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1 Introduction

Two phase detonation, specifically of liquid fuel droplets in air, is utilized in propulsion and power
generation devices, such as pulse and rotating detonation engines [1–4]. Understanding the governing
processes in two-phase detonation is necessary for the design and operation of such devices. Specifi-
cally, a shock in two-phase detonation impacts liquid fuel droplets, leading to their fragmentation and
the mixing of fuel with air. Experimental studies show that upon shock impact, water or hydrocar-
bon droplets flatten and quickly vaporize along their perimeter; proposed fragmentation mechanisms
include Rayleigh-Taylor piercing and shear-induced entrainment [5, 6]. However, the process of shock-
droplet interaction is poorly understood due to the lack of spacial and temporal resolution in experimen-
tal studies. For this reason, computational fluid dynamics simulations of spray detonations typically treat
droplet breakup by a variation of the d2-law model, which assumes uniform evaporation of a droplet in
a hot quiescent gas [7], or semi-empirical liquid stripping models as a part of the droplet evaporation
process [8].

In this work, we employ molecular dynamics (MD) to investigate the fragmentation of n-dodecane
droplets upon shock impact on a molecular level. The system studied involves droplets 10, 15, and
20 nm in diameter in a Mach 5 nitrogen shock. Upon shock impact, the droplets flatten, lose molecules
and subsequently swell and fragment to eventually mix with the surrounding nitrogen in the supercritical
phase. The dynamics and energy partitioning are analyzed, showing that droplet fragmentation is a
fundamentally non-equilibrium process. The timescale of fragmentation is therefore not able to be
predicted by equilibrium-derived laws, such as the d2-law of evaporation.

2 Methods

Interaction of a Mach 5 shock with droplets 10, 15, and 20 nm in diameter was studied. The pre-shock
conditions are 300K and 7 atm for all three systems, corresponding to Knudsen numbers of 1.00, 0.67,
and 0.50, for 10, 15, and 20 nm, respectively. Post-shock conditions at 1500K and 196 atm corre-
spond to post-shock Knudsen numbers of 0.18, 0.12, and 0.09, respectively, approaching the continuum
regime. The reason for the elevated chosen pressure is to achieve Knudsen numbers that are close to the
continuum regime, since practical spray detonations operate in that regime.
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Molecular dynamics calculations of n-dodecane and nitrogen were run on LAMMPS with a velocity-
Verlet integration algorithm [9], using the all-atom L-OPLS force field, which is optimized for long-
chain hydrocarbons [10]. To prepare the liquid droplet, a n-dodecane liquid (41,265 molecules) with
frozen C-H bonds [11] was simulated. Lennard-Jones and Coulomb interactions were calculated with a
cutoff radius of 8.75 Å and 25 Å, respectively. In order to allow the system to relax, energy minimization
and a 40 ps NVT simulation were run. An NPT ensemble employing a Nosé-Hoover thermostat and
barostat was then used to allow the system to evolve to equilibrium over 1.5 ns. Subsequently, a spherical
droplet (of diameter 10, 15, or 20 nm) was cut from the liquid. The liquid droplet was placed in nitrogen
gas and the new system was run in an NPT ensemble until a steady state number of adsorbed nitrogen
molecules was observed on the surface of the droplet and for at least 100 ps. Simultaneous to the creation
of the liquid droplet, a large box was filled with nitrogen gas and relaxed for 40 ps in the same fashion
as the n-dodecane liquid until the desired pressure was established. Box lengths for the 10, 15, and
20 nm droplets were 2 µm, 2.5 µm, and 5 µm, respectively, with corresponding box widths of 115 nm
� 115 nm, 120 nm � 120 nm, and 125 nm � 125 nm. The box widths are designed to allow at least
5 mean free paths of pre-shock gas on each side of the droplet. Following equilibration, a reflective
piston boundary condition was applied at one face of the box with a reflective wall at the other end,
with periodic boundary conditions in the non-length-wise directions. The piston was then advanced
at Upiston = 0.0142 Å/fs to initiate a Mach 5 shock. Once a steady shock speed was observed, the
simulation was paused and a spherical hole, slightly larger than the droplet itself, was cut in the quiescent
gas in front of the shock. The liquid droplet and some of its surrounding nitrogen gas prepared earlier
were placed ahead of the shock, as shown in Fig. 1a, and the virtual piston was allowed to continue
advancing the shock, causing it to impact the droplet at a later time.

3 Results and Discussion

MD allows a direct observation of detailed dynamics through tracking the atomic coordinates of atoms
belonging to n-dodecane or the nitrogen gas. As the piston of Fig. 1a moves at a given supersonic speed,
the shock impacts the droplet, shown in the first panel of Fig. 1b for a 10 nm droplet. Subsequently, The
droplet first flattens in the first 20 ps due to the fast moving compressed gas impacting the quiescent
droplet and delivering a strong impulse. The droplet subsequently undergoes surface ablation and starts
to lose n-dodecane molecules around its perimeter. After 140 ps the main body of the droplet swells,
undergoing bulk expansion or microexplosions, which are evident as voids in the zoomed in view in
Fig. 1b. This process is fundamentally different from surface evaporation or surface stripping, as the
whole volume of liquid phase expands simultaneously, leading to fragmentation. Eventually, a liquid
phase is no longer discernible and all n-dodecane molecules exist in small clusters or as lone molecules
mixed with the surrounding nitrogen, resembling the molecular behavior of a supercritical fluid (note
that the critical point for n-dodecane is 658K, 17.9 atm [?]), both of which are lower than the post-
shock The same behavior is observed for larger droplets at a relatively slower rate.

Figure 1c shows the temperature of n-dodecane, as well as the center-of-mass position and velocity
of the n-dodecane droplet as a function of time. It can be seen that temperature starts increasing ap-
proximately linearly with time, until it levels off at a value close to the temperature of the compressed
nitrogen gas. Upon shock impact, the droplet also experiences a strong acceleration due to the drag by
the post-shock gas, with its velocity rapidly increasing and reaching the velocity of the post-shock gas.
Importantly, due to the flattening and swelling of the droplet, the velocity increase is more rapid than
what would be predicted by the Stokes drag under the limiting, no-slip limit.

The energy increase of the droplet manifests in its rapid heating and acceleration and can be analyzed in
terms of kinetic and potential energy components. Kinetic and potential energy are further partitioned
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