the deterministic LE. To further elucidate the
role of such fluctuations on the dynamical
evolution, we rewrite the force balance equa-
tion of the SLE (that is, Eq. 1 with the
aforementioned added term) in dimensionless
form

3,v + va,y = —(3,k) + 30,(h*3,v)/h*

d,AN
- M,\[6/Tl' 7 (4)

with all quantities expressed in units of /, and
t,» N denoting a standard Gaussian (white)
stochastic process, and M, = I/l , where [,.
= VkgT/y is the thermal capillary length.
For most materials, /. is of the order of
interatomic distances and is smaller than ln;
thus, M, < 1.

As mentioned above, a key concept, which
emerged first from experimental (photograph-
ic) (35) studies motivated by early theoretical
work (43) on the shape of a liquid bridge close
to bifurcation (that is, separation of a nascent
drop from its parent body), is that of similarity
solutions (/, 35) and the associated classifica-
tion of the neck shapes according to the ratio
Lpg/l,; interestingly, VI /I, = Oh, where Oh
is the Ohnesorge number occurring often in
viscous free-surface flow problems (/4, 18).
The appearance of an additional length scale in
the SLE simulations (that is, /. entering Eq. 4
through the number M,) is a direct consequence
of the extension to include temperature-depen-
dent stress fluctuations, and its magnitude de-
termines the nature of the jet evolution, includ-
ing the appearance of solutions other than the
universal ones predicted through the determin-
istic LE (7).

For example, it is known that when the
observation scale [, (which we take here to
be of the order of the neck radius) is in the
range [, >> [ , cap-cone neck shapes occur
(35), whereas when [, is less than [ but still
substantially larger than /. (that is, M, << 1),
thread formation will be observed for several

decades of reduction in [, ; this is the case

o

Selected atomistic con-

figurations  obtained
by MD simulations
with a wetting 6-nm-
diameter nozzle, illus-
trating various breakup
scenarios. In each
frame, two consecu-
tive times are shown.
The most frequently

observed breakup pro-
cess, exhibiting close
to pinch-off formation
of an axisymmetric
double-cone shape of
the neck, is displayed
in (B). Also shown is
the occasional forma-
tion of a nonaxisym-
metric neck configura-
tion (A) and genera-
tion of a somewhat
elongated neck result-
ing in the split-off of a

small cluster (C). (D)
Results pertaining to

breakup events of the propane jet for a 6-nm-diameter nonwetting nozzle
were obtained by the following: an atomistic MD simulation, a simulation
using the deterministic LE formulation (Egs. 1 to 3), and a simulation using
the SLE (Egs. 1 to 3, with the modification of Eq. 1 to include fluctuating
stresses). Double-cone neck shapes are exhibited in the MD and SLE simu-
lations, in contrast to the long thread obtained with the LE simulation. (E)

min

© = N 0 250 500

o
-y

t (ns) 2

Results for the time evolution of the intact jet length L (upper curves) and for
the minimal jet radius h
simulations (distinguished by color). Each of the sawtooth-shaped disconti-
nuities in L and corresponding sharp dips in h
breakup event resulting in the formation of a drop. There is remarkable
agreement between the MD and SLE results.

(bottom curves) obtained from MD, LE, and SLE

are associated with a

min
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for glycerol, where at 300 K, 7, = 0.26 nm,
[,=39X 1072 m, and M, = 0.66 X 1078, Of
course, as I is decreased, the role of the
fluctuations increases and results in the appear-
ance of a hierarchy of secondary necks on the
threads (20). However, when [, approaches
microscopic dimensions (i.e., [, ~ I;) the
fluctuations will dominate the breakup process
and double-cone neck shapes will appear (Fig.
3D, SLE simulation) (44). For fluids with M, ~
1 (e.g., the model propane fluid used in our
simulations, where at 210 K, /, = 0.56 nm,
I_ = 2.3 nm, and M, = 0.24), the range of [,

n N .
values corresponding to thread formation is ex-

ceedingly narrow, and consequently, a direct
transition with decreasing /. between the
cone-cap to the double-cone neck shapes is
predicted, as is observed in our MD and SLE
simulations. In intermediate cases (that is, M, <
1 but not M, << 1, as in water, where at 300 K,
I =024 nm, [, = 13.7 nm, and M, = 0.018),
we expect a tendency for thread formation at
1. =~ 10 nm, but unlike the case of fluids with
M, << 1 (e.g., glycerol), this stage is predicted
to transform to the double-cone regime early on
with a further decrease in [ _ (that is, for a neck
radius of ~1 nm), without the development of
a hierarchy of secondary necks on the threads
(as in the glycerol case mentioned above).
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~200,000 molecules that were equilibrated initially
at P, = 500 MPa and 7, = 150 K and then frozen
instantaneously into an arbitrary liquid configuration.
At the start of the simulation, the inlet part of the
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frozen propane cylinder, and the dynamics of the
propane molecules in the nozzle inlet as well as of the
nozzle metal atoms were turned on with Langevin
temperature control to the desired temperature T,
above the melting point of propane (Fig. 1A, top left).
At the same time, a force AP, (where A is the
cross-sectional area of the cylinder and P, is the
chosen driving pressure) was applied at the back of
the propane cylinder, and the force acting in the
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tion to T,,. In this way, the propane is forced through
the nozzle outlet (Fig. 1A, at t = 10 ps), and to
maintain the prescribed pressure at the inlet, new
molecules enter the nozzle in a continuous manner.
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propagative jet), and molecules leaving this region
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