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ABSTRACT
We present two- and three-dimensional numerical sim-

ulation results of a shock-induced droplet breakup. We
study the breakup mechanism for two different Weber num-
bers. Reynolds and Ohnesorge numbers are kept con-
stant. We apply a conservative interface-interaction model
to compute the exchange of momentum and energy between
the two immiscible fluids water and air. The fluids are sep-
arated by a sharp interface (level set). A block-structured
multiresolution scheme is used to adapt the mesh to the
evolving flow field.

We verify our simulation setup using a two-
dimensional shock-induced breakup with a high Weber
number, which is compared to experimental and numeri-
cal data. Simulation results show that the flattening of the
droplet, which is the first stage of the droplet breakup, is
independent of the Weber number. Once interfacial insta-
bilities appear at the water-air interface, surface-tension ef-
fects play a dominant role in determining the second stage
of the breakup. For small surface-tension forces, the droplet
breakup occurs in the shear-induced entrainment (SIE)
regime. Shear instabilities grow near the droplet equator,
and form the sheet which is characteristic for this regime.
For large surface-tension forces, the droplet breakup occurs
in the Rayleigh-Taylor piercing (RTP) regime. Surface ten-
sion forces suppress the growth of the sheet, and lead in-
stead to a smooth water-air interface. At later stages, the
onset of the characteristic bag shape is observed.

INTRODUCTION
Aerodynamic fragmentation, i.e. the breakup of an ini-

tially spherical drop into smaller droplets, is a matter of in-
terest for a wide range of technological applications and en-
vironmental phenomena, for example in internal liquid fuel
combustion engines or for the splatter of rain drops on su-
personic aircrafts. The underlying fluid mechanical instabil-
ity mechanism that dominates the breakup process depends
on the ratio of aerodynamic forces, viscous forces, and sur-
face tension. Five main breakup modes are classically dis-
tinguished: vibrational, bag, multimode, shear stripping,
and catastrophic (Guildenbecher et al., 2009). Dai & Faeth
(2001) proposed that the multimode breakup is a transi-
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tional mode from bag to sheet thinning, which occurs ei-
ther as bag/plume breakup or plume/sheet-thinning. A re-
classification of these breakup regimes was suggested by
Theofanous (2011), motivated by the physical mechanisms
which dominate the different breakup regimes: Rayleigh-
Taylor piercing (RTP) and shear-induced entrainment (SIE).
For lower ratios of aerodynamic forces to surface tension
and viscous forces, RTP is the relevant instability mode
for breakup (bag). With increasing aerodynamic forces,
SIE becomes dominating (shear stripping). The multimode
breakup occurs at the transition between these two mech-
anisms. The exact interplay between these two instability
mechanisms remains, however, an open question.

Due to the inherent difficulties of analyzing droplet
breakup experimentally - especially small spatial and tem-
poral scales - and increasing computational capabilities, di-
rect numerical simulation emerges as possible choice for
detailed investigations. Many studies so far have been
limited to two dimensions (2D) or assume axisymmetry
(Aalburg et al., 2003, e.g.). Khosla et al. (2006) were
among the first to perform fully three-dimensional simu-
lations. Their investigations focused on the low Weber-
number range. Meng & Colonius (2018) performed a de-
tailed fully three-dimensional simulation of drop breakup
in the SIE regime, using a non-adaptive cylindrical grid to
solve the compressible Euler equations and the volume-of-
fluid (VOF) approach for interface capturing. First three-
dimensional results in the RTP regime have recently been
published by Yang et al. (2017), assuming incompressible
fluid flow.

In this work, we investigate drop breakup dynam-
ics in the RTP and SIE regimes. Based on our previ-
ous work (Kaiser et al., 2017), two- and three-dimensional
simulations of a water droplet in air flow are conducted
for different Weber numbers. We approximate the com-
pressible Navier-Stokes equations with a finite-volume ap-
proach. A fifth-order WENO scheme for flux reconstruc-
tion at cell faces ensures high-order representation of small
flow scales, while overall computational efficiency is im-
proved by our wavelet-based block-structured multiresolu-
tion scheme with adaptive local time-stepping. This allows
for adapting our mesh to the changing flow field, including
instantaneous time-step size adaptation. The phase interface
is described by a level-set function, and explicit interface
exchange terms are formulated to model the interface inter-
action. After validating the multi-phase model, we compare
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our results in the SIE regime to results of Meng & Colonius
(2018) and Meng & Colonius (2015). Then, we analyze
the breakup dynamics at lower Weber numbers in the RTP
regime.

METHODOLOGY
The problem is governed by the compressible Navier-

Stokes equations including surface tension

∂U
∂ t

+∇
T ·F(U)+∇

T ·Fν (U) = S(U) (1)

with

U =

 ρ

ρu
E

 F(U) =

 uρ

ρu⊗u+ pI
u(E + p)



Fν (U) =

 0

T
T ·u

 S(U) =

 0

κσN
κσN ·u

 .

The set of equations is closed by applying the stiffened gas
EOS

p = (γ−1)ρe− γ p∞ . (2)

ρ is the density, u the velocity vector, E the total energy,
p the pressure, I the identity matrix, T the viscous stress
tensor, κ the local interface curvature, σ the surface tension
coefficient, N the local normal vector on the interface, γ the
ratio of specific heats, e the internal energy, and p∞ the ref-
erence pressure for the stiffened gas EOS. Material param-
eters for the compressible Navier-Stokes equations and the
stiffened EOS are given in Table 1. Parameters for air are
chosen at the post-shock temperature. Parameters for wa-
ter are chosen at 293.15 K, assuming that the breakup time
scale is much smaller than the convective time scale for heat
transport.

We apply a finite-volume discretization scheme on cu-
bic cells with characteristic flux projection for the hyper-
bolic part (Roe, 1981) and global Lax-Friedrichs (GLF)
flux splitting. Cell face fluxes are reconstructed with the
fifth-order WENO scheme (Jiang & Shu, 1996). It ap-
plies low-dissipative, high order stencils in smooth flow re-
gions, while falling back to non-linear convex combinations
of lower-order stencils in regions with large spatial gradi-
ents. The dissipative terms are discretized with a fourth-
order central-difference scheme. The third-order Runge-
Kutta Total Varation Diminishing scheme is applied for time
discretization (Gottlieb & Shu, 1998). The timestep size is
limited by the CFL-condition

∆t = CFL
1

∑
i

||ui+c||∞
∆xi

(3)

with the speed of sound c and the cell width in i-direction

∆xi. The CFL-number is set to CFL = 0.4.
A level-set function, φ , is employed to capture the

propagation of the drop interface. φ designates the signed
distance between the cell center and the interface, with
φ = 0 being the interface and |∇φ |= 1. An advection equa-
tion

∂φ

∂ t
+uφ ·∇φ = 0 (4)

describes the evolution of the level-set field, with uφ being
the evolution velocity of the level-set. This velocity is ob-
tained from a two-material Riemann at the phase interface
Hu & Khoo (2004). The level-set field is reinitialized af-
ter every timestep to maintain the signed distance property
(Sussman et al., 1994). The level-set gradient is computed
with a fifth-order WENO scheme to maintain small struc-
tures during reinitialization. The interaction between the
two fluids is solved based on the sharp-interface model of
Hu et al. (2006) with the extension for viscous and capil-
lary forces of Luo et al. (2015). They formulate explicit
exchange terms for each entry of the state vector U, thus
maintaining a sharp interface. Cell face fluxes close to the
interface are reconstructed by utilizing ghost cells across the
interface (Fedkiw et al., 1999).

We apply a block-structured wavelet-based multi-
resolution method for achieving efficient high-resolution
simulations (Rossinelli et al., 2011). Based on the origi-
nal approach of Harten (1994), cell-averaged data (U) on
a coarser refinement level l can be computed from a finer
refinement level l +1 using the projection operator

Pl+1→l : U l+1→U l (5)

and cell-averaged data on level l +1 can be estimated from
level l using the prediction operator

Pl→l+1 : U l → Ûl+1 . (6)

The difference between predicted and exact data motivates
the definition of the so-called details

dl,i =U l,i−Ûl,i . (7)

They are an estimate for the spatial accuracy of the current
mesh on level l + 1. If they are larger than a pre-defined
level-dependent threshold, the solution is too inaccurate and
additional grid points are added. If they are smaller grid
points are removed. For example, when droplets move fur-
ther downstream, the mesh is refined locally, while regions
further upstream are coarsened. This improves overall com-
putational efficiency of our aerobreakup simulations, as the
grid can adapt to flow field features, which appear during
the breakup process, and the deforming drop.

DIMENSIONLESS PARAMETERS AND
DROPLET DESCRIPTION

The drop breakup process is determined by the inter-
play of aerodynamic forces, viscous forces, and surface ten-
sion. Three non-dimensional numbers are therefore used to
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Table 1. Material parameter.

Fluid p0 [Pa] ρ0 [kg] γ [-] p∞ [GPa] µ [10−3 Pa s] σ [10−3 N/m]

Water 101325 1000 6.12 0.343
4.1 SIE 72.75

111 RTP 533.9

Air 101325 1.204 1.4 0.0 0.0103

distinguish the different breakup modes, which are the We-
ber number

We =
ρgu2

gd0

σ
, (8)

the Reynolds number

Re =
ρgugd0

µg
, (9)

and the Ohnesorge number

Oh =
µl√

ρld0σ
. (10)

Indices l and g denote liquid and gas phase, respectively,
d0 the initial drop diameter, and µ the dynamic viscos-
ity. To compare the breakup behavior of a droplet for
different dimensionless numbers, length scales are non-
dimensionalized by the initial drop diameter x∗ = x/D0,
velocities by the post-shock velocity u∗ = u/us, and time-
scales by

t∗ =
t

D0
us

√
ρl
ρs

.

Here, ρl and ρs denote the densities of the droplet and the
post-shock air, respectively.

For validation, we compare the upstream-stagnation-
point ∆x∗sp and the center-of-mass drift ∆x∗c to experimental
and numerical data (Igra & Takayama, 2001; Meng & Colo-
nius, 2015). The center of mass is computed following

xc =

∫
Ωl

ρ xdV∫
Ωl

ρ dV

considering only the liquid subdomain.

TWO-DIMENSIONAL SIMULATIONS IN THE
SIE AND RTP REGIMES

Igra & Takayama (2001) investigated the breakup of
a d0 = 4.8mm water column in the wake of a Ma = 1.47
shock wave in air, which causes breakup in the SIE regime.
This setup has been widely investigated numerically, though
often excluding viscous forces and surface tension due to
small Oh and large Re numbers (Meng & Colonius, 2018,
e.g.). As both effects are relevant for RTP, we consider them
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Figure 1. Sketch of the simulation domain, including the
multiresolution mesh and most important flow field fea-
tures. Upper half: initialization. Lower half: adapted grid
shortly after the impinging of the shock on the drop. The
droplet is sketched in blue, the shock in red (Kaiser et al.,
2017).

in our SIE simulations. A sketch of the two-dimensional
simulation domain is given in Fig. 1, assuming line sym-
metry and including a possible mesh resolution. The drop
is sketched in blue, the progressing shock wave in red. The
mesh adapts to the progressing shock wave, refining the grid
around the shock, and coarsening it in the post-shock region
where the flow field yields small local gradients. For the
breakup in the SIE regime, we choose dimensionless param-
eters of We = 7339, Oh = 6.9×10−3, and Re = 229485.
For the breakup in the RTP regime, we increase surface-
tension effects to obtain We = 12 and increase viscous ef-
fects inside the droplet to keep Oh constant. Re is the same
as in the SIE regime. For both setups, the shock Mach num-
ber is Ma = 1.47 as in the experiment. The mesh resolution
is D0/∆x = 100, with an overall resolution of 2048×1024
for the entire domain. The resulting parameters for the sur-
face tension coefficient and the viscosity of the droplet are
given in table 1.

Fig. 2 shows leading-edge (top) and center-of-mass
drifts (bottom) for the SIE regime in comparison to liter-
ature results (left half). The right half compares the drifts
for the two different breakup regimes. For the SIE regime,
the leading edge drift ∆x∗sp agrees well with literature re-
sults. The center-of-mass drift ∆x∗c is delayed compared to
literature results, but shows overall similar behavior. The
decreasing Weber number has a minor impact on ∆x∗sp for
t∗ < 0.7. At later instants, the breakup in the RTP regime
yields a larger leading-edge drift than in the SIE regime.
A similar behavior is observed for the center-of-mass drift.
For t∗ < 0.7, both curves overlap. Afterwards, the SIE
regime yields a larger ∆x∗c . This indicates that the very early
stages are dominated by viscous and inertial effects. Hence,
the drift behavior for both regimes overlaps. At later stages,
surface tension effects have a significant influence on the
drop-deformation process in the RTP regime, causing the
observed deviation to the SIE regime.

Figures 3 and 4 show various instants of the breakup
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process for the SIE and the RTP regime. The inner of
the droplet is shown white. Its interface is highlighted
black. The upper half of each image depicts the numeri-
cal schlieren in the vicinity of the droplet. The lower half
shows the streamwise velocity field u∗. At t∗ = 0.25 a flat-
tening of the droplet is visible for both breakup modes. This
originates from a non-uniform pressure distribution along
the drop circumference (Meng & Colonius, 2015). At this
instant, a cusp in the drop interface at the equatorial plane
is already visible in the SIE regime. It is a first indicator
for a sheet stripping mechanism (Chen, 2008) and grows up
to t∗ = 0.75. During that time additional cusps at the up-
stream and downstream hemisphere of the droplet develop.
Cusps at the upstream hemisphere are moving towards the
equatorial plane till they merge with the emerging tip at the
equator and form a single sheet (t∗ = 1.0) characteristic for
the SIE regime. The tip of the sheet moves downstream be-
fore it breaks up or disappears since being underresolved
(t∗ > 1.0). For the RTP regime, higher viscous and sur-
face tension forces at the interface suppress the develop-
ment of cusps. Instead, starting from t∗ = 1.0 the upstream
side of the droplet adopts a concave shape. For later times,
the concavity gets enforced and onset of bag growth can be
observed.

The deformation of the droplet leads to unsteady vor-
tex shedding in the wake of the droplet and creates a re-
circulation zone (Meng & Colonius, 2018). This is visi-
ble for both the RTP and the SIE regime. The recirculation
zone is initially supersonic. Later, the deflection of the flow
close to the droplet forms a shock with a subsonic region.
For the SIE case, in addition to this wake recirculation zone
multiple smaller recirculation zones can be observed at the
droplet interface which emerge at the growing cusps. At the
tip of the sheet created by the merging cusps, a recirculation
zone develops, too (t∗ = 1.0). This recirculation zone dis-
appears at later times. Also, the main recirculation zone and
the shock therein stabilize. While in the beginning the vor-
tex shedding for SIE and RTP is similar, the RTP case does
not show additional recirculation zones besides the main re-
circulation zone due to the missing cusps at the droplet in-
terface. The stabilization of the main recirculation and the
shock therein sets in earlier for the RTP case.

THREE-DIMENSIONAL SIMULATIONS IN THE
SIE AND RTP REGIME

Three-dimensional simulations in the SIE and RTP
regime are performed to evaluate the performance of our
models in three dimensions. Initial and boundary condi-
tions are the same as for the two-dimensional simulations,
The droplet resolution is D0/∆x = 50, the overall domain
resolution is 1024×1024×1024.

Fig. 5 shows the deformed droplet for the SIE (upper
half, t∗ = 1) and RTP (lower half, t∗ = 2) breakup regimes.
The left half shows the isosurface of the droplet (blue) and
the zero-isosurface of the axial velocity, colored by the ra-
dial velocity, in an isometric view, and the right half the
droplet in a side view. Numerical results yield distinct dif-
ferences in the droplet deformation for the breakup regimes,
which were already observed in the two-dimensional setup.
For the SIE regime, the droplet develops a mushroom-like
shape, with a distinct, compact recirculation zone in its
wake. This upstream jet impinges onto the droplet at the
downstream stagnation point, leading to a concave interface
shape there. At the edge of the droplet equator, the onset of

the sheet stripping breakup is visible. The sheet is advected
downstream, where it breaks up or is removed by the numer-
ical scheme as it is underresolved. This agrees well with the
results of the two-dimensional simulations and the results of
Meng & Colonius (2018).

The drop breakup in the RTP regime occurs at larger
timescales, which is why the interface is shown here at
t∗ = 2 (Guildenbecher et al., 2009). The droplet is nearly
planar on the upstream side, with a small concave deforma-
tion near the center. This is potentially the onset of the bag
growth which is expected for this Weber number. On the
downstream side, the drop has a convex shape, and no sheet
is stripped of at the droplet equator. A recirculation zone
forms, too, which is stretched in axial direction. Strong
unsteady vortex shedding causes the recirculation zone to
locally detach from the downstream side of the deformed
drop.

CONCLUSIONS
We have presented numerical results of shock-induced

droplet breakup for two different Weber numbers, at con-
stant Ohnesorge and Reynolds numbers. The high Weber-
number case corresponds to a breakup in the SIE regime, the
low Weber-number case to a breakup in the RTP regime. We
validated our results with experimental and numerical data.
Then, we compared results of two- and three-dimensional
simulations in the two regimes.

In our simulations, the flattening of the droplet, which
is the first stage of the droplet breakup (Chen, 2008), is in-
dependent of the Weber number. Once interfacial instabili-
ties appear at the water-air interface, surface-tension effects
play a dominant role in determining the second stage of
the breakup. For small surface-tension forces, the droplet
breakup occurs in the SIE regime. Shear instabilities grow
near the droplet equator, and form the sheet which is charac-
teristic for this regime. For large surface-tension forces, the
droplet breakup occurs in the RTP regime. Surface tension
forces suppress the growth of the sheet, and lead instead to
a smooth water-air interface. At later stages, the character-
istic bag shape develops.

Our work shows the strong influence of surface tension
forces on the growth of interfacial instabilities during the
very early stages of the breakup, which then determine the
later stages. In future work, we plan to further investigate
the interplay of growing interfacial instabilities and surface
tension forces during the early stages, and the later stages of
the breakup. In addition, the effect of increasing Ohnesorge
numbers will be analyzed, as dampening effects of a higher
viscosity of the droplet fluid potentially limit the growth of
interfacial instabilities.
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Figure 2. Leading edge drift for 2D SIE: own results and comparison to results of Igra & Takayama (2001) and Meng &
Colonius (2015).
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Figure 3. Time series for the SIE breakup mode with We = 7339.
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