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A droplet exposed to a high-speed gas flow is subject to a rapid and violent fragmen-
tation, dominated by a widespread mist of multiscale structures that introduce significant
complexities in numerical studies. The present work focuses on capturing all stages of
the aerodynamic breakup of a waterlike droplet imposed by three different intensity shock
waves, with Mach numbers of 1.21, 1.46, and 2.64, under the shear-induced entrainment
regime. The numerical investigation is conducted within a physically consistent and com-
putationally efficient multiscale framework, using the X-Y two-fluid model with dynamic
local topology detection. Overall, the breakup of the deforming droplet and the subsequent
dispersion of the produced mist show good agreement with available experimental studies
in the literature. The major features and physical mechanisms of breakup, including the
incident shock wave dynamics and the vortices development, are discussed, and verified
against the experiments and the theory. While the experimental visualizations inside the
dense mist are restricted by the capabilities of the diagnostic methods, the multiscale
two-fluid approach provides insight into the mist dynamics and the distribution of the
secondary droplets under different postshock conditions.

DOI: 10.1103/PhysRevFluids.6.084304

I. INTRODUCTION

The aerodynamic breakup of a liquid droplet imposed by a passing shock wave is a fundamental
problem with a wide spectrum of engineering interest, ranging from fuel injection in both internal
combustion [1-4] and rocket engines [5,6] to erosion damage in supersonic flights [7,8]. Different
classifications for the droplet breakup regimes are reported in the literature and defined based on
key dimensionless parameters, namely, the Weber number (We) at free-stream conditions and the
Ohnesorge number (Oh) for the liquid droplet, as follows:
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with dj the initial droplet diameter, o the surface tension coefficient, p, the postshock gas density,
u, the postshock gas velocity, p; the liquid density, and u, the liquid dynamic viscosity.

The five classic breakup modes, known as vibrational, bag, bag-and-stamen (or multimode),
sheet-stripping (or sheet- thinning), and catastrophic regime, are summarized in a We-Oh regime
map for low Ohnesorge numbers (Oh « 1) in the early review studies of Hinze [9], Pilch and
Erdman [10], and Faeth et al. [11]. Recently, Stefanitsis et al. [12—14] provided improved breakup
models for diesel droplets within the bag, bag-and-stamen, and sheet-stripping regimes and identi-
fied an additional breakup mode, termed “shuttlecock,” which is observed during the aerodynamic
breakup of droplet clusters at low Mach numbers. On the other hand, Theofanous et al. [15]
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reclassified the classic droplet breakup modes into two principal regimes based on the govern-
ing interfacial instabilities, namely, the Rayleigh-Taylor piercing (RTP) and the shear-induced
entrainment (SIE) regime, introducing a broad and unified classification for both Newtonian and
non-Newtonian droplets independent of the liquid viscosity and elasticity. Specifically, the RTP
regime concerns a moderate droplet fragmentation, driven by a gradual flattening of the deforming
droplet and a subsequent penetration of its accelerating mass by one or more unstable Rayleigh-
Taylor waves. On the contrary, the SIE regime describes a chaotic fragmentation, defined by the
prompt shear stripping from the droplet equator and followed by an extended entrainment of a
multiscale mist. Dominant mechanisms that induce the droplet breakup are the Kelvin-Helmholtz
instabilities, the capillary forces, and the turbulent mixing, as described by Theofanous [16]. For
low-viscosity liquids with Ohnesorge numbers Oh « 1, the onset of the SIE regime is established
for Weber numbers above 103, while the transition zone between the RTP and SIE regimes occurs
for moderate Weber numbers in the range of 10>~10°.

Early experimental investigations of the SIE regime are focused on shadowgraphy experiments of
water droplets, in a first attempt to depict and explain the stripping mechanism. Engel [17] examined
the fragmentation of a large (2.7 mm diameter) and a small (1.4 mm diameter) water droplet imposed
by three different shock waves of Mach numbers, 1.3, 1.5, and 1.7, in order to demonstrate the
influence of the sizes of rain droplets on high-speed rain-erosion damage. Additionally, Nicholls and
Ranger [18] considered incident shock waves with Mach numbers up to 3.5 and investigated the role
of various parameters in the droplet aerobreakup evolution, such as the droplet diameter, the breakup
time, the relative velocity between the droplet and the gas stream, and the liquid-to-gas density ratio.
Even though the macroscopic features of aerobreakup are revealed in both experimental studies
[17,18], namely, the liquid stripping from the droplet surface and the production of an extended
mist, the shadowgraphy method imposes limitations in displaying details of the internal structure
of the dense water cloud. Alternatively, pulsed laser holographic interferometry is proposed in
the experiments of Wierzba and Takayama [19] and Yoshida and Takayama [20] and provides
more clear and measurable visualizations of the shock-droplet interaction, the structure of the
disintegrating droplet, and the formation of a wake region behind the droplet under moderate Weber
numbers around 10° and Mach numbers between 1.3 and 1.56.

In current research, great emphasis is put on understanding the breakup mechanisms of liquid
droplets, other than water droplets, of both Newtonian and non-Newtonian nature, as shown in the
works of Theofanous and Li [21], Theofanous et al. [22,23], and Mitkin and Theofanous [24]. Using
laser-induced florescence (LIF), significant flow features are elucidated within a vast range of Weber
and Ohnesorge numbers, including the initial Kelvin-Helmholtz waves on the coherent droplet
surface and the development of different scales inside the dense mist at later stages of aerobreakup.
In the case of elastic liquids, it is observed that the SIE regime is not subject to capillary forces;
instead, the breakup initiates with the ruptures of extending liquid films and filaments at significantly
higher Weber numbers, referred to as shear-induced entrainment with ruptures (SIER). Furthermore,
recent studies in the literature investigate the effect of the postshock flow on the initiation and
evolution of the aerobreakup. Wang et al. [25] examined the effect of the gas stream conditions
on the macroscopic breakup pattern and the final dispersion of the produced secondary structures
for a constant Weber number at 1100 and varied postshock flow Mach numbers in the range of
0.3-1.19. Specifically, the mist penetration and the fragment sizes show a dependency on the gas
stream conditions and, thus, a narrower mist of less uniform fragments is observed at the advanced
stages of aerobreakup under supersonic postshock conditions. Finally, Hébert et al. [26] presented
experiments for significantly high Mach numbers between 4.2 and 4.6 and Weber numbers above
10° and defined the three stages and characteristic times of the breakup mechanism in supersonic
postshock flow, namely, the droplet deformation, the extended fragmentation, and the formation of
a filament from the remaining liquid mass.

An important but little-investigated feature of the shear-induced breakup mechanism concerns
the dynamics of the dense and polydisperse mist, which is forming and disintegrating as a re-
sult of the droplet fragmentation. Even with state-of-the-art laboratory apparatus available, the
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access to information about the dimensions of the produced structures within the mist remains
challenging. The attempts to obtain droplet size distributions from high-quality experimental data
visualizations in the up-to-date literature, employed by Hsiang and Faeth [27-29], Villermaux
[30], and Xu et al. [31], are restricted to cases with moderate breakup, falling in the transition
zone between the RTP and SIE regimes. Recent experimental studies of the SIE regime, such
as the works of Theofanous [16], Theofanous et al. [22], and Wang et al. [25], provide a thor-
ough investigation of the dominant physical mechanisms that influence the development of the
dispersed mist. However, a quantification of the obtained fragment sizes inside the mist is not
available.

A key characteristic of the droplet aerobreakup under the SIE regime is the broad range of
spatial and temporal scales involved, which introduces additional difficulties in the accurate cap-
turing of the overall droplet deformation and fragmentation with the available numerical methods.
Two-dimensional simulations are suggested in the literature as a good compromise between the
assumption of a fully symmetric droplet fragmentation and the prohibitive computational cost of
a full-scale analysis. Specifically, the planar breakup of a cylindrical water column is a commonly
adopted simplified problem to study the shock-imposed breakup and the shear-stripping mechanism.
In the first numerical study of the entire shear-induced breakup process, Chen [32] simulated the
aerobreakup of a water column after the impact with two different shock waves with Mach numbers
1.3 and 1.47, using the five-equation model of Saurel and Abgrall [33]. The simulations capture the
macroscale phenomena of the droplet deformation and displacement and show good agreement with
the experimental observations of Igra and Takayama [34]; however, the utilized diffuse interface
approach imposes limitations regarding the sharpness of the coherent droplet interface. Similarly,
with the use of the diffuse five-equation model of Allaire et al. [35], Meng and Colonius [36]
provided simulations for the water column aerobreakup within a broader range of conditions
with shock wave Mach numbers between 1.18 and 2.5; for the first time, the development of a
recirculation region behind the deforming droplet was investigated. Sembian et al. [37] conducted
new experiments and simulations with the volume of fluid (VOF) method for the early stages of
the shock—water column interaction for shock wave Mach numbers 1.75 and 2.4; details of the
shock wave motion are captured by the VOF method and a resolution of 440 cells per diameter.
Yang and Peng [38] examined the effect of viscosity on the deformation of the liquid column,
using an adaptive mesh refinement (AMR) method for higher spatial resolution. More recently,
Kaiser et al. [39] performed high-resolution simulations with adaptive mesh refinement for the
benchmark case of Mach number 1.47, previously simulated by Chen [32], Meng and Colonius [36],
and Yang and Peng [38], with an emphasis put on the more accurate prediction of the shock wave
dynamics, observed in the experiments of Igra and Takayama [40,41]. Overall, the two-dimensional
simulations of the shear-induced droplet breakup in the literature focus on the capturing of the
early stages of breakup and the shock wave dynamics, without investigating the later stages of
fragmentation and mist development.

Considering the high computational cost of a full-scale analysis, the limitation of the ordinary
numerical methods to accurately model all different-scaled structures remains the main source of
deviation between the simulation results and the experimental observations. Among the reported
three-dimensional simulations in the literature to date, Meng and Colonius [42] utilized an interface
capturing method and a moderate mesh resolution of 100 cells per original droplet diameter to
capture the macroscopic droplet deformation and achieved good agreement with the experimental
results of Theofanous et al. [22] for a shock wave Mach number 1.47 and postshock flow Weber
number 780. Additionally, a Fourier analysis was performed to interpret the mechanisms of the
observed surface instabilities and the subsequent ligament breakup. Liu et al. [43] conducted both
axisymmetric and three-dimensional simulations to examine the aerobreakup mechanism under
supersonic conditions and identified significant details of the liquid stripping and the vortices
development at the early stages of aerobreakup. In an attempt to investigate water dispersion,
Stefanitsis et al. [44] proposed a coupled VOF/Lagrangian approach to simulate the coherent
droplet and the produced droplets cloud, respectively. The obtained results predict the detachment of
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microscale droplets from the coherent droplet periphery, as depicted in the experimental visualiza-
tions of Theofanous et al. [22] with, however, a lack of physical input for the sizes of the produced
Lagrangian particles. Recently, an improved Eulerian/Lagrangian model was proposed by Kaiser
et al. [45] that allows a preset number of Lagrangian particles to detach from the droplet surface
and, later, evolve in size, following the gas stream flow.

More sophisticated studies in the literature, including the direct numerical simulations (DNS)
performed by Chang et al. [46], demonstrate the developed Kelvin-Helmholtz instabilities on the
coherent droplet surface for a glycerol droplet impacted by a shock wave of Mach numbers 1.2 and
2.67. Additionally, the DNS study of Hébert et al. [26] reveals the characteristic stages and breakup
times of the aerobreakup process for a water droplet under supersonic conditions with a shock
wave Mach number equal to 4.24. The obtained results accurately capture the incident shock wave
propagation and the subsequent bow shock formation, as observed in the experiments conducted
by the same authors. However, despite the efficiency in computational resources, both DNS studies
mainly focus on the early-stage dynamics and avoid investigating the dimensions of the secondary
structures inside the dense water mist, which is captured as a detached but continuous filament in
the simulations by Hébert et al. [26] without any internal structures.

At the same time, thorough interpretations of all the stages of aerobreakup in the current literature
concern only studies with moderate Weber numbers in the transition zone between the RTP and SIE
regimes, namely, with Weber numbers in the range of 10>~10°. Specifically, Dorschner et al. [47]
presented a comprehensive analysis of the ligament formation and disintegration for the case of
a water droplet exposed to a shock wave of Mach number 1.3 and a subsequent postshock flow
with Weber number 470. The conducted simulations, using a multicomponent model with interface
capturing and a moderate spatial resolution of 140 cells per diameter, accurately predict the recurrent
breakup mechanism of the produced ligaments in consistence with the experimental observations.
Additionally, in the studies of Jalaal and Mehravaran [48] and Jain ez al. [49] a thorough quantitative
analysis of the fragments development is demonstrated, along with information for the number of
the fragments produced and secondary droplet size distributions. However, both numerical studies
investigate flows with Weber numbers below 10° and, thus, concern the development of a relatively
light mist of distinguishable larger-scaled fragments. A summary of the key numerical studies
of droplet aerobreakup in the literature to date, the utilized numerical methods, the examined
conditions, and the experimental works used for validation is presented in Table 1. Overall, ad-
ditional quantitative research is required to reveal all macroscopic and microscopic mechanisms
at the later stages of breakup and provide insight into the dense mist development under the SIE
regime.

Following the limitations and challenges of the commonly adopted numerical methodologies
for the simulation of droplet aerobreakup, there is a gap in the literature to date concerning a
detailed analysis of the dispersed mist development under the SIE regime, due to the dominance
of multiscale structures and the significant computational cost of a full-scale analysis. The present
study proposes the multiscale two-fluid approach, as previously developed by Nykteri et al. [50] and
outlined in Sec. IT A, in order to investigate the multiscale features of droplet aerobreakup with a
viable computational cost. The multiscale two-fluid approach employs a sharp interface method for
the deforming droplet interface and a physically consistent subgrid scale modeling for the produced
mist, using numerical models for the dominant subgrid scale mechanisms previously validated
and utilized in the literature for similar multiscale flows and conditions [50,51]. The proposed
multiscale two-fluid approach is now utilized in the droplet aerobreakup problem and is found
to predict accurately both the early-stage breakup mechanisms and the later-stage dispersion of
the produced fragments imposed by three different shock waves with Mach numbers 1.21, 1.46,
and 2.64, as presented in Sec. III and compared with the experimental observations of Theofanous
[16] and Theofanous et al. [22]. The interesting aspect of the present simulations is the thorough
quantitative analysis of the droplet fragmentation and the produced mist dynamics. Specifically,
during the early mist development, two stripping mechanisms are identified and investigated in
consistence with the experimental visualizations. Additionally, the differences in the early and later
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mist development under subsonic and supersonic postshock conditions are demonstrated and a
physical interpretation is provided with respect to the evolution of the gas stream flow. Finally,
a characterization of the droplets’ population inside the dense mist is obtained and analyzed
based on the modeled subgrid scale phenomena that govern the mist dynamics within the SIE
regime.

II. NUMERICAL MODELING

A. Numerical method and governing equations

The X-Y two-fluid model with dynamic local topology detection, reported by the present
authors [50], is utilized for the droplet aerobreakup simulations. The previously developed mul-
tiscale two-fluid approach consists of a broad and numerically stable case-independent multiscale
framework and, thus, no modifications were required for the present simulations. Therefore, the
individual features of the proposed method allow for a physically consistent and numerically stable
investigation of the multiscale aspects of droplet aerobreakup within the multiscale framework.
Specifically, the implemented compressible two-fluid approach, introduced by Ishii and Mishima
[54], provides remarkable advantages, due to the consideration of compressibility and slip velocity
effects; both flow phenomena are responsible for inducing the droplet breakup mechanism under
the SIE regime. Additionally, the incorporation of the ¥-Y model, which was initially proposed by
Vallet and Borghi [55], contributes to a computationally efficient full-scale analysis, since it provides
modeling solutions for the microscale droplets and the underlying subgrid scale phenomena inside
the widespread mist.

A fundamental feature of the multiscale framework is the topological detection of different
flow regimes based on advanced on-the-fly criteria. As a result, the most appropriate modeling
formulations are applied in each flow region, remaining in coherence with the local mesh resolution.
Particularly in segregated flow regions, which are present on the interface of the deforming but
still coherent droplet, the interface is fully resolved using the VOF sharp interface method [56,57].
On the contrary, inside the dispersed water mist with structures smaller than the local grid size,
the methodology applies a diffuse interface approach and incorporates an additional transport
equation for the interface surface area density X [58] in order to model the unresolved subgrid
scale phenomena.

The multiscale two-fluid approach has been implemented in OPENFOAM with further devel-
opments on the TWOPHASEEULERFOAM solver, an available compressible, fully Eulerian implicit
pressure-based solver, in order to incorporate all the additional features of the multiscale framework,
namely, the interface sharpening method, the transport equation for the interface surface area density
%, the subgrid scale models, and the switching mechanisms between the two formulations of
the numerical model. In principle, the multiscale two-fluid approach consists of the same set of
governing equations under both formulations, namely, the sharp and the diffuse interface approach,
with specific source terms to be activated and deactivated depending on the currently operating
formulation of the solver, as it is described below.

1. Two-fluid model governing equations

The volume averaged conservation equations governing the balance of mass, momentum, and
energy for each phase k are

0
E(akpk) + V- (arprur) =0, (D

2
a
37 @epritc) + V- (apitt) = —aVp + V- (@t™) + axorg + ) Min, 2

n=1

n#k
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where M}, represents the forces acting on the dispersed phase and depends on local topology; the
surface tension force [59] is implemented under the sharp interface regime, while the aerodynamic
drag force [60] is implemented under the diffuse interface regime. Ey,, demonstrates the heat transfer
between the liquid and gaseous phases, irrespectively of the flow region. More details regarding the
closure of the interfacial interaction source terms are presented in the Appendix.

2. X-Y Model transport equations

The transport equation for the liquid volume fraction in a compressible two-phase flow is

da D
a—t’ + V- (@qum) + viopol V - (1 — apuc]} = az%(f—: - %)D—f +aV -y — (1 = viopo )Ry, »
4)

where vyop, distinguishes between the two different interface approaches by taking either the 0 or
1 value under a diffuse or sharp interface formulation, respectively. Interface sharpness is imposed
with the MULES [61] algorithm in OPENFOAM, which introduces an artificial compression term in
Eq. (4). Additional modifications in the governing equations for coupling the VOF method with the
two-fluid framework are presented in detail in the previous work of the authors [50]. Finally, as
discussed in the works of Vallet et al. [62] and Andreini et al. [51], the term R,, accounts for the
liquid dispersion induced by turbulent velocity fluctuations, which are important in dispersed flows
and smaller scales.
The transport equation for the liquid gas interface surface area density X [58] is described as

X’
ot

V() = (1 —vtop(,)[—Rz +csasi<1 - )} )
TSGS ESGS

where the simultaneous existence of liquid and gas on the interface implies the presence of a

minimum interface surface area density, such as X = ¥’ + X, as shown by Chesnel et al. [63].

The term Ry represents the interface surface area diffusion due to turbulent velocity fluctuations,

as derived by Andreini et al. [51]. The subgrid scale (SGS) source term, namely, the term Ssgs =

Csgs — (1—<2-), accounts for all physical mechanisms which are responsible for local interface
TGS s

formation and fall below the computational mesh resolution. Details regarding the closure of the
SGS source term are presented in the Appendix.

Knowing the interface surface area density, the diameter of a droplet inside the dispersed mist dx
is calculated as the equivalent diameter of a spherical particle which has the same volume to surface
area ratio as the examined computational cell, proposed by Chesnel ef al. [63]:

_ 6611(1 - al)
=
where «; represents the liquid volume fraction and ¥ the total liquid gas interface surface area
density, calculated in Eq. (5).

dx (6)

3. Flow topology detection algorithm

The implemented flow topology detection algorithm identifies instantaneous topological changes
in flow regimes, evaluates the most appropriate numerical treatment for local interfaces, and allows
for a flexible and stable two-way switching between the sharp and diffuse interface approaches. The
topological switching criteria are described in detail in the previous work of the authors [50].

084304-7



GEORGIA NYKTERI AND MANOLIS GAVAISES

TABLE II. Shock wave and postshock conditions for the conducted droplet aerobreakup simulations.

Case M, ps(Pa) T,(K) ps(kg/m?) u;(m/s) We Re

1 1.21 156187 340.4 1.6 110.87 1.6 x 10° 1.6 x 10*
2 1.46 235094 388 2.11 224.97 7 x 10 3.7 x 10*
3 2.64 807006 683.9 4.11 654.9 123 x 10° 1.6 x 10°

B. Problem definition and simulation setup

The droplet aerobreakup is examined for a waterlike droplet with an initial diameter of 1.9 mm,
namely, a tributyl phosphate (TBP) droplet with density p = 978kg/m? and dynamic viscosity
w =4 x 1073 Pas, similar to water properties, but a very low surface tension of o = 0.027 N/m.
The numerical simulations are conducted for three different shock waves that impact the droplet and
correspond to a subsonic, transonic, and supersonic postshock gas stream. The simulation results are
compared with the experimental observations of Theofanous [16] and Theofanous et al. [22] for the
same aerobreakup cases. The three examined cases comprehensively cover the range of the available
experimental conditions for low-viscosity liquids within the SIE regime in the literature, as depicted
in the regimes map in [22]; the onset of the SIE regime is defined for Weber numbers greater
than 10 and demonstrates a moderate shear-induced aerobreakup, while the most intense and
violent fragmentation is observed for significantly higher Weber numbers above 10° and supersonic
postshock flow conditions.

Table II summarizes the Mach numbers of the propagating shock waves, the postshock flow
conditions, and the Weber and Reynolds numbers calculated for the gas properties at postshock
conditions. The postshock gas stream properties are also used for the nondimensionalization of the
flow fields, as shown in Meng and Colonius [42], in order to obtain a direct comparison between the
different cases.

The droplet aerobreakup simulations are performed in a two-dimensional (2D) axisymmetric
geometry with one cell thickness in the azimuthal direction, using two computational meshes with
a resolution of 100 and 200 cells per original droplet diameter around the area of interest. The
computational domain is sufficiently large to avoid nonphysical reflections on the borders and
Neumann boundary conditions are applied for all the computed flow fields. The simulations are
initiated with the shock wave being one diameter away from the center of the droplet. Details of the
initial configuration and the computational mesh are illustrated in Fig. 1.

DNS studies in the literature [43,46] utilized a computational mesh of more than 1000 cells per
diameter to solve the viscous boundary layer and predict the Kelvin-Helmholtz instabilities. How-
ever, due to the significant computational cost, these DNS studies are restricted to the demonstration
of the early-stage instabilities on the coherent droplet surface and do not examine the later-stage
fragmentation and mist development, which is the main objective of the current simulations. On
the contrary, the utilized spatial resolution of 100 and 200 cells per original diameter is commonly
selected in the literature, for instance, in the simulations of [26,42,44,47], and is proven to capture
accurately the macroscopic deformation of the coherent droplet surface, while the investigation of
the Kelvin-Helmholtz instabilities remains out of scope in the present study.

The two characteristic scales that determine the onset of the droplet aerobreakup under the

SIE regime are the characteristic viscous velocity uj; = d"—:) = 9 x 107 m/s and the characteristic

= 0.12 m/s, as defined by Theofanous [16]. The viscous velocity is

(o3
dopr
related to the unresolved Kelvin-Helmholtz instabilities inside the viscous boundary layer, while the
capillary velocity balances the stripping actions of the developed wake on the droplet surface and the
surface tension force that restrains the liquid detachment. With respect to the characteristic scales of
turbulence, the Kolmogorov velocity scale is around ~0.1 m/s in subsonic case 1 and it rises to ~1
m/s in supersonic case 3. At the same time, the secondary droplets produced inside the mist have

capillary velocity u/: =
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FIG. 1. Initial configuration and information regarding the computational mesh for the simulation of
droplet aerobreakup.

diameters in the range of 0.01-19 pm, while the Kolmogorov length scale is of the order of ~0.5
um in the three examined cases. Therefore, turbulence effects are becoming more significant under
supersonic postshock conditions and are responsible for the breakup of the smallest-scaled droplets.

In the present simulations, the flow turbulence is considered using Large Eddy Simulations
(LES) with the implementation of the one-equation SGS model of Lahey [64]. However, the
utilized 2D axisymmetric geometry with one cell thickness in the azimuthal direction imposes
limitations regarding the accurate capturing of the turbulent state, which corresponds to fully
three-dimensionally (3D) developed phenomena. Specifically, the simulation is initialized without
turbulence in the flow field and, thus, the instantaneous velocity field is 2D. Therefore, in the absence
of developed turbulence or a developed turbulent boundary layer at the initial conditions, the LES
approximation can be applied in the present geometry of one cell thickness in the azimuthal direction
without significant limitations. Additionally, Stefanitsis et al. [65] depicted that the assumption of
a symmetrical flow field around the deforming droplet under the influence of turbulence and vortex
shedding does not affect the shape of the coherent droplet; however, it can have an influence on
the trajectory and the breakup time of the fragments. Hence, the present axisymmetric geometry
can adequately predict the coherent droplet deformation and fragmentation with minor limitations
regarding the produced fragments’ motion due to the absence of the stochastic character of a fully
developed turbulent field. At the same time, key numerical studies in the literature [26,36,42,43,39]
exclude the consideration of turbulence effects, without a limitation in capturing the dominant
macroscopic phenomena of the aerobreakup evolution, while DNS studies [26,46] do not report
any significant difference or previously unrevealed mechanisms in the flow field due to the resolved
turbulence. Consequently, despite the discussed limitations, the utilized 2D axisymmetric geometry
with one cell thickness in the azimuthal direction is an acceptable compromise between an adequate
turbulence model and a viable computational cost.

Regarding the numerical simulation setup, the spatial discretization used is based on second-
order accurate discretization schemes. Time stepping is performed adaptively during the simulation
to respect the selected limit for the convective Courant-Friedrichs-Lewy (CFL) condition of 0.2.
Finally, the thermodynamic closure of the system is achieved by implementing the stiffened gas
equation of state, proposed by Ivings et al. [66], for the liquid phase and the ideal gas equation
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FIG. 2. Droplet aerobreakup in case 1. (i) Comparison between the experimental visualizations of Theo-
fanous et al. [22] (t* = 0.20, 0.38) and Theofanous [16] (+* = 0.53), the simulation results of the deforming
coherent droplet (red isoline for water volume fraction value 0.5), and the produced water mist (yellow
isosurface for water volume fraction values higher than 107). (ii) 3D reconstructed results. (iii) Dimensions
of the secondary droplets inside the mist. (iv) Air and water velocity magnitudes (top) and vorticity streams
(bottom).

of the state for the gaseous phase, which can perform adequately even under supersonic postshock
conditions, as shown in Hébert et al. [26].

III. RESULTS AND DISCUSSION

The numerical investigations of the droplet aerobreakup using the proposed multiscale two-fluid
approach are presented for the three cases of Table II in Figs. 2—4, respectively, and compared
with the corresponding experimental observations of Theofanous [16] and Theofanous et al. [22].
Following the pass of the shock wave, the small-scale interfacial instabilities on the droplet surface
and the pressure differences between the upstream and downstream side of the droplet impose
a gradual deformation of the initially spherical droplet into a flattened shape. The deforming
coherent droplet interface is captured using the VOF method and illustrated with red isolines in
Figs. 2(i), 3(i), and 4(i). As can be observed for the three simulated cases, the macroscopic defor-
mation of the coherent droplet interface shows a good qualitative agreement with the experimental
results, following satisfactorily the spanwise expansion and the flattening of the back side of the
droplet.
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FIG. 3. Droplet aerobreakup in case 2. (i) Comparison between the experimental visualizations of Theo-
fanous et al. [22] (t* = 0.23) and Theofanous [16] (+* = 0.29, 0.43), the simulation results of the deforming
coherent droplet (red isoline for water volume fraction value 0.5), and the produced water mist (yellow
isosurface for water volume fraction values higher than 107). (ii) 3D reconstructed results. (iii) Dimensions
of the secondary droplets inside the mist. (iv) Air and water velocity magnitudes (top) and vorticity streams
(bottom).

At the same time, the large-scale droplet deformation is followed by an extended fragmentation,
which initiates due to liquid stripping from the droplet surface and results in the formation of a
dispersed mist of microscale structures. The produced mist is simulated within the diffuse interface
formulation of the multiscale framework, while numerical models are introduced for consideration
of the unresolved subgrid scale phenomena. Specifically, during the early stages of aerobreakup,
liquid stripping is observed initially from the droplet equator and later from the back side of the
droplet with the two streams colliding into a primary stream and forming a widespread mist, as
shown in Figs. 2(i), 3(i), and 4(i) and previously discussed in the study of Liu et al. [43]. The main
stripping mechanism, which is responsible for the production of the primary stream, is enhanced
by the growing vortices formed on the back side of the droplet; the vortices interact with the
droplet surface and enhance the existing mist with additional fragments, as illustrated in Figs. 2(iv),
3(iv), and 4(iv). Even though the near-stagnation region remains relatively flat, as observed in the
experimental visualizations of Theofanous [16] and Theofanous et al. [22], a secondary stream of
fragments is detached from the front side of the droplet. Unlike the main stripping mechanism,
which is dominated by the local flow vorticity, the secondary stripping mechanism is acting on the
high-pressure side of the droplet and is driven by the interfacial instabilities on the droplet surface,
the strong shear, and the aerodynamic conditions around the droplet. As a result, the produced
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FIG. 4. Droplet aerobreakup in case 3. (i) Comparison between the experimental visualizations of Theo-
fanous et al. [22] (t* = 0.18, 0.29) and Theofanous [16] (t* = 0.52), the simulation results of the deforming
coherent droplet (red isoline for water volume fraction value 0.5), and the produced water mist (yellow
isosurface for water volume fraction values higher than 107). (ii) 3D reconstructed results. (iii) Dimensions
of the secondary droplets inside the mist. (iv) Air and water velocity magnitudes (top) and vorticity streams
(bottom).

secondary stream is more pronounced with an increase of the incident shock wave Mach number, as
observed in Fig. 4(i), since the supersonic postshock conditions impose higher local pressure and gas
stream velocities and, thus, amplify the aerodynamic forces on the front side of the droplet. Finally,
the primary and secondary streams of fragments merge, following the free-stream gas flow and the
aerodynamic force imposed by the upstream and downstream pressure differences, and create a
dense mist layer around the deforming droplet in consistence with the experimental observations.
At the late stages of fragmentation, secondary structures continue to detach from the surface of the
elongated but still coherent body of the deformed droplet, while the penetration and dispersion of
the produced mist dominate the breakup mechanism.

The dimensions of the produced droplets inside the dense mist are obtained in coherence with the
evolution of the interface surface area, considering turbulence, droplet collision and coalescence,
and secondary breakup effects within the multiscale framework. The largest secondary droplets
with a maximum diameter of 19 um are detected close to the coherent droplet and on average
around the droplet equator and the droplet flattened back side, as illustrated in Figs. 2(iii), 3(iii),
and 4¢(iii). Thus, based on the liquid stripping mechanism, the largest captured secondary droplets
are detached from the coherent droplet under the influence of the main stripping mechanism and are
embedded in the primary stream of fragments. Additionally, in the supersonic case 3 in Fig. 4(iii),
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significantly large droplets close to the maximum diameter are also observed on the droplet front
side during the later stages of fragmentation, when the secondary stripping mechanism contribution
to the overall droplet aerobreakup is remarkable. The maximum diameter is correlated with the local
mesh resolution for a mesh of 100 cells per initial diameter and, thus, the size limit for structures
that can be resolved with the VOF method. Details about the upper limit of the subgrid diameters
with respect to the local grid resolution are presented in the Appendix. In the review study of Pilch
and Erdman [10], the largest fragments detached from the droplet equation are approximately one
to two orders of magnitude smaller than the original droplet, which is in agreement with the newly
detached fragments captured by the multiscale two-fluid approach. At the same time, the smallest
subgrid scale droplets observed downstream have diameters in the range of 0.01-0.1 pm, without
the numerical model to impose a lower diameter limit. These microscale droplets are visible as
a cloud but cannot be quantified in the experiment and, thus, there is no experimental input for
the smallest droplet sizes. However, the significant extent of the secondary droplets’ interactions
inside the dense mist can justify the production of the detected smallest sizes, while the exclusion
of vaporization effects from the performed simulations can be related with the possible longer-
term presence of the smallest secondary droplets inside the dense mist. During the earlier stages of
aerobreakup, the small-scale secondary droplets with diameters below 1 wm are mostly observed
downstream at the edges of the forming mist. Later, these are trapped inside the extended mist that
continuously increases in volume and recirculates behind the deforming droplet.

A driving mechanism for the aerodynamically imposed breakup and characteristic feature of
the water dispersion evolution is the recirculation of the produced secondary droplets within the
water mist. As depicted in Figs. 2(iv), 3(iv), and 4(iv) and discussed in the simulations of Meng
and Colonius [42], the interaction of two counter-rotating vortices is the key mechanism for the
formation of a dominant wake recirculation region behind the deforming droplet. In the course of
fragmentation, more secondary vortices with varying length scales and spatial arrangement form
in the wake between the convex front side and the flattened back side of the coherent droplet and
are responsible for its deforming shape. Focusing on the effect of the propagating shock wave on
the dynamics of the produced water mist, an increased Mach number results in a postshock flow
with an extended streamwise but relatively limited spanwise recirculation zone behind the droplet,
as illustrated in Figs. 2(iv), 3(iv), and 4(iv). The free-stream gas velocity shows similar behavior
irrespectively of the Mach number with maximum values up to 1.5 times the initial postshock
velocity, observed in the region above the droplet equator and extending downstream along the
negative vorticity side of the primary wake. At the same time, the secondary droplets that are
subject to a vortical flow show maximum and minimum velocity values in antidiametrical positions
along the primary recirculation region independent of the underlying droplet sizes. As highlighted
in Figs. 2(iv), 3(iv), and 4(iv), the maximum velocity values are observed for the secondary droplets
located along the upper and lower side of the primary wake, while the minimum velocity values
are found above the droplet back side and downstream on the right side of the primary wake.
Following the dominance of the vortical mechanism over time, the maximum velocity values among
the secondary droplets gradually increase, until they reach or even slightly exceed the gas steam
velocity values at the initial postshock conditions, namely, 110.87, 224.97, and 654.9 m/s, for
cases 1, 2, and 3, respectively. While the minimum velocity values in the droplets’ recirculation
region approach zero, the newly detached fragments from the back side of the droplet do not remain
stagnant. Nevertheless, they are embedded in the primary stream of fragments that is continuously
enhanced and governed by the developed flow vorticity.

Focusing on the early-stage deformation in Fig. 5, the droplet surface isolines, obtained from the
experimental results in the work of Theofanous et al. [22], are compared against the numerical
isolines for two different mesh resolutions of 100 and 200 cells per initial droplet diameter.
The droplet surface deformation is adequately predicted by the conducted simulations and only
minor deviations from the experimental isolines are observed on the tip of the flattened back side
of the droplet, where the numerical method already detects detached fragments, as depicted in
Figures 2—4. Additionally, the good agreement between the simulation results with the utilization
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FIG. 5. Coherent droplet isolines. Comparison between the experimental isolines of Theofanous et al. [22]
(black dashed line) and the simulation isolines for volume fraction value 0.5 using a computational mesh with
100 (red solid line) and 200 (blue solid line) cells per initial droplet diameter. The arrows point to the small
deviations between the experimental and simulation isolines.

of a coarse and a fine computational mesh demonstrates that a moderate mesh resolution of 100
cells per initial diameter is sufficient to resolve the large-scale droplet deformation. The sharpness
of the numerical solution is examined in Fig. 6, obtaining the droplet surface isolines from different
values of the liquid volume fraction and considering more advanced droplet deformation. As
illustrated in Fig. 6, the coherent droplet interface remains sufficiently sharp even at the late stages
of aerobreakup. Some minor differences are observed on the upper tip of the deformed droplet
interface and the detached large-scale secondary droplets.

The intensity of the incident shock wave imposes the occurring postshock flow conditions and is
crucial for the droplet deformation and the consequent water dispersion. In the subsonic case, shown
in Fig. 7(a), when the shock wave with Mach number 1.21 impacts the stagnant droplet, the local
pressure increases at approximately 2 bars. At the same time, the incident shock wave continues to
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FIG. 6. Coherent droplet isolines for different water volume fraction values, using a computational mesh
with 100 cells per initial droplet diameter. Produced water mist isosurface for water volume fraction values
higher than 107 (gray). Comparison between cases 1, 2, and 3 at time instances that correspond to a decrease
for the width of the deforming droplet by 10%, 25%, and 50%. The arrows point to the small deviations in
interface sharpness with different volume fraction values.

propagate downstream, and a reflected shock wave is established on the front side of the droplet and
initiates its upstream propagation. The developed postshock flow conditions are characterized by
moderate pressure difference around the droplet and maximum local Mach number values at about
0.45. The transonic case of Fig. 7(b) shows similar behavior; however, the slower propagation of the
reflected shock wave and the higher local Mach numbers lead to a more widespread fragmentation.
On the contrary, in the supersonic case of Fig. 7(c) the strong shock wave with Mach number
2.64 results in a significant increase of the local pressure at 35 bars after impact. The subsequent
reflected shock wave stabilizes close to the droplet as a detached bow shock. As a result, the flow
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FIG. 7. Gas stream conditions during the droplet aerobreakup, while the incident shock wave lies at the
same distance from the center of the droplet. Pressure field and produced water mist evolution (top). Numerical
schlieren images and Mach number isolines (bottom).

conditions around the droplet remain supersonic with maximum local Mach number values above
2 that impose a significantly faster and more violent droplet fragmentation, which appears as a very
dense and extensive dispersed mist downstream, also observed in the experiments of Hébert er al.
[26] for similar Weber numbers.

The widespread water dispersion in the form of a dense mist is the major fragmentation pattern
under the SIE regime. An insight into the dimensions of the produced secondary droplets within
the mist is presented in Fig. 8, depicting the volume concentration of different droplet classes over
the total volume of the dispersed region, as captured by the numerical model for the three cases
in Table II. A significant advantage of the conducted numerical simulations is the consideration
of every fluid structure that forms as part of the flow development without excluding small sizes,
thus providing information for sizes below the 5 um/pixel resolution of the camera utilized in
the reported experiments and illustrated in gray in Fig. 8. The first secondary droplets produced
in all three cases are small structures, with more than 60% of the diameters in the total volume
being below 1 pm; these droplets are forming due to the initial liquid stripping from the droplet
equator, as observed in the experiments at the very early stages of aerobreakup. Shortly after, the
large-scale fragmentation is established when droplets with diameters above 5 um are detached
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FIG. 8. Volume concentration of the secondary droplets with diameters between 5 and 19 um (gray), 1
and 5 um (blue), and lower than 1 um (yellow) over the total volume of the dispersed region. The volume
concentration of the dispersed region over the total volume of the water phase is plotted in red. The green
vertical lines correspond to a decrease for the width of the deforming droplet by 10%, 25%, and 50%.

from the coherent droplet surface and, thus, an additional class of larger droplets, colored in gray, is
included in the distributions of Fig. 8 at 42, 20, and 7.1 us for cases 1, 2, and 3, respectively.

Considering the evolution of the population of secondary droplets over time, larger droplet sizes
above 1 um become more significant in the population with increasing Mach number, as observed
in Fig. 8 for cases 2 and 3. There are two crucial parameters that influence the secondary droplets’
distribution—first, the sizes of the newly detached fragments from the coherent droplet surface and,
second, the subgrid scale droplet interactions inside the existing dispersed mist. Specifically, an
increase of the incident shock wave Mach number imposes a violent droplet fragmentation with
extended liquid stripping from the droplet surface due to severe aerodynamic conditions around
the droplet and the dominance of the secondary stripping mechanism. As a result, large-scale
droplets continue to fragment from the coherent droplet surface and enhance the secondary droplets
population even during advanced stages of the aerobreakup process, as depicted in the distributions
of Figs. 8(ii) and 8(iii) for the class of the largest droplets with diameters between 5 and 19 um and
also illustrated in Figs. 3 and 4 for the indicated time instances.

Following the production of the new fragments, the subgrid scale droplet interactions are
responsible for the further evolution of the secondary droplet sizes inside the dispersed mist. The
required subgrid scale modeling is performed within the multiscale framework using the transport
equation for the interface surface area, Eq. (5); the mechanisms that determine the local interface
formation, namely, turbulent mixing, droplet collision and coalescence, and secondary breakup
effects, are modeled as individual source terms Ssgs. A positive contribution of the SGS source
term corresponds to an increase of the local interface surface area and physically correlates with
the evolution of the underlying subgrid scale droplets into smaller diameters, while a negative SGS
source term value describes a decrease of the local interface surface area due to the creation of
subgrid scale droplets with larger diameters. The secondary breakup mechanism can only result in
the further breakup of the existing secondary droplets inside the mist and, thus, has only a positive
contribution in the SGS source term. Details regarding the calculation of the SGS source term are
presented in the Appendix.

Figure 9 represents the volume concentration of the three subgrid scale mechanisms that con-
tribute positively to the local interface surface area production and the creation of smaller-scaled
droplets, namely, the flow turbulence, droplet collision, and secondary breakup effects, over the
total volume of the dispersed region, as calculated in Eq. (5) for the three examined cases. In
case 1, the subgrid scale turbulence and collision effects contribute to the production of the local
interface surface area by above 90%, already at the early stages of aerobreakup, while the secondary
breakup effects, governed by the relative velocity between the liquid and gaseous phases, are absent
under the subsonic postshock conditions. Overall, the predominant pattern is the further decrease
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FIG. 9. Volume concentration of the subgrid scale mechanisms, namely, turbulence, droplet collision, and
secondary breakup, that contribute positively to the local interface surface area production and the creation of
smaller-scaled droplets over the total volume of the dispersed region. The green vertical lines correspond to a
decrease for the width of the deforming droplet by 10%, 25%, and 50%.

of the secondary droplets’ sizes inside the dispersed mist, which is also reflected in the droplet
population in Fig. 8(i), highlighting an increase and dominance of the smallest scales over time. A
distribution of uniformly small-scaled fragments is also demonstrated in the experiments of Wang
et al. [25] at subsonic postshock flows. In case 2, shown in Fig. 9(ii), the creation of smaller-scaled
droplets, driven by the local turbulence and collision, remains dominant for the mist evolution
with a minor decrease compared to case 1. Additionally, the secondary breakup mechanism is not
completely absent and has a small contribution in the mist dynamics. Therefore, the slightly reduced
concentration of the class of droplets with the smallest diameters below 1 pm, as depicted in the
distribution in Fig. 8(ii), is a combination of the enhancement of the larger-scaled new fragments
under the transonic postshock conditions and the small decrease of the subgrid scale interface
surface area production.

Finally, case 3, presented in Fig. 9(iii), demonstrates the significant influence of the supersonic
postshock conditions on the subgrid scale mechanisms. Specifically, even though the flow turbulence
maintains a major positive contribution to the production of smaller-scaled droplets, the collision
effects are remarkably reduced by coalescence that becomes significant after the early stages of
aerobreakup, even before the width of the deforming droplet is decreased by 10%. The coalescence
of the secondary droplets enhances the droplet population with larger-scaled droplets and explains
the decreased concentration of the droplet class with the smallest diameters, observed approximately
after 10 us in Fig. 8(iii). As illustrated in Fig. 10, coalescence effects are present in the region
of the main stripping mechanism, namely, close to the droplet equator and the back side of the
deforming droplet. During the evolution of aerobreakup, the coalescence region expands, driven by
the increasing local flow vorticity. Similarly, in the study of Wang et al. [25], the presence of larger
fragments among the dominant microdroplets is observed at the advanced stages of aerobreakup
under supersonic postshock conditions. As discussed in [25] and in agreement with the present
subgrid scale analysis, these nonuniform fragments coalesce into larger secondary droplets, as
imposed by the local flow conditions and the limited spanwise spread on the produced dense mist. At
the same time, the secondary breakup shows a considerable and gradually increasing contribution to
the mist evolution over time, as depicted in Fig. 9(iii). The secondary breakup mechanism is mainly
established on the droplet front side, shown in Fig. 10, where the secondary stripping mechanism
dominates and the relative velocity between the newly detached droplets and the supersonic gas
flow locally exceeds the value of 200 m/s. However, the secondary breakup of subgrid scale
droplets is not contributing significantly to the increase of the population of the smallest droplets,
since it involves, on average, the breakup of large-scaled droplets with diameters above 2 um, as
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FIG. 10. Droplet aerobreakup in case 3 at time instances that correspond to a decrease for the width of
the deforming droplet by 10%, 25%, and 50%. Regions in the dispersed mist where the droplet coalescence
(purple) and secondary breakup (red) are present (top). Dimensions of the secondary droplets inside the mist
(bottom).

demonstrated in Fig. 10 for the time instances that correspond to a decrease for the width of the
deforming droplet by 10%, 25%, and 50%.

Lastly, the volume concentration of the water mist over the total volume of the water phase
is reduced by approximately 10% in case 3 compared to the lower Mach number cases 1 and 2
for the same width deformation, as shown in Fig. 8(iii). At the early stages of aerobreakup, the
limited mist concentration is related with the postponed breakup initiation, also observed in the
experiments of Wang et al. [25] at supersonic postshock conditions. However, at the later stages
of aerobreakup, the stripping mechanism becomes more significant under the influence of both
the main and the secondary stripping mechanisms, depicted in Fig. 6 in comparison with cases
1 and 2, leading to an extended and violent stripping from the coherent droplet surface. On the
contrary, during the later stages of the aerobreakup process, the mist dynamics, governed by the
modeled subgrid scale mechanisms, play a major role in the evolution of the dispersed mist. In
particular, as highlighted in Fig. 9(iii) and discussed previously, the remarkable coalescence effects
result in the destruction of the local interface surface area and, thus, act against the further expansion
of the existing mist. At the same time, the violent fragmentation under the supersonic postshock
conditions along with the increasing flow vorticity behind the deforming droplet impose the mist
into a rapid downstream penetration. Therefore, the expansion of the dispersed mist in the spanwise
direction is restricted compared to the cases with lower Mach numbers due to the severe gas stream
conditions. Likewise, in the experiments of Wang et al. [25] a significantly narrower mist expansion
is observed at supersonic conditions. In conclusion, the supersonic postshock conditions impose the
development of a relatively reduced mist with the significant presence of larger-scaled droplets until
the advanced stages of aerobreakup.

IV. CONCLUSION

The aerodynamic breakup of a waterlike droplet under the SIE regime, imposed by three different
shock waves with Mach numbers 1.21, 1.46, and 2.64, has been investigated using the proposed
multiscale two-fluid approach. The present numerical study provided the opportunity to verify the
physical mechanisms of aerobreakup and scrutinize aspects of the process that were not evident in
the experimental visualizations of Theofanous [16] and Theofanous et al. [22], using a physically
consistent methodology with a viable computational cost. Specifically, the deformation of the
coherent droplet interface was fully resolved by the local mesh resolution using the VOF sharp
interface method, while the produced mist of secondary fragments was modeled under the diffuse
interface approach with consideration of subgrid scale phenomena, namely, turbulent mixing,
droplet collision and coalescence, and secondary breakup effects.
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During the early-stage mist development, two stripping mechanisms were identified to act on
the coherent droplet surface. The main stripping mechanism is responsible for the formation of the
primary stream of fragments, detached from the droplet equator and the droplet flattened back side,
while the secondary stripping mechanism is present on the droplet front side and becomes more
significant at supersonic postshock conditions. The largest detached fragments were observed, on
average, on the locations of the local liquid stripping and, subsequently, the fragment sizes evolve
inside the mist, following the gas stream flow evolution. The postshock flow conditions and the
development of a dominant recirculation region behind the deforming droplet play a major role in
the formation and expansion of the produced mist. In a supersonic postshock flow, the dispersed mist
appears relatively narrower, due to severe aerodynamic conditions that establish a rapid downstream
penetration.

Details for the secondary droplets’ population and the evolution of the droplets sizes inside the
mist were obtained and analyzed based on the modeled subgrid scale phenomena and the local
flow development. At supersonic postshock conditions, the coalescence and secondary breakup
mechanisms become more pronounced. Additionally, the droplet size distribution is enhanced
with larger-scaled droplets even at the later stages of aerobreakup. As a result, the limited mist
concentration under supersonic postshock conditions is an outcome of the restricted spanwise
expansion of the produced mist and the enhancement of the subgrid scale interface destruction
mechanisms inside the mist.

Future research of DNS simulations, which includes the investigation of the produced fragments,
can provide a valuable quantitative validation for the present droplet population. Additionally, three-
dimensional simulations, using the proposed multiscale two-fluid approach, could be appropriate
to reveal more details and mechanisms of the mist dynamics and to consider the significance of
three-dimensional phenomena, such as turbulence and vortex shedding, in the droplet acrobreakup.
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APPENDIX: VALIDITY OF CLOSURE MODELS AND NUMERICAL METHOD LIMITATIONS

Modeling limitations may arise in the developed numerical method due to the introduction of
closure relations for the source terms in the governing equations, the subgrid scale modeling, the
switching criteria within the multiscale framework, and the absence of a quantitative validation for
the produced mist. The validity of the utilized models and the imposed assumptions is discussed
below, considering specifically the present simulations of droplet aerobreakup and the examined
flow conditions.

(1) The closure of the interfacial interaction terms, which appear in Navier-Stokes equations
after the imposed averaging procedure and consider the mass, momentum, and energy exchange
phenomena between the interacting phases, is an inherent modeling requirement of the two-fluid
model formulation. In the present simulations, the applied closure relations are consistent with the
examined flow conditions, as discussed below.

(1) In continuity equation (1), the interfacial mass source term, which models the mass transfer
due to phase-change phenomena, namely, cavitation and vaporization, is neglected.

(a) Cavitation plays a minor role at the early stages of aerobreakup in the examined cases.
Specifically, as depicted in Fig. 11, in cases 1 and 2 the shock wave propagation evolves smoothly
downstream without any significant decrease in the local pressure inside the droplet, which can
be related to the development of cavitation regions. On the contrary, in the supersonic case 3,
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FIG. 11. Compressibility effects at the early stages of aerobreakup, namely, the incident shock wave
downstream propagation, the reflected shock wave in the free gas stream, and the transmitted shock wave
into the liquid droplet. Pressure field (top) and numerical schlieren images (bottom).

the strong shock wave with Mach number 2.64 results in an increase of the local pressure at 35
bars after impact. At 1.5 us the propagating shock wave inside the droplet is reflected normal
to the droplet outer surface and an expansion wave is created. When the shock wave reaches
the back side of the droplet, it partially reflects backwards, and a low-pressure region is formed
at 2.5 us. Similarly, the experimental observations of Sembian et al. [37] depict the creation of
cavitation bubbles and the subsequent decrease of the low-pressure region in the aerobreakup
of a water column under supersonic conditions. Despite the cavitation development, an early
fragmentation, initiating from the back side of the droplet due to cavitation bubbles’ collapse, is
not observed in the simulation results; the experimental visualizations of Theofanous et al. [22]
also confirm the absence of any distinguishable surface oscillations or breakup on the back side
of the droplet that can be related to significant cavitation effects.

Since the early stages of the droplet aerobreakup evolution are not driven by cavitation and
the minor cavitation region has no macroscopic effect on the droplet fragmentation under the
examined conditions, a model for nucleation and subsequent growth of the cavitating bubbles
has not been implemented in the numerical framework. Instead, in the supersonic case 3, a very
small volume fraction of air of the order of 10, which corresponds to a typical nucleation
volume fraction [67], is introduced in the initial droplet volume fraction. Under this assumption,
the small gaseous volumes inside the droplet will expand after the significant pressure drop,
producing expansion similar to those that would occur with cavitation; with the subsequent
pressure increase, the gaseous volume gradually collapses, although any condensation and the
pressure overshoot effects due to complete vapor collapse (which is not the case with the gas
content) are not considered.

(b) Vaporization modeling is neglected since the local liquid temperature does not increase
more than 10 K during the shock wave impact on the droplet in the examined cases. However,
vaporization effects can be responsible for the extended water dispersion observed at the later
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TABLE III. Closure relations for the SGS terms in Eq. (5) related to interface surface area production and
destruction.

SGS mechanism TsGs Yics
. 1— k . e e
Turbulence : aCenonln yith Wey,, = 1 at equilibrium
turb
welV
. 1 6oy (l—ap) =1 s 1+ —goll
Collision and coalescence > =t withdy =ds —wio
2/ 5km b 140l
* Critical We for coalescence: Wel | = 12
* Relevant We for collision: We ) = W
ds [p1 6pgutoy(1—0;)
Secondary breakup f(Wegy) | o Tower,

with Wegy = eead=e i Wej, = 12(1 4 1.0770h"®) = 12 for Oh « 1

oX

stages of aerobreakup under the supersonic postshock conditions of case 3; thus vaporization

could be considered in future research of aerobreakup imposed by high Mach number shock

waves.
(c) Other mass exchange contributions with an effect on interface formation are considered

in the transport equation for the interface surface area density X, Eq. (5).

(i) In momentum equation (2), the interfacial momentum source term accounts for the aerody-
namic drag force, which dominates among the other interfacial forces acting between the dispersed
droplets and the free-stream gas flow during the aerobreakup process, due to the severe aerodynamic
conditions imposed by the upstream and downstream pressure differences. The aerodynamic drag
force is defined as Fp = %Cngasu,|u,|Adr0plet. The calculated drag coefficient Cp [60] is validated
for a vast range of Reynolds numbers and here it is defined based on the local flow properties. The
reference area of the droplet Agropier is calculated based on the local interface surface area density
3. The velocity fields are accurately predicted in the performed simulations, since good agreement
between the simulation and experimental results is observed with respect to the overall aerobreakup
evolution and the liquid penetration; thus the relative velocity u, can be precisely extracted from the
two-fluid model.

(iii) In energy equation (3), the interfacial energy source term is modeled via a standard heat
transfer law [68] for the calculated temperature fields of the liquid and gaseous phases. In the
present simulations, the observed temperature differences between the liquid and gaseous phases
on interfacial regions can locally reach the absolute value of 35 K in subsonic case 1, almost 90 K
in transonic case 2, and can even exceed the absolute value of 500 K in the bow shock region
in supersonic case 3. Therefore, the modeling of thermal effects becomes crucial for the accurate
capturing of aerobreakup under high Mach numbers.

(2) A fundamental principle of the multiscale two-fluid approach is the subgrid scale modeling of
unresolved flow structures via the transport equation for the interface surface area density ¥, Eq. (5).
The physical mechanisms, which are responsible for the interface production and destruction, and
which fall below the local mesh resolution, are considered in Eq. (5) as the subgrid scale source term
Ssas- Specifically, the contributions of turbulent flow stretching and wrinkling, along with the sub-
grid scale droplet interactions, involving droplet collision and coalescence, and secondary breakup
effects, are taken into account with the appropriate closure relations, summarized in Table III. The
SGS models are a function of the characteristic timescale tsgs and the critical interface surface area
density X at an equilibrium state between interface production and destruction. The modeling
assumptions and the validity of the SGS models are discussed below.

(i) The turbulence term utilizes the Kolmogorov timescale. The accurate closure of the critical
Weber number We;, , [58], which expresses the balance between the liquid kinetic energy and the
liquid surface energy at equilibrium state, requires a case-dependent calibration using DNS results.
However, considering the significant computational cost, a viable compromise is to set the critical
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FIG. 12. Demonstration of the upper limit for the secondary droplets’ diameters modeled within the diffuse
mist, using a computational mesh with a resolution of 100 and 200 cells per original diameter. Illustrated in
blue are the secondary droplets inside the mist, captured with both mesh resolutions. Illustrated in red are the
droplets that are modeled inside the mist with the coarse mesh but are resolved by the mesh resolution with the
fine mesh, shown inside the green box. The arrows point to areas where the coarse mesh detects fragments due
to the unresolved interface sharpness.

Weber number value equal to 1, even though it may result in a minor underestimation of the effect
of turbulence on interface formation, as shown in the DNS study of Duret et al. [69] for the primary
atomization of a subsonic spray.

(i) The collision and coalescence model is based on the particle collision theory [58]. The major
assumption concerns the characteristic velocity of collision between the colliding droplets, which
is described as a function of the turbulent kinetic energy and has been used in subsonic liquid spray
atomization simulations [58,70]. Due to the lack of any sufficient information regarding the subgrid
scale particles and since collision is mainly turbulence driven, the proposed model is acceptable in
the present simulations.

(iii) The secondary breakup model is based on the model of Pilch and Erdman [10], developed
for Weber numbers up to 10*. The secondary breakup effects are driven by the mean relative phase
velocity [58], which is available within the two-fluid model formulation; thus the relative velocity
is directly obtained from the numerical model without the need of further modeling assumptions.

(3) The dynamic switching from a sharp to a diffuse interface approach and vice versa, following
the implemented criteria in the flow topology detection algorithm, is bounded by the local mesh
resolution. In other words, the characteristic dimension, that establishes the resolution capabilities
of the multiscale framework and determines which flow structures will be fully resolved and which
will be modeled as subgrid scale phenomena, is an external user-defined parameter. Specifically,
in the present aerobreakup simulations, the mesh resolution of 100 cells per initial diameter causes
droplets with diameters greater than 19 um to be resolved with the sharp interface approach, while
the finer mesh of 200 cells per initial diameter allows for more droplets with a minimum diameter
of 9.5 um to be captured by the local mesh resolution. However, even though the upper limit for
the secondary droplets’ diameters modeled within the diffuse mist is different for the coarse and the
fine mesh, the droplets with diameters in the range of 9.5-19 pum, which are captured by the fine
mesh resolution, are not excluded in the coarse mesh predictions. As shown in Fig. 12, in the region
where the fine mesh detects mesh-resolvable fragments, detached either from the droplet back side
or the droplet equator, the coarse mesh identifies the largest-scaled secondary droplets within the
diffuse mist.

This switching mechanism operates well with moderate mesh resolutions in multiscale flows
like the droplet aerobreakup problem, in which the sizes of the initial coherent droplet and the
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FIG. 13. Volume concentration of the dispersed region over the total volume of the water phase for a mesh
resolution of 100 (red solid line) and 200 (blue solid line) cells per initial droplet diameter. The green vertical
lines correspond to a decrease for the width of the deforming droplet by 10%, 25%, and 50%.

firstly formed fragments have a difference of approximately two orders of magnitude. However, in
flow fields with structures, covering the complete range between microscales to millimeter sizes,
the switching mechanisms should be improved. Part of the ongoing research is the coupling of
an adaptive mesh refinement algorithm with the sharp interface formulation in order to accurately
capture the intermediate-scaled structures that are part of the sharp interface formulation, and the
original moderate mesh is insufficient to resolve.

Overall, the mesh dependency of the switching criteria does not imply a mesh-dependent
numerical solution in the aerobreakup simulations. A mesh independence investigation is shown in
Fig. 13, comparing the development of the dispersed region over time for the three examined cases
of Table II, using a computational mesh of 100 and 200 cells per initial diameter. For consistency
between the two mesh resolutions, the coarser simulation of 100 cells per diameter includes droplets
up to 9.5 um, which corresponds to the local mesh resolution and, thus, the upper limit for the
dispersed region resolution with the finer mesh. In cases 1 and 2 very good agreement between the
different mesh resolutions is observed, while in case 3 a small deviation of about 10% is noticeable
at the early stages of aerobreakup. Considering that any small deviation is enhanced by microscale
droplets below 1 pm, it is safe to conclude that the proposed numerical method is independent of
the computational mesh.

(4) A quantitative validation for the mist dynamics and the sizes of the underlying secondary
droplets is restricted by the visualization capabilities inside the dense mist. In the experiments of
Theofanous [16] and Theofanous er al. [22], the utilized camera resolution of 5 wm/pixel does
not allow for the quantification of smaller droplet sizes, which are illustrated as a dilute cloud of
undefined and shapeless structures. Thus, the extraction of any information regarding the droplet
sizes inside the dense mist is not feasible in the available experimental visualizations. To the
best of the authors’ knowledge, size distributions for the produced fragments after the droplet
aerobreakup are available in the literature to date, but only in experimental studies of moderate
droplet fragmentation cases [27-31] in the transition zone between the RTP and SIE regimes. In
these cases, the fragments form as a part of a distinguishable liquid trace behind the deforming
droplet and not as individual small structures inside a dense and hazy cloud; thus the visualization
of the underlying structures is significantly more pronounced, and a quantitative analysis of the
produced fragments is achievable with the use of advanced visualization techniques.
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