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The aerobreakup of liquid drops along the stagnation streamline of flat-faced, high-speed
projectiles (3.03 < M, < 5.12) was studied in Dworzanczyk et al. [1]. In that work, the authors
provide a database of computational and experimental results. The length and structure of
the drop wake region is analyzed in more detail in this paper. Computations were performed
with and without viscosity and surface tension; these results show that these parameters don’t
change the wake structure significantly. This indicates that the Weber and Reynolds numbers
may not be the most meaningful nondimensional numbers in this application. However, the
structure of the wake was observed to be strongly dependent on the local Mach number of
the flow, in the drop frame of reference. The computational and experimental results show
that Mach number has a pronounced effect on two fundamental aspects of the flow: the flow
expansion angle around the droplet geometry and the underlying stability characteristics of
the shear layer. That is, there is a stabilizing effect of increasing Mach number where the local
Mach number is in the 1-2 range.

I. Nomenclature

ag = sound speed of the gas
heat capacity ratio

\<
1]
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d = instantaneous drop diameter

do,D = (initial drop diameter

L = wake length

M = Mach number

M,rr = Mach number of the gas immediately behind the projectile bow shock in the drop reference frame
M, = Mach number of the projectile

He = dynamic viscosity of the gas

P, = pressure of the gas immediately behind the projectile bow shock

02 = density of the gas immediately behind the projectile bow shock

Pd = drop density

Pg = gas density

Resr = Reynolds number of the gas immediately behind the projectile bow shock
Rep = Reynolds number of the liquid flow within the drop
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o = Surface Tension

T = temperature of the gas immediately behind the projectile bow shock

T = non-dimensional time

t = time

te2 = characteristic breakup time

Ua = gas velocity, relative to the drop velocity

Weas = Weber number using properties of the gas immediately behind the projectile bow shock

II. Introduction

Aerobreakup, or the process by which a liquid mass is aerodynamically deformed and degraded by a high-speed
gaseous flow, is a necessary consideration for a variety of modern engineering problems. This includes the modeling of
liquid molt in metal powder manufacturing [2-4], liquid fuel in high-speed combustion/detonation [5H7]], and liquid
precipitation in high-speed-vehicle/weather encounters [1, [8H14]]. This effort specifically, is performed in the context of
high-speed weather encounters.

Studies of aerobreakup are often classified via the Weber number, expressed as We 4 = (p, Uf\do) /o. Here, the
Weber number nondimensionalizes the magnitude of the expected destructive aerodynamic forces on the drop by
that of the stabilizing surface tension forces at the gas-liquid interface. As the Weber number increases, the effects
of surface tension become dwarfed by the increasingly violent aerodynamic effects. Pilch and Erdman [15] gives a
thorough review of the expected behavior of a liquid mass experiencing low Weber aerobrerakup (We < 350). At
higher Weber numbers, however, the literature begins to reveal discrepancies in the predicted breakup modes and
mechanisms. This led some researchers to posit that in cases of extremely violent aerobreakup, the Weber number
alone is insufficient in determining the breakup behavior/mechanisms [1]]. As a result, this study will consider effects of
gaseous compressibility (expressed via the Mach number, M4 = Ua/a,), gaseous viscosity/turbulence (expressed via
the Reynolds number, Re4 = po,Uado/ ), and the acceleration of the liquid mass (expressed via the nondimensional
time, T = t/tcy = IUA\/p_g/dQ\/p_d).

Dworzanczyk et al. [1]] studied the aerobreakup problem via experiments and computations of individual, isolated
water drops on a series of flat-faced, supersonic projectiles (3.03 < M, < 5.12). This enabled the authors to record not
only the deformation and displacement of the drop, but also the evolution of the windward multiphase instabilities and
the shock structure development about the drop with good spatial and temporal resolution. The lack of experimental
obscurities allowed for near one-to-one comparisons with the simulations, providing further validation to the code. For
the purpose of predicting the aerobreakup of individual drops, Dworzanczyk et al. [1] provides a useful analysis. In
practical application, however, it is likely that the subject of the aerobreakup problem will not be a single drop, but
rather a cloud liquid drops. In this case, the downstream drops may not experience the same freestream flow field that
processed the upstream drops. Hence, to capture the effects of aerobreakup as it pertains to a collection of liquid drops,
the modification of the downstream flow by upstream drops must be studied.

In this paper, we utilize the dataset provided by Dworzanczyk et al. [1] to perform a preliminary analysis of the
wake region of liquid drops during aerobreakup. The wake dynamics were not examined in detail in the original work;
however, the observed wake length exhibited a strong dependence on Mach number, a trend captured consistently in
both the simulations and the experiments. The present paper offers a preliminary investigation aimed at elucidating the
flow physics underlying this highly complex multiphase wake. The paper provides a brief overview of the experimental
setup and the numerical modeling approach, followed by a comparison of the experimental flow visualizations with
the simulation results. It concludes with a discussion of potential mechanisms responsible for the observed short- and
long-wake behavior.

ITI. Experimental and Computational Design

Dworzanczyk et al. [[1]] recorded high-speed shadowgraph of the aerobreakup and impingement of liquid drops
(0.51 mm < dy < 2.30 mm) near and on the surface of a series of flat-faced, supersonic projectiles (3.03 < Mp < 5.12).
This was made possible through the use of a large-caliber electromagnetic launcher (EML), located in the Potomac
River Test Range at the Naval Surface Warfare Center Dahlgren Division [[16]. Some of the resulting shadowgraphs of
“Drop 3" are shown in Fig.[I|to provide context for further analysis.

The EML experiments were performed outdoors in a standard sea-level environment. Dworzanczyk et al. [[1] employ
a one-dimensional, reacting gasdynamics model to estimate the properties of the fluid within the shock standoff region
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Fig.1 Shadowgraphy of a liquid water drop before and after significant aerobreakup induced by the
high-speed gas proceeding a rightward-moving, supersonic projectile [1]. In both images, the red tick marks
denote millimeter increments, and both the dimensional and nondimensional time since the passage of the
projectile bow shock over the liquid drop are given in the bottom right and bottom left corners, respectively.
Notable features within the shadowgraphy are called out. The numbers 1 and 2 correspond to the points
immediately before and after the projectile bow shock.

of the projectile. In this study, we will consider only two drops—a high speed case (Drop 3) and a low speed case (Drop
6B). The relevant dimensional and nondimensional parameters are summarized in Tab.[I] To remain consistent with the
nomenclature of the original authors, the properties of the gas immediately behind the projectile bow shock are assigned
the subscript 2. Dimensional and nondimensional velocities that are estimated in the “laboratory reference frame," (or
measured relative to the velocity of the drop) are appended with “LF" in the subscript.

Numerical models[[10} (11} [1°7, [18]] were also used in conjunction with the experimental setup to further the depth of
data analysis. A viscous five-equation model was adopted from Allaire et al. [19]. This equation uses a combination
of mass conservation, momentum, energy, and non-conservative volume fraction equations to properly solve for the
multiphase nature of droplet breakup. This model offered good comparisons with high Mach number experimental
instability data, further reinforcing its viability within this research.

The equations of the previously mentioned model were solved using a fifth-order weighted compact nonlinear
scheme developed by Wong et al. [20]. This solver utilizes a higher-order flux and variable reconstruction, positively

Drop | Mp dy | Uur T P 02 My Weay  Rea
) () (mm) | (ms) (K) (kPa) (kg/m®) | () ) )

3 5.12 1.87 1461 1639 3138 6.62 1.86 3.69¢5 3.07e5
6B 3.03 1.27 790 793 1071 4.68 142 5.17e4 1.28e5

Table 1 Relevant aerobreakup conditions reported by Dworzanczyk et al. [1]
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preserving the limiting procedure, and a first-order Harten-Lax-van Leer contact Riemann solver. The viscous terms are
then discretized by using a regular centered second-order finite difference discretization. A Runge-Kutta method is also
used for time integration.

An immersed boundary method [21H23]] is utilized to simulate the experiment. A perfect gas flow field over the
projectile is computed, which allows a shock to form. A drop is then placed in front of it, and the resulting aerodynamic
characteristics are recorded. Adaptive mesh refinement is used for computational efficiency. 12 refinement levels and
150 grid points per diameter were used for the simulation’s resolution.

IV. Wake Dynamics

In Fig. 2] we present drop shadowgraphs from the experiment and computations for Drops 3 and 6B. A numerical
shadowgraph is obtained by painting the three-dimensional 0.1% water volume fraction contour black to mimic what the
camera sees. An inverse correlation of wake length to Mach number is visually apparent in Fig.[2]and is captured in
both the experiments and the simulations. The close agreement between the experiments and simulations provides
some confidence that the simulations can capture the dominant flow physics driving the aerobreakup mechanisms.
Hence, as the differences in the wakes between Drop 3 and Drop 6B are consistent between both the simulations and the
experiments, we can use the simulation results to gain further insights into the dominant flow physics.

An additional qualitative difference between Drop 3 and Drop 6B is the opacity of the wake. For the higher-
Mach-number Drop 3 case, the wake appears significantly less opaque in the experimental shadowgraphs, whereas the
lower-Mach-number Drop 6B wake remains comparatively opaque. Since the numerical shadowgraphs are generated by
thresholding the liquid volume fraction, variations in optical transparency cannot be represented. The reduced opacity
observed for Drop 3 may therefore indicate possible phase transition, the presence of evaporation, or a transition toward
supercritical fluid states in the wake, which are not accounted for in the present model. While this interpretation is not
conclusive, it points to thermodynamic effects that may become relevant at higher Mach numbers.

(a) Drop 3 (Mpr.F = 1.86)

I Il

-y

(b) Drop 6B (M3 1.42)

Fig. 2 A comparison of experimental (top) and computational (bottom) shadowgraphy for Drop 3 (a) and Drop
6B (b) over a range of nondimensional times. The projectile is moving from left to right, and the nondimensional
time for each comparison is given in the bottom right corner. Computational shadowgraphs are made by
visualizing a 0.1% liquid volume fraction.

The wake length versus time for Drop 3 and Drop 6B is shown in Fig. [3a] for experiments and computations, with
nominal agreement. The wake length is normalized by the instantaneous drop radius (L(2/d)). When plotted this way,
the ordinate will be equal to the cotangent of the flow angle. Hence, when the ordinate remains at a constant value, the
flow angle must also be constant, and geometric self-similarity can be inferred. The time scale is normalized by the
kinematic timescale, Uarr/dp. This implies that the wake constituency is nearly following the streamlines of the flow.
Drop 6b grows linearly until mass shedding at tU; r/dy = 10. The Drop 3 wake length appears to be self-similar, as
L(2/d) ~ constant. The self similar versus linear growth between the low and high Mach number cases indicates a
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Fig.3 The observed wake length, normalized by the instantaneous drop radius, plotted over nondimensional
time (a). An experimental shadowgraph of Drop 3 undergoing aerobreakup (b). The mist leading edge (MLE),
drop equator (DE), and mist trailing edge (MTE) are called out. A vertical red line splits the horizontal position
of the two drop equator points. The horizontal distance from the drop equator to the MTE will be defined as the
wake length (L).

strong parametric effect worthy of further inspection.

Fig. E| shows three water volume fraction contour lines with volume fractions of 0.1%, 1%, and 10% in a cut-plane
through the center of the drop for the Drops 3 and 6B. It appears that the wake for the lower Mach number case breaks
up more quickly which subsequently significantly alters the downstream wake flow features. We can gain some insights
into what physical mechanisms are dominant when considering the limitations in the flow physics that can be captured
with the current simulation approach. The current simulation approach does not account for surface tension effects, thus,
surface tension effects can be disregarded, which also means the Weber number will not be a relevant flow parameter to
explain the differences in the wake dynamics. Furthermore, it was observed that when comparing viscous versus inviscid
simulations the wake dynamics are not significantly altered. Moreover, the grid resolution in the current simulation
is not sufficient to properly capture the thin boundary-layer flow around the drop, a difficult task with a Cartesian
grid-based method. Hence, it can be assumed that viscous effects are likely not to dominate the behavior observed in
the simulations/experiments. However, it should be noted that even though a higher-order fifth-order accurate scheme
has been used, numerical dissipation through the discretization of the convective terms will affect the small-scale flow
features effectively acting as an implicit filter.

The only remaining parameter is the Mach number. Therefore, although the differences in Mach number are only
approximately 25%, it appears that the Mach number could be an important parameter affecting the dynamics of the
wake flow. The obvious question to be answered is: How could such a small difference in Mach number cause such a
strong effect on the wake dynamics? To understand this, the full Mach number distribution around the drop needs to be
considered, in particular, the Mach number distribution in the wake region. The inset of Mach number at 7 = 0.25
in Fig.[4] a time instant before the wake has started to break up, clearly shows that the Mach number in the wake of
Drop 6B is substantially lower than for Drop 3. Established stability analysis results for wake flows seem to be able
to give a reasonable explanation about the dynamics observed in the wake of the drops. In several stability analyses
of wake and shear-layer flows over a wide range of Mach numbers, it has been shown that the Mach number has a
stabilizing effect on wake instabilities [24H26]. These studies also show a rapid reduction of the growth rates in the
Mach number range 1-2 which falls within the Mach number ranges relevant for Drops 6B and 3, as My, = 1.42,1.86.
Part of the explanation for the differences in wake dynamics is that the wake structures observed for the low and high
Mach numbers are affected by the stabilizing influence of increasing Mach number (or compressibility effects) on
the shear-layer instabilities that form in the drop’s wake. As the Mach number increases, these instabilities become
progressively more stable, leading to an inherent delay in the onset of wake breakup.
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Fig.4 Comparison of Drop 3 and Drop 6B wake development through visualization of water volume fractions.

In addition to the Mach-number—dependent stability characteristics of the shear layer, the flow expansion around the
droplet is also significantly altered. As discussed in [27H29] the expansion angle depends strongly on both Mach number
and base pressure. To assess this effect, we conducted numerical simulations using the GPU-accelerated CHAMPS+
CFD solver [30] considering a perfect-gas flow with y = 1.4 and Rep =~ 50,000 (lower than in the droplet experiments
and simulations) around a smooth sphere at various Mach numbers. Although the Reynolds number is too low to
produce rapid shear-layer breakup (even in the lower Mach-number case), the results clearly show that the expansion
angle is influenced by Mach number: at higher Mach numbers, the flow exhibits a noticeably larger expansion angle.
Fig. E]presents Mach-number contours and surface-pressure distributions for the cases with M = 1.25, 1.5, 1.75, and
2.0. The flow expansion around the crest of the sphere is clearly evident in the Mach-number fields. While these
perfect-gas, smooth-sphere simulations cannot capture the full complexity of a multiphase gas—liquid wake, such as
variations in specific heat ratio (even if modest), changes in droplet shape during breakup, or the presence of a non-zero
wall-velocity boundary layer, the dominant Mach-number effect on flow expansion is expected to persist.

V. Conclusion

A preliminary analysis of the wake region behind a liquid drop during high-speed aerobreakup is performed. The
shadowgraphy of Dworzanczyk et al. [1] is analyzed and compared to simulations with good qualitative and quantitative
agreement. The differences in the wake lengths and shear-layer instabilities of a high-Mach number case (Drop 3) and a
low-Mach number case (Drop 6B) are analyzed. Despite changes in the drop diameter, geometric self-similarity is
observed, providing evidence that the macroscopic wake behavior is strongly dependent on the local Mach number
of the flow, in the drop frame of reference. Volume fraction contours of the simulations of Drop 3 and Drop 6B are
directly compared. Differences in the wake flow are attributed to the strong influence of Mach number on both the flow
expansion angle about the equator of the drop and the stability of the shear layers. This was further demonstrated with
the removal of all liquid phenomena in the computations of supersonic flow about a hard sphere. Increasing the Mach
number in the low-supersonic range (M1 = 1 —2) results in both larger expansion angles and greater shear-layer wake
stability, and thus a shorter wake.
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Fig. 5 Cut planes showing Mach number contours and surface pressure contours at different Mach numbers.
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