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1 Introduction

Shock droplet interactions are found in a wide range of applications ranging from liquid-fueled det-
onation engines [1, 2, 3, 4, 5], droplet interactions with high-speed vehicles[6, 7, 8] and detonation
mitigation[9]. However, the physical understanding and modeling of such multiphase detonations are
hampered by a lack of models for droplet break-up shortly after a shock or detonation. Experimental
studies of this problem are available [10, 11, 12] but are only able to measure macroscopic proper-
ties and cannot resolve the quantitative details at small scales. There are two approaches to studying
shock droplet interactions problem in the literature Euler-Lagrangian approaches[1, 2, 3, 4, 5] and liquid
resolving approaches[13, 14, 15, 16]. When describing droplets, especially in the form of spray popu-
lation, Euler-Lagrangian approaches are commonly used, but the predictive capability of these methods
is limited by the accuracy of drag, heat transfer, evaporation, and break-up models used to couple the
gas and liquid phase [17]. Moreover, such models have been developed mainly for subsonic flows, and
the extreme conditions found in shock interactions may render the underlying assumptions invalid. In
particular, the droplet break up has not been explored in detail, but this process is critical for successfully
modeling liquid-fueled detonation engines.

Due to the high Weber numbers (> 106) at the relevant velocities and droplet sizes, the break up could
be dominated by catastrophic disintegration. However, even that regime occurs at modest values of
We ≈ 350, and the nature of droplet break down at very high Weber numbers could occur through other
pathways. For instance, it has been argued [12] that Rayleigh–Taylor instability induced piercing and
shear-induced entrainment are the main mechanisms at these conditions. This leads to uncertainty in the
ability of the models to capture the break-up at such extreme conditions. In the literature, there are several
droplet break up models for the catastrophic breakup regime. The cascade breakup (CAB) model[18] is
designed for the catastrophic breakup occurring at Weber numbers greater than 350 but is primarily used
in subsonic studies. Numerical studies on a detonation passing through a cloud of water droplets [5] have
used the Pilch and Erdman model for break-up time. Another break up model in literature is the shear-
induced entrainment model (SIE) Thefanous [12] designed for shock droplet interactions. All three of
these models predict different break up times and droplet distributions. Experimental studies conducted
on shock-droplet interactions [10, 11, 12] show a large region containing liquid as the droplets break up.
To the author’s knowledge, there is no work that characterizes the droplet distribution generated by the
shock-droplet interactions, which is necessary for validating the break up models.

Since experiments are not yet able to capture the small-scale details of droplet breakup, numerical ap-
proaches provide the best possible path forward. There exists a range of methods for studying compress-
ible multi-phase flows, but the diffuse interface approach is followed here [19]. Prior studies on droplet-
shock interactions have focused primarily on the trajectory and deformation of the original droplet [11,
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13, 10]. To assess the break up process, the primary droplet mass needs to be tracked in addition to
the post-impact droplet structure, including the newly generated droplets arising from the shock inter-
action. These “shed” droplets and their properties (i,e., size, velocity, and temperature) will affect the
post-impact detonation structure.

The current study will use fully-resolved three-dimensional simulations of Mach 3-5 shock interaction
with a 100 µm water droplet. The goal is to characterize the post-impact droplet distribution using a
novel coloring algorithm. This will allow both the primary droplet and the secondary shed droplets to be
tracked. To the author’s knowledge, this is the first high-fidelity study of shock-droplet interactions that
captures the shed-droplet distribution.

2 Simulation configuration and numerical approach

The computational domain is a rectangular channel with a uniform mesh in each direction containing
a 100 µm water droplet in quiescent atmospheric air. An incident shock wave of the chosen speed is
sent into the domain through the left boundary, with post-shock conditions patched behind this moving
shock. The droplet density is set to ρ = 998 kg/m3, with a surface tension of σ = 72 mN/s. The viscosity
and thermal conductivity of the droplet are assumed to be a constant value of 8.90*104 kg/ms and 0.598
W/mK, respectively. Three different incidence shock speeds were computed, including Ma = 3, 4, and
5.

A diffuse interface approach is used to capture the multiphase dynamics. The solution is conducted using
a two-fluid Eulerian approach[20, 21], where both fluids are captured on the same grid. In the diffuse
interface volume of fluid (VOF) approach, the volume fraction, phase-specific mass and internal energy,
and the mixture momentum are transported. It is assumed that at the interface, the gas and liquid phases
are in equilibrium for the evaluation of pressure and velocity [20, 21]. This description results in the
following set of equations when including viscous and surface tension effects:
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where αl,αg, ρl, ρg, pl, pg, el, and, eg, are the liquid volume fraction, gas volume fraction, liquid density,
gas density, liquid phase internal energy and gas phase internal energy, respectively. p, e, ui are the
mixture pressure, internal energy, and the i-th component of the mixture velocity. The surface tension
tensor, surface tension energy, and viscous stress tensor are given by Ω, ϵσ, and τ , respectively.
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These equations are implemented in an in-house solver that was built on top of AMReX[22] framework
to allow for additive refinement of the grid. The details on the AMR routine is given by Zhang et al. [22].
The details on the discretization and implementation are given by Schmidmayer et al. [21]. The pressure
relaxation operator, µ, is taken to be stiff, infinitely fast, and the interface pressure is given by pi. The
details of the relaxation process are outlined by Suarel et al. [20]. Linear limited interpolation of the
primitive variables is used for velocity and pressure. Away from the droplet interface, the linear limited
interpolation is also used for the interpolation of volume fraction, liquid density, and gas density. To
reduce numerical dissipation, a non-linear reconstruction is utilized to represent the liquid-gas interface
[23], which represents the liquid gas interface by a hyperbolic tangent profile.

The droplet is initialized by refining the mesh an additional level and then averaging the solution down
to the lower adaptive mesh refinement (AMR) level to better approximate the initial condition as a
sphere. The computational solution uses six levels of AMR, giving a grid resolution of 400nm in liquid-
containing regions. The shock structure is refined using up to 4 levels of refinement for a resolution of
1.6 µm. To dynamically track the droplets, a three-dimensional connected component labeling is utilized
[24]. Briefly, this algorithm finds contiguous regions of liquid and labels them with a unique ID at each
time step. The volume of the regions is determined based on the cell volume and the liquid volume
fraction associated with the labeled cells. The droplet radii reported here assumed spherical volumes.
For the purpose of identifying droplets, cells with liquid volume fraction smaller than 10−3 are labeled
as gas phase.

3 Results

Three different time snapshots from the simulation with Mach 3 incident shock are shown in Fig. 1. The
earliest time shows the characteristic flatting of the primary droplet with limited shedding of secondary
droplets in the size range of 1 − 5µm. It is noted that the grid resolution is 400nm, which implies
that droplets smaller than roughly 1 µm are difficult to capture accurately. As the break-up progresses,
further shedding of fine and larger droplets can be observed, and instability-induced waves on the droplet
surface become prominent. Two other features are apparent, with the parent droplet showing a spike and
Rayleigh Taylor piercing (RTP) of the droplet. The droplet spike refers to the liquid region that protrudes
from the primary droplet and is the most forward point of this droplet. This feature has been observed
in other experiments as well as simulations [11]. This feature (as well as RTP) is present in the Mach 4
incident shock case as well, as shown in Fig. 2. Pronounced ligaments can be seen along the side of the
droplets, with secondary droplets shedding from these ligaments through pinching. The Mach 3 and 4
cases are qualitatively similar, with the Mach 4 case showing a more pronounced droplet spike as well as
more shed droplets as compared to the Mach 3 case. This trend is followed for the higher speed Mach 5
case, with more droplets generated by the impact process, and also features a stronger droplet spike and
RTP.

Figure 1: Liquid interface colored by velocity for a 100µm water droplet after impact with a Mach 3
shock as three different times: (Left) t = 1.4µs (middle) t = 2.1µs, (right) t = 2.8µs.

29th ICDERS – July 23 - 28, 2023 – Siheung, Korea 3



Bielawski R. High-Fidelity Simulations of Shock Induced Break-up of Droplets

Figure 2: Liquid interface colored by velocity for a 100 µm water droplet after impact with a Mach 4
shock. The piercing of the droplet surface can be seen in 4 locations around the droplet leading to the
formation of a droplet-spike.

Finally, the droplet distribution for the three cases is shown in Fig. 3. At early times, it is seen that
most of the generated droplets are small for all three cases. After 2µs, additional sizes are generated for
all cases, with the higher Mach number cases showing a near continuous generation of small diameter
droplets. At 3µs, all cases show a continuous distribution of droplets extending up to 20 µm. While these
distributions nearly follow the log-normal profile, the Mach 3 case shows some deviation. However, at
later times (not shown here), the profiles are closed to log-normal distribution for all Mach numbers.
For the Mach 5 case, it is also seen that the primary droplet breaks down into multiple droplets with
diameters ranging from 40-50 µm, generated due to the RTP process.

A preliminary assessment of droplet breakup models is also shown in Fig. 3, through comparison with
the SIE model [12]. The SIE model is expressed as
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where m0, mshed, d0, t and Ur represent the initial droplet mass and the mass at the non-dimensional
time,T , initial droplet diameter, time since impact with shock and the relative velocity, respectively. This
model does not give any information about the shed distribution but assumes that the shed-droplet are
small. As no size is given, the shed droplets are taken to be 1 µm. The results for the SIE model are
plotted in green in Fig. 3. It can be seen that the parent droplet mass shows reasonable agreement with the
high-fidelity simulation for the Mach 3 and 4 cases. The Mach 5 case has the parent droplet breaking up
due to the piercing, which the SIE model is unable to capture. Further, the assumption that the secondary
droplets are small may not be reasonable given the large range of droplet diameters observed in the
simulations.

4 Conclusions

High-fidelity simulations of shock-droplet interactions were conducted to estimate the post-impact droplet
distribution. AMR-based techniques were used to accurately represent the small droplets shed by the
shock impact. The simulations show that droplet flattening, fine droplet mist formation, growth of sur-
face waves, and droplet piercing as qualitative features that agree with prior experiments. The quanti-
tatively measured shed-droplet distribution tends towards a log-normal distribution. The Mach 3 and 4
cases are qualitatively similar, with piercing occurring at four locations and the formation of a droplet
spike. In contrast, the Mach 5 case has piercing at a single point, leading to the parent droplet splitting
into four parts. The shed droplet distribution is compared to the SIE model and shows relatively good
agreement for the amount of shed mass but does not capture the shed droplet distribution very well. This
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Figure 3: Post-impact droplet distribution for the three simulated cases: (Top) Mach 3, (middle) Mach 4,
(bottom) Mach 5. The simulated results are shown in grey and SIE model in green. For the SIE model,
the shed mass is assumed to be droplets with a diameter of 1 µm.

work provides vital insights into the droplet distribution that can inform corrections to currently avail-
able break-up models. Improvement of the current break-up models is critical for accurately modeling
liquid-fueled detonation engines and their realization for power generation or propulsion applications.
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