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INTERACTION OF HYPERSONIC VEHICLES WITH LIQUID HYDROMETEORS

1. INTRODUCTION

1.1 Background

1.1.1 Clouds and Hydrometeors

About 99% of the water content in the atmosphere is contained within its lowest layer which extends
from the surface to an altitude of about 8 km above the poles and approximately 18 km over the equator. [1]
Condensation of water vapor in this layer known as the troposphere creates clouds which cover the planet
and play a key role in atmospheric weather. Satellite imaging of clouds over the years has demonstrated that
the global cloud fraction is approximately 55% over land and around 72% over the ocean with some seasonal
variation. [2]. Figure 1 displays the mean spatial distribution of cloud fraction over the planet during 2019
derived from satellite observations. [3]

Fig. 1—Yearly mean cloud fraction generated from measurements recorded by the Moderate Resolution
Imaging Spectroradiometer onboard Aqua satellite during 2019. Cloud fraction is defined as the portion
of each pixel that is covered by clouds. Colors range from dark (no clouds, cloud fraction of 0) to white
(totally cloudy, cloud fraction of 1).

Condensed water particles in clouds are known as hydrometeors and exist in liquid, solid, or mixed phase. [1, 
4] The distribution of hydrometeors within a cloud is a function of altitude, with liquid particles exclusively
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existing between the surface and 4.5 km, a mixture of liquid, solid, and two-phase particles appearing in a
transition region between 4.5 - 7 km, and nearly only solid particles surviving at altitudes between 7 - 18
km. [5, 6]

Hydrometeors can be further classified as cloud or precipitating particles depending on their size and motion
behavior. Cloud particles are relatively small and are constantly suspended by updrafts in the atmosphere.
Precipitating particles on the other hand are much larger and cannot be supported by updrafts so they fall to
the ground. [4] Examples of cloud particles include cloud droplets, which have a characteristic diameter of
about 20 microns, and ice crystals which tend to be tens of microns to a few hundred microns. [4] Raindrops,
snowflakes, graupel, and hail are all examples of precipitating particles and range in size from a few hundred
microns to a few centimeters. [4]

1.1.2 Formation of Hydrometeors

When warm and unsaturated moist air rises to regions of lower pressure in the atmosphere, it expands
adiabatically and cools down. In this process, damp air becomes saturated initially but if the ascent is
continued to sufficient altitudes, supersaturation1occurs and water vapor condensation takes place. [7, 8]
Condensation proceeds through a process known as nucleation in which molecules aggregate to form clus-
ters. [9] Nucleation is heterogeneous when the agglomeration of molecules occurs onto an existing surface
or impurity and homogeneous when the grouping only involves gas molecules. [9, 10]

Condensation of water in the atmosphere happens exclusively through heterogeneous nucleation and occurs
onto aerosol particles such as clay, sea salt, sulfate, and organic matter. [7, 9, 11] These particles are known
as cloud condensation nuclei and exist in varying number concentrations from 2,000-5,000 per cubic meter
and have diameters between 0.02 - 0.2 microns. [7, 9] Small cloud droplets are therefore born around small
impurities in the atmosphere and upon birth have a characteristic diameter of approximately 20 microns. [12]

After their initial formation, cloud droplets may increase in size and become raindrops through coagulation
and/or gas-to-particle conversion processes. [9] Coagulation involves more than one particle and occurs
when droplets collide and coalesce to form larger particles. One example of a gas-to-particle conversion
process that results in droplet growth is water vapor diffusing to its surface and condensing. [9] From the
initial condensation nucleus all the way to the formation of a raindrop, droplet size and terminal velocity
increase considerably as shown in Table 1. [12]

Table 1—Typical sizes and terminal velocities of liquid particles in clouds. [12]

Particle Diameter, µm Terminal Velocity, m/s
Typical Condensation Nucleus 0.2 0.000001

Typical Cloud Drop 20 0.01

Cloud Drop/Raindrop Conventional Borderline 100 0.27

Typical Raindrop 2000 6.50

Ice particle generation in the atmosphere requires air to be saturated and can occur through homogenous
or heterogenous nucleation depending on temperature. [10, 13] Homogenous nucleation of ice particles will

1Supersaturation is defined as the ratio of actual vapor pressure to the equilibrium saturation value corresponding to the local
temperature.
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occur in the atmosphere at temperatures below −35◦C. Heterogenous nucleation takes place at warmer
temperatures up to 0◦C but requires the assistance of insoluble aerosols such as biological particles, minerals,
and soot. [12, 13] These aerosols known as “ice nuclei”, have a molecular spacing and crystallographic
arrangement similar to the hexagonal structure of ice which facilitates the ice phase initiation in water. [8, 12]
Once initial ice particles have formed through nucleation, they can grow to become crystals, snowflakes, and
other forms of solid precipitation through different mechanisms described elsewhere. [8, 14]

1.1.3 Hydrometeor Size Distributions

Cloud drops are essentially spherical but raindrops have shapes ranging from oblate to asymmetric
spheroids. [15] This is a natural consequence of cloud drops being gently suspended by atmospheric up-
drafts and raindrops experiencing significant aerodynamic forces as they accelerate towards the ground.
Despite having different shapes, the main parameter used by researchers to characterize cloud drop and
raindrop size is droplet diameter.

The typically accepted size demarcation between cloud drops and raindrops is 0.1 mm, with raindrops having
diameters larger than that benchmark value. [6, 16] Raindrop measurements have shown these hydrometors
can reach diameters up to 5 mm but larger sizes are not observed because they are torn apart prior to reaching
the ground. [6, 16]

Within that 0.1 - 5 mm diameter range, raindrop size distributions have been extensively characterized by
researchers using meteorological data and mathematical models. [6, 17–20] Among those, Tattelman and
Willis developed and validated a model for droplet size distributions applicable up to 20 km in the atmo-
sphere based on high-intensity rainfall measurements obtained during aircraft research of Atlantic hurricanes
and tropical storms. [6] The basis of their model was the gamma distribution function shown in Eq. (1) where
D is the droplet diameter, NO is the concentration parameter, α is the curvature parameter, and Λ is the slope
parameter. [20] Expressions for these parameters are provided in Eq.(2-4) below and were established by
Tattelman and Willis by fitting a normalized distribution which included the entire data set collected at four
flight altitudes (150, 450, 1500, and 3000 m). As shown in Eq.(2) and Eq.( 4), the concentration and slope
parameters are a function of the median volume diameter DO which is obtained for a given liquid water
content M (g/m3) as shown in Eq.(5). If the liquid water content at a certain altitude is known, Eq.(1) can
be used to predict the corresponding droplet size distribution at that altitude.

N(D) = NO D
α

exp(−ΛD) 0 < D < Dmax (1)

NO =
512.85M ·10−6

D4
O

(
1

DO

)2.16

(2)

α = 2.16 (3)
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Λ = 5.588/DO (4)

DO = 0.1571M0.1681 (5)

Strict guidelines on climatic information are provided in the MIL-STD-210C standard to determine design
and test requirements for military systems and equipment that must operate at altitude. [5] Specifically, this
standard establishes that military equipment must be designed to operate at all rainfall conditions aside
from extreme conditions occurring less than 0.5% of the time. [5] The highest rainfall rate observed at this
reference frequency is reported by the military standard to be 0.6 mm/min based on surface measurements
recorded in northeast Brazil and east India. [5]

Research on vertical radar reflectivity with altitude has shown that when high precipitation rates reach the
ground, rainfall rate and precipitation water content are reasonably constant from the surface up to about 6
km and decrease above that altitude. [21, 22] For the extreme surface rainfall rate of 0.6 mm/min occurring
0.5% of the time, the corresponding precipitation water content is 1.6 gm/m3. [5] Using this reference value
to define the liquid water content M in Eq.(5), the correlation developed by Tattelman and Willis presented
above can be used to determine a relevant and characteristic droplet size distribution a military vehicle may
encounter in the lower troposphere.

Fig. 2—Droplet size distributions predicted using correlation by Tattelman and Willis for altitudes
between 0 - 8 km (left), percentile statistics for predicted droplet size distributions (right).

Figure 2 displays the droplet size distributions predicted with Eq.(1) for altitudes between 0 - 8 km. This
altitude range was carefully selected based on the available data to avoid higher altitudes where the atmo-
spheric temperature drops below −10◦C and any condensation transitions to ice exclusively. Note also that
the results presented in this figure are provided in number of droplets ND per m3 per mm size.
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As expected, the droplet size distributions obtained at altitudes between 0 - 6 km in Figure 2 are identical
because the precipitation water content remains constant in that altitude range. At a slightly higher altitude
of 8 km, the droplet size distribution obtained is qualitatively very similar to the results obtained for the 0 - 6
km range but shows a slight decrease in the droplet population for every droplet size as a result of a modest
decrease in precipitation water content. Both distributions presented in Figure 2 however peak at around the
same droplet size (0.5 - 1 mm). Finally, note that the smallest raindrop size in these distributions is 0.1 mm
because the model by Tattelman and Willis is only applicable for raindrops larger than that threshold value
and any droplets smaller than that value are non-precipitating cloud drops.

Additional insight from the droplet size distributions can be obtained by visualizing the results in terms of
percentiles. The bar chart in Figure 2 provides this information and shows how for altitudes between 0 -
6 km, droplets with sizes between 0.1 - 0.5 mm comprise 22% of the total droplet population. Similarly,
62% of the droplet population has diameters between 0.1 - 1.0 mm and 95% has diameters between 0.1 - 2.0
mm. The percentile results obtained for the droplet size distribution at 8 km altitude shows a very similar
behavior.

1.2 Motivation

1.2.1 Hypersonic Glide Vehicle Trajectories

Transatmospheric boost-glide weapons are rocket-propelled to orbital and suborbital altitudes and then
glide at hypersonic speeds through the atmosphere to impact a ground target. [23] A representative boost-
glide trajectory calculated using HOTSHOT2for a 500 kg blunted cone launched from the ground using a
two-stage booster is shown in Figure 3 below. [24]

Fig. 3—Altitude and flight Mach number versus range for an exemplar boost-glide vehicle trajectory
(left), close up view of hypersonic vehicle terminal dive through troposphere (right). Red star indicates
start of terminal dive.

2High-Order Thermal Simulation for Hypersonics with Optimization of Trajectories (HOTSHOT) is a boost-glide trajectory
simulation tool with full 3-D transient thermal analysis capability developed at the U.S. Naval Research Laboratory.
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The first phase of the sample boost-glide trajectory illustrated in Figure 3 is a relatively short rocket-
propelled stage which ends with booster burnout and blunted cone (payload) separation at an altitude of
approximately 40 km. After this initial flight segment, the blunted cone enters a ballistic phase with a Mach
15 apogee at an altitude of approximately 90 km followed by a Mach 12 perigee at about 20 km. At this
point, the vehicle performs a pull-up maneuver to enter into a glide phase at an altitude of about 33 km and
Mach 10.5. The final flight phase is a terminal dive which begins very close to its target at an altitude of 20
km and Mach 5. As shown in the close up view of the trajectory in Figure 3, in this final flight segment the
vehicle enters the troposphere and decelerates sharply before impacting its ground target at approximately
Mach 3.5. Based on this notional BGV flight trajectory, note how atmospheric weather encounters with
liquid hydrometeors would therefore occur at flight Mach numbers in the 3.5 - 5 range at altitudes between
0 - 7 km.

1.2.2 Weather Encounters of Hypersonic Glide Vehicles

A large number of scientific and engineering efforts have sought to develop thermal protection tech-
nologies for hypersonic vehicle surfaces which are subject to extreme aerothermal heating during flight3.
However, the vast majority of those studies have been conducted under “ideal” weather conditions, i.e.
without considering the interaction of these surfaces and materials with atmospheric water particles found
specifically in clouds.

For a boost-glide hypersonic vehicle entering into the lower atmosphere prior to reaching its target, hydrom-
eteor encounters are a realistic mission threat because they can lead to undesirable vehicle surface erosion
with detrimental consequences ranging from reduced flight control to catastrophic failure. Although it is
safe to assume the likelihood of mission failure is high when collisions occur with large hydrometeors such
as snowflakes, graupel or hail, a more thorough analysis is required to evaluate the risk associated with
encounters involving smaller particles such as cloud droplets, raindrops, and ice crystals.

The main motivation of this work is therefore to improve our understanding of the fundamental physics
of droplet/shock layer interactions as shown in Figure 4. Liquid hydrometeors undergo deformation, mass
stripping, evaporation, and possibly shattering as they transit through this layer prior to reaching the vehicle
surface. [25] Understanding and characterizing these events is important because they will ultimately affect
key impact parameters such as hydrometer final mass, velocity, and shape. All of these are critical to
predicting the level of erosion a vehicle surface may suffer and additional knowledge about them will aid the
design of more robust hypersonic vehicles capable of being deployed in a wider range of weather conditions.

3The most recent Department of Defense effort on this front is the ongoing Materials Architecture and Characterization for
Hypersonics (MACH) program by the Defense Advanced Research Projects Agency (DARPA).
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Fig. 4—Schematic of atmospheric droplets interacting with bow shock of a hypersonic vehicle along the
stagnation line and below it.

1.3 Technical Objective and Approach

The overall objective of this work was to investigate the interaction of liquid-phase hydrometeors found
in clouds with a hypersonic vehicle flow field to help predict surface erosion and extrapolate possible aero-
dynamic performance degradation. For this purpose, the technical approach undertaken is summarized as
follows:

• Provide an assessment as to current state-of-the-art in the modeling of hydrometeor-induced erosion,

• Identify best practices for characterizing the interaction of droplets with curved shock waves,

• Generate a data set of relevant water droplet trajectories and demise in supersonic and hypersonic
flows generated in a laboratory environment,

• Demonstrate the ability of high-resolution numerical simulations to reproduce droplet demise in a
hypersonic environment.

These issues will be discussed in greater detail throughout the remainder of this report.
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2. THEORY AND PREVIOUS WORK

Prior to impacting the surface of a hypersonic vehicle, liquid hydrometeors interact with a shock layer
and are subject to deformation and breakup. A discussion of vehicle surface erosion due to atmospheric
weather encounters must therefore begin by analyzing that complex droplet/shock layer interaction. This
chapter starts with a brief summary of droplet breakup theory, provides an overview of previous experimental
efforts on droplet interactions with planar and non-planar shocks, and concludes with a section on physics
of droplet-induced erosion.

2.1 Droplet Aerobreakup

2.1.1 Weber Number

Liquid droplet deformation and shattering due to the sudden exposure to a high speed gas flow is known
as “aerobreakup” and has been thoroughly investigated in the literature. [26–31] Most of the experimental
work in this field has been performed using shock tubes which generate a moving normal shock and allow
for the assumption of one-dimensional flow. In that facility, after being traversed by a planar shock, an
initially stationary droplet experiences a large aerodynamic force due to the high dynamic pressure of the
post-shock flow. [32] The Weber number is a nondimensional parameter useful to quantify the magnitude of
that aerodynamic force relative to the tension force keeping the droplet together and is given by

We =
ρ2(U2 −Ud,0)

2D0

σ
(6)

where

ρ2 is the gas density behind the shock

U2 is the gas flow velocity behind the shock

Ud,0 is the initial droplet velocity before being traversed by the shock

D0 is the initial droplet diameter before being traversed by the shock

σ is the surface tension of the droplet evaluated at conditions upstream of the shock.

For a water droplet in a flowfield where the Weber number is larger than one but less than a critical value,
the droplet will deform as a result of the aerodynamic force exerted by the flow but will not break. [33]
Experimental research of droplets exposed to high velocity gas flows has shown that the critical Weber
number for droplet breakup is governed by the Ohnesorge number which relates droplet viscous forces to
inertial and surface tension forces as shown in Eq. (7). [29]

On =
µd√

ρdDσ
(7)

Here, µd is the dynamic viscosity of the droplet, ρd is the droplet density, and D is the droplet diameter.
The critical Weber number Wec has been found to correlate well with the Ohnesorge number through Eq.(8)
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below. [34] Water droplets with diameters between 0.1 and 2 mm have Ohnesorge numbers between 0.0027
and 0.0118 and corresponding critical Weber numbers between 12.001 and 12.011.

Wec = 12
(
1+1.077 ·On1.6) (8)

At Weber numbers larger than this critical value, five distinct droplet breakup modes have been identified
experimentally for water. Figure 5 summarizes these modes and includes the Weber number range typically
associated with each of them. [29, 33]

Fig. 5—Breakup modes of water droplets observed experimentally. [29, 33] Schematics from
Bergeles. [35]

2.1.2 Interfacial Instabilities

There are two main interfacial instabilities involved in droplet aerobreakup: Rayleigh-Taylor (RT)4and
Kelvin-Helmholtz (KH)5instability. [31] The interface between the forward stagnation point of a droplet or
equator and the high speed air is susceptible to RT instability, while the KH instability plays a more dominant
role away from the stagnation point and closer to the droplet poles. Droplet breakup modes in Figure 5 are
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governed by those instabilities and can be divided into two main regimes based on whether gas flow goes
through the droplet or around the droplet. [31] Breakup modes where droplet flattening occurs followed
by unstable wave penetration belong to the Rayleigh-Taylor Piercing (RTP) regime while modes involving
droplet surface peeling or shedding are associated with the Shear-Induced Entrainment (SIE) regime. [31]
Various analytical droplet breakup models have been formulated in the literature based on RT and KH
instabilities. [36]

2.2 Interaction of Droplets with Vehicle Shock Layers

Droplet encounters with a hypersonic vehicle can occur at the nose, along a planform surface, or an
afterbody leading edge. Droplet interactions can therefore occur with a planar shock at the stagnation
region of the nosetip or a non-planar shock everywhere else. Due to the non-uniform shock layer flowfield
surrounding the vehicle, the range of Weber numbers of interest is large. Factor in different droplet sizes
and that range becomes even broader.

To illustrate this point consider an analysis similar to the one performed by Reinecke el al. where droplets
with diameters of 0.1 and 2.0 mm interact with the hypersonic shock layer of a blunt cone at the nose and
afterbody regions. [33] Assuming this vehicle is flying at Mach 4 at an altitude of 5.39 km and the cone half-
angle is 5◦, the corresponding Weber numbers for each droplet at each shock layer region are summarized
in Table 2.

Table 2—Sample Weber numbers for droplets interacting with hypersonic vehicle shock layers.

Nose Shock Layer Afterbody Shock Layer
Droplet
Size

Normal Shock Mach Number Weber
Number

Equival. Normal Shock Mach Number Weber
Number

mm - - - -

0.1 4.00 4,235 1.03 0.3

2.0 4.00 84,702 1.03 6

From the above, notice the large Weber number difference between droplets interacting with the shock layer
in the nose and the afterbody region of the cone. More importantly, note how this range of Weber number
encompasses values both below and well above the critical Weber number for droplet breakup (Wec ∼ 12).

Research on droplet interactions with vehicle shock layers has therefore considered a large range of Weber
numbers and interactions with both planar and non-planar shocks. The following sections highlight some of
the experimental work performed in those areas.

2.2.1 Interactions with Planar Shocks

Multiple research efforts have experimentally investigated droplet breakup behind normal shocks for a
range of Weber numbers and shock Mach numbers. [26, 27, 30, 33, 37, 38] Most of those studies however

5Interfacial instability found when a light or less dense fluid is accelerated into a heavy or denser fluid. [31]
6Interfacial instability in parallel flows with different densities and velocities. [31]
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have been fundamental in nature and have focused on characterizing droplet breakup modes using the Weber
number as a main parameter. Less work has been performed on droplet interactions with normal shocks from
the perspective of weather encounters with the stagnation region of a hypersonic vehicle.

The Weber number is a useful tool to make an assessment of droplet breakup downstream of a shocked
flowfield, but it does not provide any temporal information about the demise process which is key to the
problem of weather encounters in hypersonics. The droplet break-up sequence in Figure 6 from the work
by Joseph et al. illustrates this point. Based on the Weber number modes summarized in Figure 5, for the
given Weber number of 43,330 in the experiments, wave crest stripping is predicted and is indeed observed
in the visualizations, but the expected full breakup (defined as absolute loss of droplet coherence) has not
occurred after 190 µs of test time.

In the context of a droplet penetrating a shock layer of a hypersonic vehicle, knowing how much progress
into the breakup process occurs prior to impact is critical to study the physics of the encounter and make any
erosion potential assessments. Specifically, it is important to determine the droplet break-up time and mass
history as it transits through the shock layer. Research on droplet interactions with planar shocks applied to
hypersonics have therefore concentrated on predicting droplet breakup time, mass history, and impact time
as summarized next.
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Fig. 6—Breakup sequence of a 2.5 mm water droplet exposed to the flow behind a Mach 3 shockwave.
Weber number = 43,330. Image sequence generated from data made public from [38].
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Droplet Break-up Time

The experimental work performed by Reinecke and Waldman in the early to mid 1970’s is to this day
one of the main references in the study of droplet behavior across shocks for application to hypersonic
vehicles. [25, 33]. In their initial work, they performed a series of shock tube tests where spherical droplets
with diameters between 0.5 and 2.5 mm were traversed by shocks moving at Mach 3, 6, 9 and 11 at pressure
altitudes of sea level, 20 k f t, and 40 k f t. [25] Qualitative observations of droplet behavior after shock
passage were gathered from shadowgraphs and quantitative assessments of droplet mass loss with time
were obtained using X-radiographs. The data collected was used to develop correlations to predict droplet
breakup time and mass history.

Fig. 7—Droplet breakup time data with correlations proposed by Reinecke (left), maximum dynamic
pressure factor Qm and shock Mach number Ms as a function of flow Mach number M2 behind the shock
(right). Plots adapted from [33].

Shadowgraphs from their experiments showed how upon initial exposure to the flow behind the shock wave,
spherical water droplets were flattened by the pressure differential between their stagnation point (equator)
and the top and bottom of the droplet (poles). [25] Following this initial deformation, mass stripping and
catastrophic droplet breakup were both observed throughout the tests.

Reinecke and Waldman described material stripping as a process which starts by air moving over the surface
of the droplet and dragging some fluid along with it. As this fluid reaches the poles of the droplet, it separates
and is swept away by the wake of the droplet as a fine mist. [25] Water particles removed in this stripping
process are very small and either evaporate or are absorbed by local streamlines moving away from the
vehicle body. [33]

Catastrophic droplet breakup is identified by a rapid growth of surface waves on the windward side of the
droplet which turns unstable when the amplitude of the waves becomes comparable to the dimensions of the
drop and ultimately tears the droplet apart. [25] Droplet fragments that remain after the droplet shatters may
be large enough to continue on a collision course with the vehicle or may continue to catastrophically break
until they reach a Weber number below the critical value. [33]
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Droplet mass histories after shock passage obtained from X-radiographs in their experiments indicated
that mass stripping occurred for all the test conditions evaluated and always preceded catastrophic droplet
breakup. Examination of droplet breakup times for Weber numbers between 60,000 - 700,000 showed that
mass stripping progressed further prior to catastrophic breakup with decreasing Weber number. Using flow
properties behind the passing shock, the initial droplet diameter Dd,0, and the droplet density ρl , Reinecke et
al. defined a nondimensional time T as shown in Eq.(9) and used this parameter to define a nondimensional
breakup time Tb occurring when t = tb.

T =
U2

D0

√
ρ2

ρd
· t (9)

With their experimental data, they then developed a correlation for Tb as a function of Weber number shown
in Eq.(10).

Tb = 45 ·We−0.25 (10)

Additional work performed by Reinecke a few years later tested water droplets with diameters between 50
- 300 microns and 500 - 2500 microns with shocks traveling between Mach 1.3 - 12.6 and Weber numbers
in the 50 - 95,000 range. [33] The droplet breakup time results from this investigation and the extensive
examination of experimental results obtained by other researchers led Reinecke to the conclusion that more
than one correlation for droplet breakup time was required to better fit low Weber number ranges and that his
initial correlation could be revised. He therefore proposed three new correlations for droplet breakup time
using the Weber number and a new nondimensional parameter Qm defined as the maximum value of the
ratio between the dynamic pressure of air at the droplet surface and the air flow dynamic pressure ahead of
the droplet. These three correlations and their ranges of applicability defined by Reinecke based on Weber
number are summarized below. [33] Note here that Reinecke used 8 as the critical Weber for breakup in his
correlations and therefore the breakup time predicted grows as the Weber number approaches this value.

Tb ·Qm
1/2 = 22(We−8)−1/4 We ≤ 1700

Tb ·Qm
1/2 = 0.013(We−8)3/4 1700 <We ≤ 2700

Tb ·Qm
1/2 = 35(We−8)−1/4 We > 2700

(11)

A plot showing these correlations and the experimental data Reinecke used to develop them is shown in
Figure 7 (left). [33] A figure illustrating the variation of Qm as a function of flow Mach number M2 behind
the shock is also provided in this figure (right). As a reference, note that for a hypersonic vehicle entering the
troposphere at Mach 4 such as the one described earlier for the analysis in Table 2, the flow Mach number
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M2 behind the shock in the nose region is approximately 1.55, which corresponds to a Qm value from Figure
7 of about 0.93. At higher flight Mach numbers and therefore higher shock Mach numbers Ms in this figure,
the approximate value of this parameter approaches 0.8 and its variation is relatively small.

In general, the results summarized in Figure 7 show that the nondimensional breakup time has a We−1/4 de-
pendence, except for a small section of the Weber number range between 1000 and 5000 where Tb increases
with Weber number. No physical explanation for this behavior has been found in the literature although two
separate experimental studies have reported similar observations in this regime. [26, 33]

Droplet Mass History

A mathematical expression for droplet mass history after shock passage was also suggested by Reinecke
et al. to be used with the breakup time correlations above and is provided in Eq.(12). [25] This relation
shows droplet mass m normalized by initial droplet mass m0 as a function of time t. According to the author,
Eq.(12) has no theoretical foundation but provides a reasonably accurate representation of the experimental
data obtained. [25]

m
m0

=
1
2

(
1+ cosπ

t
tb

)
(12)

Droplet Impact Time

Application of the droplet breakup time correlations and mass history equation to the analysis of hydrom-
eter encounters with hypersonic vehicles requires a prediction of the droplet impact time ti. This parameter
is defined as the time it would take a droplet to reach the vehicle after entering the shock layer. Knowledge
of this parameter is important because a comparison between ti and tb can provide additional insight into the
type of collision to take place. If ti < tb, the droplet will impact the vehicle before shattering and Eq.(12)
can be used to determine the final droplet mass at the time of impact (effective mass capable of inducing
surface erosion). Conversely, if ti > tb, catastrophic droplet breakup will occur before the encounter. In this
scenario, remnants from the shattered droplet may or may not pose a collision threat depending on their size
and how close to the surface the catastrophic breakup took place.

Estimating the droplet impact time ti requires knowledge of the droplet trajectory and the shock layer thick-
ness which is equal to the shock standoff distance, δ , if the analysis is performed using the stagnation point
as a reference. Droplet displacement measurements performed in shock tubes have shown that the constant
acceleration formula in Eq. (13) is applicable to this problem. [27, 28]

X = A ·T 2 (13)

From the equation above, X is the nondimensional droplet displacement defined by X = x/Dd,0, T is the
nondimensional time from Eq. (9), and A is a coefficient with a value defined differently by researchers. [27,
33, 39] Reinecke at al. suggested this coefficient could be related to the droplet Weber number based on the
examination of data found in the literature and provided the following formulas:
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Fig. 8—Graphical representation of droplet transit through shock layer at stagnation point used for impact
time calculations.

A = 0.252lnWe 12 ≤We ≤ 300

A = 2.966−0.268lnWe 300 ≤We ≤ 8000

A = 0.062lnWe We ≥ 8000

(14)

If the droplet displacement through the shock layer is obtained with Eq.(13) and the shock standoff distance
δ is estimated using a validated correlation such as the one recently proposed by Sinclair and Cui in [40],
the distance s between the moving shock and the accelerating droplet moving towards the vehicle shown
graphically in Fig.8 can be predicted using Eq.(15). From this last equation, note that Us is the shock speed
which is equal to the vehicle flight speed, U∞.

s =Us · t − x (15)

At the time of droplet impact with the vehicle, s = δ , t = ti, and x = xi in Eq.(15). The correlation for
droplet displacement provided in Eq.(13) can then be written in dimensional form at the time of impact as
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shown in Eq.(16). This result can then be substituted into Eq.(15) as shown in Eq.(17), which can then be
used to solve for ti.

xi

D0
= A ·

(
U2

D0

√
ρ2

ρd
· ti
)2

(16)

δ =Us · ti −
A

D0
·
(

U2

√
ρ2

ρd
· ti
)2

(17)

2.2.2 Interactions with Non-Planar Shocks

Fig. 9—Photographs of water droplets interacting with a projectile flying at 3.58 km/s (left) and zoomed
in view of droplets traversed by curved shock (right). Images adapted from [41].

Up to this point, the discussion of droplet breakup in hypersonic shock layers has only considered in-
teractions with planar shocks and is therefore only applicable to weather encounters with the stagnation
region of a vehicle i.e. nosetip or leading edge (when flying at a zero angle of attack). Downstream of the
stagnation region however, droplets will interact with a curved shock or a conical shock prior to impacting
a planform surface.

Key differences in the flowfield behind non-planar shocks in comparison to normal shocks influence droplet
demise aft of the vehicle stagnation region. Gradients across non-planar shocks are significantly more



18 Aguilera et al.

benign in comparison to normal shocks and will generate reduced aerodynamic loads on droplets. Three
dimensional flow relaxation downstream of a conical shock will also favor droplet survivability. On the
other hand, droplet transit times across shock layers downstream of the nosetip or leading edge are much
longer, allowing the droplet breakup process to advance further before a potential impact. Characterizing
the breakup behavior of a droplet across this complex flowfield is also important to determine the collision
conditions just before impact on vehicle surfaces other than the stagnation region.

Fig. 10—Droplet transit through conical shock layer of a projectile traveling at 990 m/s. Images adapted
from [42].

Fig. 11—Stereo views of droplet deformation and breakup due to interaction with conical shock. Images
adapted from [43].

From the experimental research on droplet encounters with non-planar shocks in the literature, the work
performed by Barber et al. provides some of the best high resolution visualizations of droplet interaction
with a curved shock. [41] In their work, the authors used a light gas gun to launch projectiles through streams
of falling drops with diameters in the 20 - 200 µm range. Using a Q-spoiled laser with a microscope camera
system, they collected observations in two projectile speed regimes: low speed (∼ 1 km/s) and high speed
(3.7 - 4.3 km/s). Figure 9 provides a sample image obtained by Barber of water droplets penetrating the
curved region of the bow shock for one of their high-speed projectiles.

When capturing high-speed images of a projectile collision with a column of droplets, the speed difference
between the projectile and the falling droplets is so large that the droplets appear to be stationary or frozen
in time as the projectile flies through them. From the zoomed in view of the droplets traversed by the curved
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section of the bow shock, notice how some droplet flattening begins to occur but no apparent mass stripping
is observed. Individual droplet shocks also appear in the image indicating supersonic droplet velocities
within the shock layer.

Fig. 12—Impact craters from liquid an solid hydrometeors from sled test experiments at Holloman Air
Force Base. The circles depict the size of the hydrometeors relative to the craters. Adapted from [48].

More recent experimental work on droplet interactions with non-planar shock flowfields was performed by
Moylan et al. at the University of Alabama ballistics range. [42] For their tests, a 12◦ cone with a 0.63 cm
nosetip radius was accelerated to 990 m/s before colliding with a simulated rain field with 1-2 mm droplets
generated with a custom-made dripper system. Figure 10 shows a sequence of high speed images capturing
droplet transit through the conical shock layer prior to surface impact. A distinct feature mentioned by the
author of these results is the expansion of droplet diameter with transit time. [42] Mass stripping is observed
in the last frame for a small cluster of droplets highlighted in a red circle. Post-impact droplet mist and
spherical waves are clearly seen emanating from the surface of the projectile. [42]

The most recent research performed on droplet interactions with non-planar shocks was conducted by Daniel
et al. at Sandia National Laboratories, who experimentally investigated water droplet deformation and
breakup behind conical shocks generated by 0.22 caliber bullets flying at Mach 4.5. [43] A comparison
done by the author of measured droplet break-up time against predictions from literature correlations was
in great disagreement, suggesting previous derived correlations using shock tubes and planar shocks is
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inadequate for conical shocks. One of the main conclusions from their study was that the three dimensional
relaxation of flow properties behind a conical shock causes a significantly different droplet response in
comparison to the flow step-change and no relaxation that occurs across a normal shock. [43] Figure 11
shows time-synchronized image sequences of droplet breakup captured by Daniel et al. for droplets with a
mean diameter of 192 µm traversed by the conical shock from their experiments.

2.3 Weather-Induced Erosion Studies

Droplet impacts on the nosetip or leading edge of a hypersonic vehicle can cause surface shape changes
that generate an undesirable drag increase or the development of hotspots that overwhelm the thermal man-
agement system. Aft of the vehicle stagnation region, continuous droplet impacts may cause surface rough-
ness changes and material loss that increase frictional drag affecting flight control or cause earlier boundary
layer transition. Understanding and predicting weather-induced erosion is therefore crucial to ensure the
airworthiness and mission success of a hypersonic vehicle are not compromised during flight.

Fig. 13—Schematic of droplet impact showing formation of compressed liquid region within droplet
an instant prior to lamella formation (top left), fluid ejection with lamella formation and detail showing
turning point (bottom left), redrawn plot with experimental data showing ratio of lateral jetting to impact
velocity as a function of impact velocity (right). Schematics adapted from [44, 49–51]

Droplet impact erosion is strongly dependent on multiple parameters that fall into two main categories:
impact conditions (collision speed, droplet size, impact angle) and surface characteristics (geometry and
material-specific properties). [44] Surface erosion is also a function of number of impacts, so its a time-
dependent phenomenon that proceeds in phases.7 [45, 46] Variable impact conditions, surface design, and
time dependency make characterizing erosion using metrics such as surface roughness increase and/or mass
loss rate extremely challenging.

An ideal test facility to study weather-induced erosion of hypersonic vehicles would allow accurate repro-
duction of flight conditions, simulate liquid and solid hydrometeors of relevant size, accommodate long and
variable model exposures, fit full scale models, enable impact surface heating, and allow post-test specimen

7The three phases of erosion are incubation (stress accumulation period), steady state mass loss (linear surface mass loss period),
and final erosion (significant mass loss period). [45, 46]
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Fig. 14—Shear stress (top) and normal stress (bottom) distributions as a function of time for liquid droplet
impact. Correlation of turning point location with stress maxima (right). Droplet diameter was 3.49 mm
and impact speed 2.97 m/s. Adapted from [51].

recovery. Unfortunately, there is no test facility available that can achieve all of these requirements and
therefore compromises must be made when attempting to investigate erosion experimentally. Among the
test approaches used in the literature, researchers have performed single drop impact testing using projec-
tiles in ballistic ranges, rocket sled experiments where a specimen is accelerated to high speeds through a
stream of droplets, and in-flight testing where an aircraft is flown through precipitating clouds. [15, 47] Each
one of these experimental methods has advantages and limitations as outlined by Gohardani and should be
used according to the desired level of evaluation (initial, extended, or complete) as recommended by Fields.
[15, 47]

Among the limited experimental data publicly available, one study of interest was a rocket sled campaign
performed at Holloman Air Force Base where erosion damage from high speed impacts of liquid and solid
particles was done for an ablative material being screened for a radome. [48] The test specimen was accel-
erated by the sled to 655 m/s and collided head-on with water particles in liquid and solid phase with a
diameter of 3 mm. Sample images of the surface craters induced by the impacts from both hydrometeors are
shown in Figure 12. One of the key findings from that study was that water drops and ice particles of equal
mass produced equivalent damage to the test sample.

Experiments like the sled test performed at Holloman Air Force Base provide valuable surface damage data
which is useful to inform the material selection for a hypersonic vehicle. However, no insight regarding the
liquid-solid interaction and the physical mechanism that drives the surface damage is available from those
experiments or has been documented in the literature for hydrometeor impacts at hypersonic speeds.

Given the absence of that key information, perhaps a reasonable starting point is to at least describe the
known physics of droplet impact at lower speeds from published research. The main mechanism known to
play a key role in the initiation of surface erosion from low speed droplet impacts is lateral jetting as shown
schematically in Figure 13. [44] Upon impact, a compressed liquid region is formed within the droplet and an
expanding shock front propagates away from the contact zone. [44] Pressure release from that compressed
region occurs through the lateral outflow or “jetting” of liquid parallel to the collision surface, a droplet
feature known as the lamella. [44] For droplet impact velocities between 100 to 1140 m/s, spreading velocity
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measurements of the lamella as it emerges have been found to be several times the impact velocity as shown
in Figure 13. [49, 50] The shear stress that results from this ejected fluid moving along the impact surface
at high speeds is responsible for the onset of surface erosion. [44] Shear stress measurements of droplet
impact have shown that the maximum shear stress propagates radially with the spreading lamella and its
position correlates well with the position of the turning point 8as shown in Figure 14. [51] Similar to the
shear stress, the peak normal stress induced by an impacting droplet (peak impact pressure) also propagates
radially with the spreading drop. [51] The key implication from these results is that the propagation of the
shear and normal stress maxima act to “scrub” and “press” the contact surface causing damage. [51]

8The point within the droplet where the liquid flow direction changes from the -z direction (perpendicular to the contact surface)
to the +r direction (radial direction parallel to the contact surface).
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3. ASSESSMENT OF THE POTENTIAL FOR EROSION MEASUREMENTS IN WIND
TUNNEL FACILITIES

Experimentally investigating encounters of hypersonic vehicles with atmospheric hydrometeors to eval-
uate surface erosion and its effect on aerodynamic performance is an extremely difficult task. The main
challenge is accurately replicating the conditions of the encounter while simultaneously quantifying its
effects. Unfortunately, no single hypersonic facility today can achieve this but different experimental ap-
proaches have been used by researchers, each with distinct advantages and limitations. Shock tubes for
example have been employed to investigate breakup mechanisms of droplets and ice crystals in simulated
shock layers but they cannot be used to study any type of particle-surface impact. High-speed projectiles
striking hydrometeors in a gun range provide the most realistic simulation of the hypersonic encounter with
a weather particle and have been used in surface erosion studies. However, projectile recovery after testing
may result in additional and spurious surface degradation. Furthermore, no assessments can be made about
the effect of erosion on the aerodynamic performance of the projectile. Finally, wind tunnel testing has the
advantage of measuring aerodynamic performance of a body in a controlled setting and for a relatively long
duration but generating the appropriate hydrometeor environment that will induce erosion in the first place
is not trivial.

This research program initially proposed to use the brand new Naval Center for Space Technology (NCST)
hypersonic wind tunnel to perform a set of experiments to characterize hydrometeor encounters with hyper-
sonic vehicles and quantify the effect of surface erosion on aerodynamic performance. Prior to designing
and conducting the wind tunnel tests, the implications and challenges associated with this experimental
approach were carefully examined and the results of this effort are summarized next.

3.1 Preliminary Analyses

3.1.1 Artificial Hydrometeor Generation

Water vapor condensation occurring in the atmosphere can be simulated inside a supersonic or hyper-
sonic wind tunnel to generate hydrometeors if it is operated with moist air as opposed to dry air. As the
flow Mach number increases through the nozzle and the static pressure and temperature drop, the relative
humidity9of the moist air increases rapidly and a state of high supersaturation is reached. [52] At this point,
condensation in the flow ensues, but in contrast to the heterogeneous nucleation process that takes place
high up in the atmosphere, condensation in a wind tunnel proceeds via homogeneous nucleation. This oc-
curs because in comparison to air in the atmosphere, wind tunnel flows typically have a low concentration
of impurities and therefore a reduced number of sites available as condensation nuclei. [11]

Condensation via homogeneous nucleation in a wind tunnel nozzle will produce particles with diameters
between 0.1 and 20 µm. [48, 53] These particles are a few orders of magnitude smaller in comparison to
raindrop sizes of interest for this study. The main challenge that arises when using a wind tunnel however
is that the time scale of the high speed flow downstream of the nozzle is extremely short for these very
small particles to grow and achieve raindrop sizes. Coagulation and gas-to-particle conversion processes
responsible for transforming small cloud drops into precipitating ones in the atmosphere occur over length
scales which are significantly larger. These processes are also facilitated by the effect of convection currents

9Relative humidity is defined as the ratio of the amount of water vapor present in air to the maximum amount of water vapor
that can be contained by air at the same air temperature.
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and large water contents in clouds which are obviously impossible to replicate in a wind tunnel. Generating
liquid and solid hydrometeors in a wind tunnel test section with characteristic diameters between 0.5 - 2 mm
is not possible through condensation alone and therefore an alternative strategy must be employed.

3.1.2 Artificial Hydrometeor Fluid Selection

Generating liquid hydrometeors in the test section of a cold hypersonic wind tunnel such as the NCST
facility is not possible by simply injecting water into its settling chamber. Due to the low stagnation tem-
perature of this facility (∼ 295K) and the adiabatic flow expansion that occurs through the nozzle, the flow
reaches static temperatures at the test section that are well below the freezing point of water. Consequently,
small water droplets that achieve thermal equilibrium with the flow cannot remain in liquid state and an
alternative fluid must be used to generate artificial hydrometeors.

In order to select a water surrogate for this purpose, fluids must be screened based on their physical proper-
ties. First, the triple point temperature10of the fluid needs to be lower than the minimum static temperature
reached by the flow to avoid the risk of freezing. Second, the normal boiling point11of the fluid needs to be
used to evaluate the likelihood of the fluid existing in liquid phase as opposed to gaseous phase in the tunnel.
If at atmospheric pressure the boiling point of the fluid is low, at the sub-atmospheric pressure conditions
through the nozzle expansion and test section the boiling point will be even lower and the fluid might only
exist in the gaseous phase. Fluids with normal boiling temperatures above the static temperature of the flow
in the test section are therefore desired.

Assuming the flow Mach number for a set of wind tunnel experiments is in the 2 – 4 range, the static
temperatures expected at the test section can be used to establish the ideal triple point temperature and
normal boiling point requirements used for fluid screening. As shown in Table 3, the ideal fluid needs to
have a triple point temperature below 68 K (flow static temperature at Mach 4) and a normal boiling point
above 155 K (flow static temperature at Mach 2).

Table 3—Ideal screening requirements for fluid selection to produce artificial hydrometeors in wind tunnel.

Fluid Property Test Section Requirement Desired Physical Behavior
Triple Point Temperature < 68K Fluid will not freeze

Normal Boiling Point > 155K Fluid will not evaporate

To identify potential fluid candidates with the desired properties outlined above, a systematic fluid search
was conducted through the extensive database of industrial substances compiled in REFPROP 10.0.12As
part of this exercise, fluids were initially ranked based on their triple point and normal boiling point. Toxic,
flammable, corrosive, health, and environmental hazards associated with the handling of these substances in
a laboratory setting were also taken into consideration in the screening process.

From this analysis, no single fluid exists that full fills the fluid property requirements listed in Table 3 and
does not pose a significant handling or operational hazard in a laboratory setting. Relaxing one constraint
and considering fluids with triple point temperatures slightly above 68 K, two possible options are propane

10The triple point of a fluid is unique temperature and pressure condition at which liquid, solid, and gaseous phases exist in
equilibrium.

11The normal boiling point is the temperature at which the vapor pressure of a liquid equals one atmosphere.
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(85.5 K) and butene (87.8 K). Using these fluids does not necessarily imply droplet freezing is inevitable
because liquid droplets being accelerated through the wind tunnel must be in thermal equilibrium with the
flow at the test section for this to occur and thermal equilibrium may or may not be reached for a specific
fluid depending on droplet size.

Without being able to ascertain the level of thermal equilibrium that may exist between propane or butene
droplets and the wind tunnel flow, it is important to at least consider the worst case scenario which assumes
equilibrium in order to predict what is the earliest in the wind tunnel flow path that freezing may occur.
Similarly, on account of propane and butene being liquefied gases, it is also of interest to evaluate the
possibility of flashing occurring upon injection into the stagnation tank of the wind tunnel and if that is the
case, where along the flow path gaseous propane will liquefy.

For this purpose, the static pressure and temperature flow conditions of the wind tunnel obtained using a
quasi-one-dimensional analysis and assuming a stagnation temperature of 300 K for a Mach 2 and 4 test
section were superimposed on a phase diagram for propane and butene obtained from REFPROP 10.0. The
results from this exercise in Figures 15 and 16 show how for a Mach 2 flow, both propane and butene would
indeed flash upon injection into the wind tunnel given the stagnation tank pressure-temperature conditions.
However, as the flow expands through the nozzle and both temperature and pressure drop, liquefaction
would occur prior to reaching the test section. For the Mach 4 flow conversely, none of these candidate
fluids would flash inside the stagnation tank but both fluids would reach their triple point approximately 2
m upstream of the test section.

Fig. 15—Pressure-temperature flow conditions through the NCST hypersonic wind tunnel for Mach 2
and Mach 4 overlaid on a propane phase diagram (left). Locations along the Mach 2 and Mach 4 flow
paths where propane fluid would reach liquefaction or solidification assuming thermal equilibrium with
the flow (right).

As a final comment on fluid selection, from the experimental setup standpoint, propane and butene are
commercially available liquefied gases that aside from being flammable, are not toxic or corrosive. Propane
however has a higher vapor pressure at room temperature so it is typically stored at a much higher pressure
[54]. This is extremely advantageous when designing a liquid delivery system that would be necessary to



26 Aguilera et al.

Fig. 16—Pressure-temperature flow conditions through the NCST hypersonic wind tunnel for Mach 2
and Mach 4 overlaid on a butene phase diagram (left). Locations along the Mach 2 and Mach 4 flow
paths where butene fluid would reach liquefaction or solidification assuming thermal equilibrium with
the flow (right).

seed the wind tunnel airflow. Preliminary flammability calculations not presented here have shown that the
maximum propane injection flow rates required for the experiments correspond to 24 - 40% of the necessary
flow rates required to achieve mixture concentrations at 50% of the Lower Flammability Limit (LFL). These
results demonstrate that propane injection into the wind tunnel would not pose a flammable hazard for the
facility.

12Reference Fluid Thermodynamic and Transport Properties (REFPROP) is a computer program and database developed by the
National Institute of Standards and Technology (NIST) to provide thermophysical properties for a variety of industrial fluids over a
wide range of conditions and fluid phases.

13PubChem is an open chemistry database at the National Institutes of Health (NIH) that collects scientific data from government
agencies, chemical vendors, and journal publishers.
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3.1.3 Hydrometeor Velocity Deficit and Droplet Survival

Simulating hydrometeor encounters with a hypersonic vehicle using a wind tunnel facility requires ac-
celerating liquid or solid particles to vehicle flight speeds before they collide with a stationary model. Cal-
culations of particle drag acceleration performed by researchers have shown that having particles achieve
free stream speeds would require prohibitively long flow paths upstream of the test section that no practi-
cal facility can accommodate. [48, 55] Consequently, for a typical wind tunnel, drag accelerated particles
are expected to have a significant velocity deficit upon reaching the test section. Quantifying that deficit is
important prior to performing any experiments.

Drag acceleration of particles in a hypersonic wind tunnel can be analytically predicted if the particles are
assumed to be small solid spheres that do not rotate or interact with one another as they are accelerated.
Under these assumptions, viscous effects dominate the kinetic behavior of the particles and their acceler-
ation profile can be computed by solving the following differential equation, which is a result of applying
Newton’s Second Law of motion to a particle subjected to aerodynamic forces. [48]

dUp

dt
=

3
4

CD
ρ∞

ρp

1
Dp

(U∞ −Up)
2 (18)

where

CD is the particle drag coefficient

ρp is the particle density

Dp is the spherical particle diameter

Up is the particle velocity

ρ∞ is the flow density

U∞ is the flow velocity.

Several expressions have been proposed in the literature to model the drag coefficient CD of a spherical
particle in Eq.(18). [56–59] One of the most recent works on this topic was performed by Loth who de-
veloped and validated a model for the drag coefficient of spherical particles in flow regimes dominated by
compressibility (Rep > 45) or rarefaction (Rep < 45), where Rep is the Reynolds number based on particle
diameter. [59] Using Loth’s model for the CD and the flow properties along the flow path of the NCST hy-
personic wind tunnel calculated with a quasi-1D analysis for a Mach 4 condition, Eq.(18) was integrated
between the stagnation tank and the test section using four sample particle sizes to predict particle velocity
as a function of axial location.

Figure 17 (center) shows a comparison of the calculated flow speed and the expected particle velocities.
Note that the smallest particle size considered in this analysis corresponds to the reference diameter for the
smallest possible raindrop and the largest corresponds to the typical raindrop diameter as presented earlier
in this report. The results clearly show how the particles accelerate through the Mach 4 flow path but none
of them reach the flow speed at the wind tunnel test section. Figure 18 (left) shows particle velocity deficit
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as a percent of the flow speed at the test section for the four droplet sizes modeled. As expected, note how
the velocity deficit increases with increasing particle size and ranges between 7 - 38% in this analysis.

The main implication of particles lagging the wind tunnel flow is that the collision speed simulated in the
experiments will be lower in comparison to the actual collision speed with a vehicle in flight. A slower
moving particle will have a lower kinetic energy which decreases its erosion potential upon impact. As a
result, for a single impact with a test model, any surface erosion occurring in a wind tunnel environment
will underestimate the actual damage that may occur on a flight system.

Particles with large velocity deficits used to simulate collisions with hypersonic bodies in a wind tunnel are
certainly problematic, however, another issue of commensurate experimental complexity is having droplets
with sizes of interest survive the drag acceleration process and reach the test section. This is due to the
fact that droplets undergoing acceleration are prone to breakup which is governed by the Weber number as
described earlier in this report.

For water droplets introduced upstream of the nozzle and into the settling chamber of the NCST hypersonic
wind tunnel, Figure 17 (bottom) displays the calculated Weber number as a function of axial location ob-
tained using local flow properties and assuming a constant surface tension value of 0.075 N/m at 0.01 ◦C
(value at the lowest possible temperature before freezing obtained from REFPROP 10.0). Figure 18 (right)
summarizes the peak Weber numbers for the four droplet sizes considered in this analysis.

From the results in these figures, note how the maximum Weber number experienced by the water droplets
is expected near the throat of the Mach 4 flow path (the dip observed just upstream of the throat is a non-
physical numerical artifact of the solution discretization). More importantly however, note from Figure 18
(right) that the peak Weber number for droplets in the 0.1 - 2.0 mm range significantly exceeds the critical
Weber number for breakup mentioned in a previous chapter of this report (Wec = 12).

This analysis therefore demonstrates that breakup is inevitable in a Mach 4 wind tunnel flow for droplets in
the 0.1 - 2.0 mm range and that it is expected to occur early on in the flow path upstream of the test section. It
is unknown however if complete demise of the initial droplets will occur before reaching the test section or if
any children droplets that result from the break up process may survive. If the latter were to occur however,
the size of those surviving droplets may not be relevant anymore for the study of hydrometeor-induced
surface erosion.

3.1.4 Aerothermal Heating

Hypersonic glide vehicles are exposed to very intense aerothermal loads during flight that to this day
continue to challenge the design of thermal protection systems. The boundary layer along the vehicle surface
is very hot due to the high-kinetic energy of the hypersonic flow entering this layer and slowing down by
viscous effects [60]. The gas within the shock layer but outside the surface boundary layer reaches very high
temperatures due to shock-wave heating [60]. Heat transfer from both the extremely hot boundary layer and
shock layer to the cooler vehicle body occurs through thermal conduction and radiation, increases with the
cube of flight velocity, and causes extremely high surface temperatures specially for vehicle leading edges.
[60]

From the surface erosion perspective, high surface temperatures will affect the mechanical properties of the
materials which in turn influence the damage level suffered by the vehicle. [55] Ideally, a wind tunnel facility
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Fig. 17—NCST hypersonic wind tunnel flow path for Mach 4 flow (top), particle velocity as a function
of wind tunnel flow path axial location for various droplet sizes (center), Weber number as a function of
wind tunnel flow path axial location (bottom).

used to generate the artificial erosive flight environment should simultaneously provide the high enthalpy
flow conditions to simulate test specimen heating. This is not possible with the NCST hypersonic wind
tunnel and therefore any model erosion assessment made from experimental results obtained in this facility
must keep that in mind.
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Fig. 18—Droplet velocity deficit at test section for Mach 4 flow (left), maximum Weber number through
wind tunnel flow path for different droplet sizes (right).

3.2 Path Finding Experiments

Given the numerous challenges of using a wind tunnel facility to test collisions of artificial hydrometeors
(droplets) with a hypersonic vehicle as discussed above, it was important to conduct a preliminary set of
rapid experiments that could help de-risk the proposed NCST hypersonic wind tunnel tests as well as inform
their design. Specifically, it was critical to verify artificial hydrometeors could be generated by injecting
propane into the settling chamber of the wind tunnel and furthermore whether or not those droplets would
survive and make it to the wind tunnel test section.

3.2.1 Experimental Setup

The prototype experiments were performed using a small scale replica of the NCST hypersonic wind
tunnel, designed to generate Mach 2-4 flows in a test section with a height of 1.9 in and width of 1.6 in
(roughly 2% of the NCST hypersonic wind tunnel test section area). Figure 19 shows a side view of this
small scale wind tunnel assembled to its settling chamber. Just like its large NCST counterpart, the lower
nozzle block of this tunnel slides back an forth to vary the test section Mach number by changing the throat
size. For the set of experiments performed with this tunnel, the flow condition of interest was Mach 3.5
based on the notional vehicle trajectory discussed earlier in this report.

To supply high pressure air to the small scale wind tunnel for its operation, one of the 2800-gallon air
tanks for the NCST hypersonic wind tunnel was pressurized using a SpeedAire compressor connected to
an Ingersoll Rand air dryer. The tank was plumbed to the wind tunnel and a remotely activated Bonomi
pneumatic valve was used to initiate the air flow for the experiments. Figure 20 shows a picture of this
setup.

To seed the airflow for the tests and generate droplets, a propane injection system originally designed to be
used with the large NCST hypersonic wind tunnel was modified to use water and integrated to the settling
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Fig. 19—Small scale wind tunnel used in path finding experiments.

Fig. 20—Air supply system components and connection to the small scale wind tunnel.

chamber of this small scale wind tunnel. This fluid delivery system consisted of a 2.25 L high pressure
cylinder used to store water, a nitrogen bottle used to pressurize the cylinder, and a spray nozzle connected
to the cylinder with a high pressure braided hose. Figure 21 shows pictures of this system integrated to the
settling chamber of the small scale wind tunnel.14

For the experiments, pressure measurements of the wind tunnel settling chamber and test section plus digital
photography and shadowgraph imaging were used. The pressure measurements were used to verify the
actual Mach number achieved at the test section of the wind tunnel. The optical diagnostics were used to
visually corroborate the presence of droplets in the flowfield.

14Additional details about the experimental setup plus information regarding the test approach and methodology can be found in
an internal document titled Small Scale Wind Tunnel Test Description and Procedure. A copy of this document can be requested by
emailing Camilo Aguilera at camilo.aguilera@nrl.navy.mil.
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Fig. 21—Water delivery system for small scale wind tunnel. (a) Cart with nitrogen pressurization setup
for water cylinder, (b) Connection to wind tunnel settling chamber, (c) View of spray nozzle inside settling
chamber (flow facing for laser alignment with chamber center line), (d) Spray nozzle detail view.

3.2.2 Test Results and Discussion

There were unforeseen experimental difficulties encountered with the operation of the small scale wind
tunnel which unfortunately prevented achieving the objectives set for these tests. However, several lessons
were learned through this effort that should be documented to serve as a reference for other researchers that
may want to use the small scale wind tunnel in the future.

Pressure Losses

As mentioned earlier, one of the NCST hypersonic wind tunnel air tanks was pressurized and connected
to the small scale wind tunnel to operate it. Moving that large tank next to the SpeedAir compressor in
building A-59 was not possible for the experiments due to its size and weight. As a result, a long hose
had to be used to connect the tank to the compressor/dryer assembly which were approximately 100 f t
away. Due to this, there was a significant pressure loss through the hose and the maximum air pressure
achieved at the tank using the compressor was 125 psia. For the Mach 3.5 condition of interest for the
tests, the minimum viable stagnation pressure required was 120 psia at the wind tunnel settling chamber.
Stagnation pressure measurements at the settling chamber through the side port shown in Figure 19 revealed
an additional pressure loss through the air line connecting the tank to the tunnel chamber. Due to the low
initial tank pressure and the additional losses through the delivery piping, the wind tunnel was not able to
start. This was verified with static pressure measurements and shadowgraph visualizations of the test section
which indicated the presence of subsonic flow at that location of the flow path.

Wind Tunnel Flow Quality

When it became apparent that the flow was subsonic at the test section, a set of additional experiments were
performed to determine if the flow was supersonic anywhere upstream. If that were to be the case, maybe
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that section of the flow path could be used as a proxy test section. For this purpose, shadowgraph images of
the flow were captured at a few locations downstream of the throat.

The results of this exercise showed that the flow was indeed supersonic but only for a short segment of the
flow path and the flow quality was very poor as shown in Figure 22. Severe leaking from improper sealing
between the tunnel windows and the lower nozzle block allowed high pressure air from upstream of the
throat to enter into the flow path downstream and disturb the low pressure supersonic flow. Figure 23 shows
a picture of the large gaps responsible for this and the leak path observed in the experiments. Unfortunately,
those gaps between the lower nozzle block and the windows are a fundamental design flaw that has no other
way of being corrected aside from machining a brand new, wider nozzle block with an o-ring groove.

Fig. 22—Highlighted flow path region visualized using shadowgraphy upstream of the actual wind tunnel
test section (left), sample shadowgraph of wind tunnel flow highlighting a clean supersonic flow region
observed only along the top nozzle block with subsonic flow everywhere else (right). Very poor image
quality observed due to plexiglass windows of small scale wind tunnel.

Fig. 23—Large gaps between lower nozzle block and small scale wind tunnel windows: (a) Gap seen
from the wind tunnel inlet upstream of the throat, (b) Gap observed near the test section exit, (c) Leak
path of high pressure air upstream of tunnel throat into low pressure region downstream responsible for
heavily disturbing flow as seen in Figure 22.

Obscured Flow Visualizations

Prior to performing any wind tunnel experiments, the spray nozzle was tested offline using different back
pressures to qualitatively characterize droplet size, measure spray angle, and determine injection timing.
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These preliminary experiments were useful to select the operating pressure for the spray nozzle and inform
the test procedure to be followed when the fluid delivery system was integrated and tested with the small
scale wind tunnel.

Despite these preliminary efforts and after multiple injection experiments where nozzle back pressure and
injection duration were reduced, for every single test run performed, the wind tunnel windows were soaked
with water and no flow visualization was possible.

This result was not absolutely unexpected because the spray nozzle used had been originally sized (in terms
of flow rate and spray characteristics) for the large stagnation chamber of the NCST hypersonic wind tunnel,
which is significantly larger than the 6-in chamber of the small scale wind tunnel. Sample pictures of the
wind tunnel before and right after the injection of water are shown in Figure 24.

3.2.3 Final Comments

Failure to de-risk the NCST hypersonic wind tunnel test campaign planned with the small scale wind
tunnel experiments, combined with the ongoing installation delays of the new wind tunnel facility and the
increasing likelihood of its commissioning occurring very close to the end of the program, forced the team
to re-vector the experimental approach and look for alternative ways to obtain the requisite data. These
strategies will be summarized in Chapters 6 and 7.

Fig. 24—Sample images of obscured flow visualization with water injection: (a) Streaks of frozen water
appearing on the wind tunnel windows during a test from water that remained in the flow path from a
previous run, (b) Significantly obscured flow visualization occurring with spray nozzle operation.
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4. DROPLET TRAJECTORY AND DEMISE PREDICTION

The flow between the leading shock and the body of a supersonic or hypersonic vehicle has a strong
interaction with cloud drops and raindrops that is fundamental to the study of droplet-induced erosion. Due
to their small size, cloud drops can evaporate, undergo significant deceleration, or conform to the local
streamlines in this shock layer and may never reach the surface of the vehicle. [61] The erosion potential
of these small drops is therefore likely low and the shock layer effectively acts as a shield. Conversely,
larger raindrops undergo a complex break-up process involving mass stripping and shattering as they transit
through the shock layer but may still impact the vehicle and inflict damage. [61] Accurately predicting
the erosion potential of raindrops therefore presents unique difficulties because it requires understanding
this droplet/shock layer interaction to properly determine the terminal size and velocity of the droplet or its
fragments before impact.

Five different modes of droplet breakup have been observed experimentally. The dynamics of these
breakup processes are driven by aerodynamic forces and can be divided into regimes based on the droplet
Weber number as described earlier in Chapter 2. Numerous breakup models have been proposed but typi-
cally they prove to be accurate only in a select set of regimes with no model effectively covering the whole
range. Common models in the low We regimes of oscillation and bag include the TAB, NTAB, Clark, and
DDB models. These start to breakdown in the multimode regime and above where models such as the
Kelvin-Helmholtz and Rayleigh-Taylor wave models must instead be employed [62–70].

Complex flow fields around hypersonic bodies present a particular challenge as droplets will be ex-
posed to diverse and rapidly varying Weber numbers such as when passing through a bow shock region.
Correlation-based demise models, such as those given in Eqs. (10) – (11) have been calibrated using data
obtained in shock tubes in which the post-shock conditions are constant and may not accurately reflect the
interaction with more realistic flow fields. Thus, it is of interest to understand how the breakup models
mentioned in the preceding paragraph, that are sensitive to variations in the local flow environment, behave
under canonical conditions representative of a hypersonic body in the terminal phase of its flight trajectory.

To accomplish this task, we have implemented a coupled Lagrangian-Eulerian multiphase simulation
algorithm within the JENRE® Multiphysics Framework that is capable of producing high-fidelity predic-
tions of the hypersonic flow fields generated by arbitrary body shapes. We use this tool to evaluate the
performance of several dynamic aerodynamic droplet breakup models for computing the demise of droplets
caused under variable high-Mach number conditions.

4.1 Simulation Methodology

4.1.1 Eulerian Gas-Phase Model

The gas-phase flow field is governed by the Navier-Stokes equations for a multi-component gas,

∂Ci

∂ t
+∇ · (Ciu) = ∇ · (Di∇Yi)+SCi , (19)

∂ρu
∂ t

+∇ · (ρuu+P) = ∇ · τ +Smom, (20)

∂ρE
∂ t

+∇ · ((ρE +P)u) = ∇ · (τu+q)+Senergy, (21)
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where the total gas-phase density ρ =∑iCiWi is the sum of the partial densities of the constituent gas species,
and Ci and Wi are the molar concentration and molecular weight, respectively, of the ith species. The total
energy of the gas mixture is the weighted sum of the internal energies of the species ei and the kinetic
energy of the gas according to ρE = ∑iCiWiei + 1/2ρ|u|2, where u is the gas-phase velocity. We assume
that the gas is a mixture of thermally-perfect gases with temperature-dependent thermodynamic properties,
and the pressure P can be related to the temperature T according to the ideal gas law. We use the standard
Newtonian viscous stress tensor τ = µ

(
∇u+(∇u)T −2/3∇ ·u

)
and Fourier heat-flux vector q = −κ∇T .

Transport coefficients (µ , κ , and Di) are mixture-averaged values computed using standard models [71–73].
The source terms SCi , Smom, and Senergy represent the exchange of mass, mixture-averaged momentum, and
mixture-averaged energy between the gas-phase and the liquid droplet phase. These source terms will be
defined in the following section.

4.1.2 Lagrangian Droplet Model

Droplets are modeled as point particles governed by the Newtonian laws of motion,

dXi

dt
= Vi (22)

mi
dVi

dt
= Fi (23)

where Xi, Vi, and mi are the position, velocity, and mass of droplets i. For the flow conditions of interest,
we assume that aerodynamic drag is the predominant force acting on the droplets, such that Fi = FDi , where

FDi =
1
2

CDi
πd2

i

4
ρ (u−Vi) |u−Vi|. (24)

Droplet Drag

To determine the drag coefficient, CD, of the droplet we consider three varieties of drag models: drag
on rigid spheres, drag in conjunction with time resolved droplet deformation, and rigid sphere drag with
additive correction.

Rigid Sphere: Here we consider drag on a rigid sphere, ignoring the effect that droplet deformation has
on the local flow field and the resulting hydrodynamic forces. The correlation appears as,

CD,sphere = 0.36+5.48Re−0.573 +
24
Re

(25)

and is purely a function of the droplet Reynolds number,

Re =
ρViDo,i

µ
. (26)

Time Resolved Distortion: The droplets are assumed to be deformable oblate spheroids with cross-
stream diameter Dc and mean spherical diameter Do. We assume the drag between the droplet and back-
ground gas is a function of the droplet distortion defined as y = Dc/Do with aspect ratio η = 1/y3 by
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allowing the drag coefficient to vary between that of a rigid sphere for a perfectly spherical droplet (y = 1)
and that of a disk in the limit of large distortion (y >> 1),

CD = fCD,disk +(1− f )CD,sphere. (27)

The interpolation variable f is defined as f = 1−η2, and we use the correlation for a rigid sphere from
above and the correlation,

CD,disk = 1.1+
64

πRe
(28)

for disks [70].

Additive Correction: Instead of using a time resolved distortion, another option is to employ a correc-
tive addition to the standard rigid sphere drag,

CD =CD,sphere +CD,def. (29)

Here the corrective term, CD,def, is a function of droplet Weber number (We),

We =
ρ |u−Vi|2 Do,i

σ
, (30)

and is,

CD,def = We
(
0.2319−0.1579logRe+0.047log2 Re−0.0042log3 Re

)
, (31)

as proposed by Wiegand [74]. The Weber number provides information about the forces acting upon the
droplet allowing for a quasi-steady estimate of the droplet’s distortion.

Droplet Breakup

The droplets are allowed to undergo discrete aerodynamic breakup events during which the parent
droplet spawns a single or multiple child droplets. As discussed in the Introduction, a variety of models
exist that are capable of describing this phenomena over various droplet Weber number regimes. In this
work, we are concerned only with large-Weber-number phenomena and focus our primary attention to those
models considered to be generally applicable in that flow regime.

Upon a breakup event, child parcels are initialized with the same temperature as the parent droplet at a
random location within a shell between Do and 2Do from the center of mass of the parent droplet. A small
random velocity perturbation is applied in the plane normal to the trajectory of the parent droplet, and the
parent mass and momentum are adjusted to ensure conservation.

Taylor Analogy Breakup (TAB): The original Taylor Analogy Breakup (TAB) model, proposed by
O’Rourke and Amsden [75], is a time resolved ODE that predicts a droplet deformation parameter. The
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aerodynamic force driving the deformation is counteracted by the restoring tendency of surface tension and
viscous damping. As formulated by Schmehl [70] the governing equation for the deformation, y, appears as

d2y

dt2 =−20Oh
dy
dt

−64(y−1)+2C2,TABWe. (32)

The droplet Ohnesorge number (Oh) is defined according to

Oh =
µl√

ρlDo,iσ
, (33)

where the subscript l denotes properties of the liquid droplet, t = t/t∗ is the non-dimensional time variable,
and σ is the surface tension at the gas-liquid interface. Equation (32) is non-dimensionalized by the charac-
teristic time of free shape oscillations t∗ = (D3

oρl/σ)1/2, and the model constant C2,TAB = 2/3 as defined in
the original TAB model.

In this formulation breakup is assumed to occur when the deformation reaches a critical value of yc,TAB =
1.5. The parent droplet completely breaks up into multiple child droplets with a Sauter mean diameter
determined by an energy conservation model proposed by O’Rourke and Amsden [75].

Non-linear Taylor Analogy Breakup (NTAB): For large deformations, the assumption of linear pertur-
bations to the droplet surface used in the derivation of the TAB model breaks down. Schemhl [70] proposed
a non-linear model of a droplet oscillating between an oblate and prolate spheroid,

π2 + 16
y6

π2 +16
d2y

dt2 =
48

π2 +16

(
dy
dt

)2

−40Oh
1
y2

dy
dt

−20
1
S0

dS
dy

+
2C2,NTAB

y
We, (34)

where C2,NTAB =C2,TAB = 2/3. The rate of surface change can be approximated by,

1
S0

dS
dy

=

{
9.98y3 −30.34y2 +33.94y−13.58, 0.5 < y < 1,

0.67y3 −4.01y2 +9.21y−5.67, 1 ≤ y < 2.3,
(35)

or directly calculated from the respective expressions for surface area. Here the critical value of deformation
is yc,NTAB = 1.8 which predicts breakup under identical flow conditions that result in yc,TAB = 1.5.

Kelvin-Helmholtz (KH/Wave): In the Kelvin-Helmholz (KH) wave stripping theory [76] droplets are
continuously shed from a deformed parent droplet based on perturbations caused by the most unstable KH
wavelength on its surface,

ΛKH =
9.02Do (1+0.45Oh)

(
1+0.4Ta0.7)

2
(
1+0.865We1.67)0.6 (36)

with corresponding growth rate,

ΩKH =

√
8σ

ρlD3
o

0.34+0.38We
(1+Oh)

(
1+1.4Ta0.6) , (37)
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where the Taylor number is defined as Ta = Oh
√

We and We and Oh are defined based on the droplet
radius. The child droplet fragment mass shed from the parent droplet, m f , is assumed to vary continuously
according to

dm f

dt
=−4πρlr2

o (ro − rc)

τKH
(38)

where ro = Do/2 is the radius of the parent droplet, rc = B0ΛKH is the radius of the child droplets, and
τKH = 3.726B1ro/ΩKHΛKH is the time constant associated with fragmentation. In our implementation of
the model, parcels of child droplets are released from the parent droplet when the collected mass exceeds
2% of the parent mass.

Rayleigh Taylor (RT): The Rayleigh-Taylor (RT) breakup model assumes that the growth of RT waves
on the surface of the droplet will eventually lead to breakup [77]. The growth rate of the fastest growing
wavelength is,

ΩRT =

√
2

3
√

3σ

[a(ρl −ρ)]3/2

ρl +ρ
, (39)

where a is the magnitude of the droplet acceleration tangent to the droplet trajectory. The corresponding
wavenumber and wavelength are

KRT =

√
a(ρl −ρ)

3σ
, (40)

ΛRT =
2πCRT

K
, (41)

respectively. Breakup is assumed to begin when the dominant wavelength, ΛRT is less than the droplet
diameter. After a period of,

τRT =
Cτ

ΩRT
, (42)

the parent droplet completely breaks up into parcels of child droplets. The mean child droplet radius is
determined using the correlation,

rc =
πCRT

KRT
. (43)

Both model constants are adjustable but are generally set to be, Cτ = 0.1 and CRT = 0.1.

Kelvin-Helmholtz Rayleigh-Taylor (KH-RT): The hybrid Kelvin-Helmholtz Rayleigh-Taylor (KH-
RT) model assumes that unstable growth of both KH and RT waves may occur simultaneously on the droplet
surface. [65] In essence, both the KH and RT models described above are employed in tandem with the KH
model predicting the continuous shedding of child droplets between the complete breakup events predicted
by the RT model. Since we are focusing on pre-dispersed atmospheric droplets we neglect to include con-
cepts such as initial breakup length and time which are only applicable to phenomena such as jets and
sprays.



40 Aguilera et al.

Droplet Vaporization

Droplet vaporization is modeled using the classical rapid mixing model [78], in which the liquid tem-
perature, Ti, is assumed to be uniform throughout the droplet. Using this model, the droplet mass mi and Ti

are governed by

dTi

dt
=

Nui

3Pr
θ

τi
(T −Ti)+

L
Cp,l

ṁi

mi
, (44)

ṁi ≡
dmi

dt
=− Shi

3Sc

(
mi

τi

)
ln(1+BMi), (45)

where θ =Cp/Cp,l is the ratio of specific heats of the background gas to the droplet liquid, τi = ρld2
i /(18µ)

is the Stokes time constant for the droplet, and L is the latent heat of evaporation. The droplet Nusselt
Nui and Sherwood Shi numbers follow the Ranz and Marshall correlations for heat and mass transfer:
Nui = 2+ 0.552Re1/2

i Pr1/3 and Shi = 2+ 0.552Re1/2
i Sc1/3 based on the droplet Reynolds number and the

gas-phase Prandtl and Schmidt numbers. The Spalding mass transfer number BMi =(Ys−Yv)/(1−Ys) relates
the vapor mass fraction at the droplet surface Ys to the vapor mass fraction in the background gas Yv. We
assume local thermodynamic equilibrium and compute Ys based on the partial pressure of the liquid, such
that

Ys =
Pl,sat

P
Wi

W
(46)

where P is the local gas pressure, Wi is the molecular weight of the vaporizing species (in this case, water),
W is the molecular weight of the gas mixture, and Pl,sat is the saturation pressure at the surface temperature.
To control stability of the time integration, we impose a minimum mass on the droplets equivalent to a
1 micron diameter water droplet. Droplets that fall below this threshold are considered to be completely
vaporized and their mass is transferred to the vapor phase over the course of a single time step.

When two-way coupling between the fluid (Equations (19) – (21)) and droplet equations is required,
this is achieved using a simple cell-based averaging technique in which a filter is used to obtain smooth
volume-averaged drag, thermal energy transfer, and vapor mass transfer data at each degree-of-freedom in
the Eulerian finite-element mesh,

SQ =
1
δ t

∫ t+δ t

t
(−QK(x−Xi))dt (47)

for Q = {ṁ,Fd ,dTi/dt} where K is a kernel function, taken to be unity in this work. We note that more com-
plex smoothing functions can be used to improve the spatial distribution of the source, and future versions
of this flow solver will incorporate these kernels.

4.1.3 Numerical Method

We use an Eulerian-Lagrangian approach to solve the two-phase flow problem in which the primary and
dispersed phases dynamics are computed via a transient time-split phase coupling procedure in which the
governing equations are solved by alternately advancing the primary and secondary phase equations over
some finite time interval ∆t.
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The continuous gas-phase governing equations (Equations (19) – (21)) are discretized in space using
a discontinuous Galerkin (DG) finite element method similar to that described by Hartmann [79]. In this
formulation, an approximate Riemann solver (e.g., HLLC, Roe, Lax-Wendroff, etc.) is used to compute
the numerical flux across adjacent element faces. The symmetric interior penalty method is used discretize
the viscous fluxes, and time integration is done explicitly using a strong stability-preserving Runge-Kutta
method. This formulation allows the use of high-order polynomial basis functions, which can increase the
formal order of accuracy of the method above second order.

The dispersed phase ordinary differential equations are integrated utilizing using an explicit three-stage
Runge-Kutta method. The size of the primary time step, ∆t, is chosen to ensure numerical stability of the
gas-phase governing equations with a CFL number equal to 0.05. For the smallest droplets in the system, the
time step for the dispersed phase equations can be subcycled so as to provide enhanced numerical stability.

4.1.4 Physical Model

A typical hypersonic platform consists of a blunted nose cone or leading edge followed by a tapered
forebody and an afterbody that houses the vehicle control surfaces. The flow environment in the vicinity
of the leading edge can be quite severe and is likely to be reasonably approximated using the breakup
time models discussed in Chapter 2. The interaction of droplets with the vehicle forebody and, potentially,
with control surfaces downstream is less likely to be consistent with these correlations that were developed
based on normal shock-droplet interactions. To illustrate this point, we investigate droplet-shock interaction
around an idealized model of the a typical forebody: a 10◦ wedge. The conditions correspond to a wedge
traveling at M=3 through quiescent air at 3 km altitude that encounters droplets in the range of 0.1-1mm in
diameter. Figure 25 shows the temperature profile for the oblique shock over the wedge where the shock
can be noted by the temperature jump running diagonally through the domain. After passing through this
oblique shock, the droplets encounter a variable flow environment in which the choice of the drag models
and the aerodynamic breakup models will have a significant impact on their likelihood of surface impact.

Fig. 25—Temperature profile for a 10◦ oblique wedge moving through quiescent air at 3 km altitude at
M = 3. The temperature range is 268 K (blue) to 750 K (red, at the wedge surface).
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4.2 Results

4.2.1 Drag Model Comparison

We begin with a comparison of a variety of droplet drag models with a droplet that does not undergo
breakup. We selected four different drag models, three of which account for the effect of droplet deformation
along with a rigid sphere model. In Figure 26, droplets 100µm in diameter are introduced upstream at a
height of 0.1m. The necessity of including deformation effects is clearly apparent as the droplet using
rigid sphere drag, denoted by the blue line, strikes and rebounds off the surface with little deviation from
its initial trajectory. In contrast, all three models that account for deformation show the droplet trajectory
turning significantly to match the flow in post shock region which runs parallel to the surface. Each of
these models predicts a slightly different amount of deflection but in this case, all three predict that the
droplet will not strike the wedge surface within our 1m test length. We note that we have not considered any
impact damage models in this formulation, and any post-impact trajectories presented in this work are not
physically meaningful.

Fig. 26—Comparison of 100µm droplet trajectories in an oblique shock for varying drag models, no
breakup: rigid sphere (blue), TAB (orange), NTAB (green), and Wiegand (red). The dashed line denotes
the solid surface and the dotted line denotes the oblique shock.

In Figure 27, we plot the velocity magnitude of each droplet as it passes through the test region with the
effect of each model becoming even more apparent. With the rigid sphere drag model, the droplet velocity
changes relatively slowly before suddenly dropping just before t = 0.8ms. At this point, the droplet encoun-
ters the boundary layer and experiences a significant increase in drag forces as the relative velocity spikes.
Conversely, the deformation-based models predict a sudden drop in particle velocity after encountering the
shock. This is due to the large relative velocity and thus Weber number driving the particle to flatten into
an oblate shape with a higher frontal surface area and drag coefficient, CD. As such the droplets experience
relatively high drag forces and their trajectories more quickly adjust to match the post shock flow. The end
result is that they turn soon enough to avoid impacting the wedge surface. As the relative velocity decreases,
the droplets return to a more spherical shape with a lower drag coefficient similar to that used in the rigid
sphere drag model.

The increased drag, even if only significant shortly after the shock, is sufficient to prevent the impact
predicted for the rigid sphere as evidenced in Figure 28. Here we plot the trajectory of droplets with a range
of starting heights from y = 0 to 0.15m for each of the drag models. Using the rigid sphere drag model,
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Fig. 27—Comparison of 100µm droplet velocities in an oblique shock for varying drag models, no
breakup: rigid sphere (blue), TAB (orange), NTAB (green), and Wiegand (red).

all of the droplets strike the surface and, due to the weak deflection by the flow field, they do so at with a
relatively small angle of incidence. The deformation based models lead to most of the droplets in the upper
half of the range missing the surface entirely. The droplets that do impact the surface do so with a larger
angle of incidence than the rigid drag droplets. This will directly affect the amount of surface erosion caused
by a droplet, which will be proportional to the impact velocity normal to the surface.

4.2.2 Breakup Model Comparison

We next compare the effect of the choice of breakup model on the droplet behavior. For this series of
simulations, we use a common drag model: the correlation-based Wiegand model. Droplet trajectories and
diameters are shown in Figure 29 and Figure 30, respectively. All cases show the behavior of a 1mm droplet
introduced into the domain at a height of y = 0.1m. This larger initial droplet diameter is characteristic of
a rain droplet and, importantly, it allows more significant breakup events to occur and thus better illustrates
the differences between the various models.

The TAB and NTAB models produce similar results, varying only in breakup timing and the size of
the child droplets produced. By design, both models predict complete breakup of the parent droplet which
can be noted by the small gap in the trajectory plots and the discrete cutoff of the parent droplet line in the
diameter plots. On breakup the mass of the parent droplet is equally divided among two or more parcels
of child droplets that are placed at a randomized position near the breakup point. The TAB model predicts
later breakup and larger child droplet sizes but are overall very similar and prove difficult to compare in the
absence of experimental data.

The KH model produces qualitatively different breakup behavior. In this model, the parent droplet does
not completely breakup but instead continuously sheds child droplets as they are stripped from the surface
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while the droplet Weber number remains above some critical value. This tends to result in the production
of a large number of relatively small child droplets and a more continuous loss of mass by the initial parent
droplet.

The RT model, on the other hand, predicts sudden, complete breakup of the parent droplet similar to the
behavior of the TAB and NTAB models. However, this breakup process is instead driven by the magnitude
of acceleration tangent to the droplet’s trajectory. Breakup under the TAB and NTAB models depends only
on the relative velocity of the droplet. For this oblique shock interaction, the acceleration peaks as the
droplet first encounters the shock and RT breakup is predicted to occur shortly thereafter. Compared to the
TAB and NTAB models, RT breakup takes place much sooner and we believe that for our purposes it is akin
to a catastrophic breakup mechanism.

Finally, the KHRT model uses the KH model in conjunction with the RT model in an attempt to capture
both the shear stripping and catastrophic phenomena expected in high We regimes. From the diameter plot
we see that after encountering the shock the initial parent droplet undergoes a few rounds of KH breakup
before suffering complete RT breakup. Then the child droplets undergo more KH breakup until they drop
below the critical We threshold. This end result captures both expected types of phenomena that we expect
to see in a controllable fashion making this a strong candidate model for continued investigations.

4.2.3 KHRT

Here, we provide further investigation of the KHRT breakup model by considering its behavior with
respect to varying drag models and a selection of model parameters.

Most notably, we see a pronounced effect on the RT breakup time using the various drag models, which
predict markedly different post-shock acceleration of the droplet. From top to bottom in Figure 31 and
Figure 32, the peak acceleration predicted after the shock increases leading to shorter RT breakup times
and smaller RT child droplets. Since KH breakup is allowed to occur during the RT breakup process, more
KH child parcels are produced in the cases with slower RT breakup. This leads to wide array of possible
droplet size distributions and trajectories just by changing the drag model. So here it is apparent that the
drag model is not only important in determining the droplet trajectory but also significantly influences the
breakup behavior.

Finally, we demonstrate the combined effect of droplet deformation and breakup of an array of smaller
100 µm droplets in Figure 33. With the KHRT breakup model active, none of the droplets strike the wedge’s
surface. The child droplets produced by breakup are able to more quickly turn to match the flow conditions
due to their smaller size and lower Stokes number.
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Fig. 28—Comparison of 100µm droplet trajectories for a selection of starting heights ranging from y = 0
to 0.15m in an oblique shock for varying drag models, no breakup. The dashed line denotes the solid
surface and the dotted line denotes the oblique shock.
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Fig. 29—Comparison of 1mm droplet trajectories for various breakup models in an oblique shock with
the Wiegand drag model. The dashed line denotes the solid surface and the dotted line denotes the oblique
shock.
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Fig. 30—Comparison of 1mm droplet diameters for various breakup models in an oblique shock with the
Wiegand drag model.
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Fig. 31—Comparison of 1mm droplet trajectories for KHRT breakup with various drag models in an
oblique shock. The dashed line denotes the solid surface and the dotted line denotes the oblique shock.
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Fig. 32—Comparison of 1mm droplet diameters for KHRT breakup with various drag models in an
oblique shock.
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Fig. 33—KHRT 100µm droplet trajectories for a selection of starting heights in an oblique shock with the
Wiegand drag model. The dashed line denotes the solid surface and the dotted line denotes the oblique
shock.
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4.3 Implications

The erosion potential of liquid droplets can vary markedly depending on which underlying drag and
breakup models are used, from predicting 100% impact (Figure 28) to 0% impact (Figure 33). The funda-
mental question that remains is which of these models are most appropriate for this particular flow regime.
Experimental data and direct numerical simulations of droplet behavior in this regime are sparse throughout
the scientific literature. Thus, a clear need exists to develop a comprehensive catalog of droplet acceleration
and demise data in vehicle-relevant flow fields. The remainder of this report (Chapters 5-8) summarizes
NRL’s contributions to such an effort.
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5. DROPLET INTERACTION WITH A BLAST WAVE

As a first attempt to characterize the interaction of a droplet with a curved shock wave, a short set of
experiments were conducted using a linear model detonation engine (LMDE) at the University of Maryland’s
Propulsion Research Laboratory. The purpose of these tests was to gather high-quality images of the initial
stages of droplet breakup that could be used to validate CFD model predictions of droplet deformation.
This chapter describes the experimental approach used for the experiments and summarizes the key results
obtained.

5.1 Facility Description

The LMDE test facility is a laboratory scale Rotating Detonation Engine (RDE) unwrapped into a linear
channel that allows optical access for the study of the structure and propagation of detonation waves. The
LMDE consists of a Pulse Detonation Engine (PDE) which generates a hydrogen/oxygen detonation that
propagates into a narrow channel with side windows (test section). The channel has a row of injection
ports that spans the bottom wall length but has no top boundary (open to ambient) to allow free expansion
of waves and avoid undesired reflections. Figure 34 shows photographs of the LMDE setup with detailed
views of the PDE, the optical access, and the narrow test section channel.

Under normal operation of the LMDE facility, the detonation generated by the PDE enters into the test
section and is sustained through combustion of gaseous fuel injected through the bottom wall ports. For
the experiments performed under this research program, the regular operation of the LMDE facility was
significantly modified in order to generate a completely different flowfield where the interaction of a moving
shock wave and a stationary droplet could be studied.

To that end, the operating condition of the PDE was changed to generate a blast wave instead of a detonation
wave propagating into quiescent air in the test section.15In that flowfield, the moving blast wave simulates
the leading edge shock of a supersonic vehicle. A flat-tip straight needle connected to a syringe shown
in Figure 35 was also integrated to the top of the test section to insert a water droplet into the path of the
propagating blast wave. Finally, no fuel injection through the bottom wall of the channel was performed as
any fluid injection would disturb blast wave propagation.

15A detonation wave is a high speed propagating shock with an attached reaction zone. In contrast, a blast wave is a much lower
propagating shock with a detached reaction zone behind it.
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Fig. 34—LMDE facility and optical diagnostics setup: (a) PDE ignition chamber and tube with
detonation propagation direction arrow, (b) Isometric view of test section, (c) 2-in lens optical setup
to capture shadowgraph visualizations, (d) View of test section rectangular channel from exit side.

Fig. 35—Stainless steel, flat-tip, 30-gauge needle with syringe used to generate droplets for the
experiments.
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5.2 Optical Diagnostics

The primary flow diagnostic used for the experiments was high-speed shadowgraphy. An optical setup
using 6-in mirrors was used to capture large field of view shadowgraphs of the blast wave flowfield. Ad-
ditionally, a 2-in lens setup was used to obtain complementary high resolution zoomed-in views of the
droplet/blast wave interaction (see Figure 34c). A Phantom v2512 camera captured images at a rate of
250,000 frames per second with a resolution of 384 by 160 pixels. The timing and synchronization of the
experiment was performed using an NI/LabView based control system.

Figure 36 shows a cross-sectional view of the LMDE facility and highlights the approximate location of the
6-in shadowgraph field of view with respect to the overall length of the LMDE test section. A representative
photograph of the blast wave flowfield generated by the PDE and propagating through the narrow test section
channel from left to right is also shown. From this image, note how the curved shock wave travels upstream
of the reaction front and combustion products exiting the PDE. In this flowfield, the test window to study
droplet breakup is constrained to the short period of time between a droplet encountering the shock and the
time the reaction front and combustion products reach it.

Fig. 36—Cross-sectional view of LMDE flowpath with sample shadowgraph image in test section
highlighting approximate location of camera field of view (top). Full-scale sample shadowgraph image
of blast wave flowfield (bottom). Note curved shock detached from reaction zone (blast wave flowfield
signature). No needle inserted. LDME schematic modified from [80].
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5.3 Test Conditions

Water droplets were generated at the tip of the needle by filling up the syringe and gently tapping the
plunger before each test.16Unfortunately, no control over the size of the droplets was possible by using this
method. Droplets hanging from the needle tip had either a “one-sided” or “symmetric” shape depending on
whether the liquid attached itself to one side of the needle exclusively or surrounded its tip (see Figure 37).
Similar to droplet size, there was no way of consistently producing a specific droplet shape before each test.

Fig. 37—Shadowgraph images of droplets suspended from needle tip for tests performed (top). Processed
and calibrated images used to estimate droplet size (bottom). Segmented needle tip is colored red, droplet
colored blue, measured droplet width shown by cyan line, and 1-mm sizing square shown in green.

A total number of eight tests were performed for this study. Figure 37 shows raw images of the droplets
captured before each test together with a set of corresponding processed images that were calibrated using
a background grid to estimate droplet size. For the “one-sided” droplets, the measured width was the metric
used to characterize droplet size. For the ”symmetric” droplets, an equivalent diameter was determined using
the measured droplet area from the images. As shown in Figure 37, droplet width for the eight droplets tested
ranged from 0.5 to 2.25 mm while equivalent diameter ranged from 1.45 to 2.32 mm.

To limit the parameter space to be tested and focus mainly on droplet size, a single blast wave condition and
droplet location were used throughout the experimental campaign. The vertical (y-coordinate) and axial (x-
coordinate) position of the needle selected was based on guidance from the Propulsion Research Laboratory
graduate student who operates the facility on a regular basis (roughly between 0.6 and 1” away from the
channel floor).

The blast wave Mach number for each test was determined by calculating the radial velocity of the shock at
the droplet height and using the laboratory ambient speed of sound. This was done by first superimposing
3-4 images of the blast wave prior to the encounter with the droplet and using this overlay to calculate the
axial shock displacement. Then, the shock angle at the droplet height was measured using the last image

16For physical constraints associated with the setup itself, this was the only method of generating a droplet.
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recorded of the blast wave before the interaction. With this angle, which was consistently between 70-73 ◦,
the component of the displacement perpendicular to shock front was determined. Finally, with the known
time interval of 4 µm between frames, the radial velocity was obtained. Figure 38 graphically shows the
details of these calculations. For the eight tests conducted, the average blast wave velocity and average blast
wave Mach number were 841 m/s and 2.44, respectively.

Fig. 38—Overlay of three consecutive shadowgraphs used to calculate blast wave velocity based on shock
wave displacement and angle measurements. Red vertical lines highlight shock position at t = t0, t1, and
t2 using droplet center line as a reference. Green lines superimposed on shock at t = t1 and t2 were used
to measure shock angle for radial displacement calculation.

5.4 Results and Discussion

Figure 39 shows sample time sequences of droplet interaction with a blast wave for two droplet sizes with
a “symmetric” shape. Upon encounter with the blast wave, the appearance of a shock in front of the droplet
is an unequivocal indicator of a supersonic flow interaction. Once fully inside the shocked flow, there is a
noticeable shape change that occurs, with both droplets beginning to flatten and develop a “cupcake-like”
appearance (t = 4 µs for Test 4 and t = 8 µs for Test 5). Following this initial shape change, gradual droplet
flattening continues to occur but apparent mass stripping becomes the outstanding droplet break-up feature.
The images captured for these two tests show how the needle changed the shape of the droplet-induced
shock, but there is no clear indication that it affected the breakup behavior.

Given the extremely short test time available in these experiments (≈ 16µs), the results shown in Figure 39
only provide a glimpse into the initial stages of droplet breakup when exposed to a supersonic flow behind
a moving shock. Despite this, it is important to note that the mass stripping observed in the images closely
resembles the behavior reported by Joseph [38] for a 2.5 mm droplet exposed to the flow behind a Mach 3
normal shock as shown in Figure 40. Qualitatively, in both break-up sequences, the flat windward surface
of the droplet appears to be parallel to the shock wave front that just traversed it. Similarly, the contrail that
appears due to water stripping is perpendicular to the shock front. Finally, given the relatively steep blast
wave shock angle (70-73◦) and limited time for droplet breakup to advance, the results shown in Figure 39
can be representative of the short-lived interaction between a raindrop an the leading edge shock of a blunt
supersonic body prior to surface impact.
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Fig. 39—Sample sequences of water droplet interaction with a Mach 2.44 blast wave. Equivalent droplet
diameters determined from images captured before the encounter were 1.45 mm for Test 4 and 2.24 mm
to Test 5. Test window for droplet breakup ends upon interaction of reaction front from PDE exhaust
with droplet-induced shock.

Fig. 40—Onset of droplet breakup due to interaction with flow behind a normal shock by Joseph [38]
compared against breakup behavior observed due to interaction with flow behind a blast wave in this
study.
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6. DROPLET INTERACTION WITH SUPERSONIC PROJECTILES

A final set of tests were performed in a ballistic range at the Southwest Research Institute (SwRI) in San
Antonio, TX. The goal of these experiments was to collect droplet demise data to expand and improve the
results obtained at the University of Maryland with the LMDE. We note that the data presented in this chapter
only represent a subset of the full results obtained. A future journal publication planned for the program will
include the material and results not presented here after final analysis and processing are completed.

6.1 Motivation

A large body of research on droplet encounters with hypersonic vehicles has looked at nosetip or leading
edge collisions [41] [42]. That is not surprising given how any shape change or material loss occurring at
those surfaces will have a significant detrimental effect on vehicle aerodynamics in terms of drag and may
induce undesirable localized heating through the increase of surface roughness or hot spot generation.

At those stagnation regions, despite the large gradients favorable to droplet break-up, the shock standoff
distance is so small that droplet transit times are extremely short for any significant mass stripping and
breakup to occur before impact. [40] Therefore, for a droplet size above a critical value, it is safe to assume
that the interaction with the normal shock does not change the droplet impact conditions and a prediction of
surface damage may be done by using the kinetic energy of the collision.

That is not the case however for droplet encounters with other vehicle regions. Droplets reaching the plan-
form or a downstream control surface will have crossed a post-shock region with significantly lower gradi-
ents in comparison to the gas behind a planar shock at a stagnation point. Lower gradients weaken breakup
mechanisms such as mass stripping and deformation which is undesirable, but droplets will have much
longer transit times through those post-shock regions which allow the droplet breakup process to advance.

Understanding droplet behavior across that shock layer and ultimately the conditions of the droplet prior to
impact on a surface downstream of the leading edge is critical for any type of surface erosion modeling that
is performed. This is particularly important if one considers how for a hypersonic vehicle flying through
a cloud or rain field, the vast majority of droplet encounters will occur along its planform and rear control
surfaces, and any increase in frictional drag or loss of control authority induced by droplet encounters can
also put the success of a mission at risk. For these reasons, the experimental study described in this chapter
focused mainly on the interaction of droplets with the conical shock away from the stagnation region.

6.2 Experimental Setup and Diagnostics

The tests were performed in an indoor ballistics facility at SwRI using a 20-mm caliber gun which
launched projectiles at different speeds through a column of falling droplets. A total number of 53 shots
were fired using two projectile designs, a blunted cylinder and a 10◦ cone. Each projectile consisted of a
polycarbonate body for barrel wall engagement attached to a leading edge nose tip. Different tip materials
including brass, tungsten, and a combination of aluminum and tungsten were used for the tips to change the
overall projectile mass and in doing so achieve different flight speeds. The purpose of using two projectile
designs and launching them at multiple speeds was creating a wide range of bow shock geometries with
different post-shock conditions to study droplet interaction. Figure 41 shows a picture of the four projectiles
used in the experiments highlighting their metallic tips.
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Fig. 41—Blunted cylinder and 10◦ cone projectiles used in the experiments.

Falling water droplets for the experiments were generated using a dripper system which consisted of a
Microfab pneumatic pressure controller connected remotely to a Nordson EFD syringe barrel with a stainless
steel dispensing needle. The pneumatic controller was used to adjust the back pressure of the syringe before
each test and push a water jet out of the needle which would break into multiple droplets through the Plateau-
Rayleigh instability. Three nominal droplet sizes referred to as small, medium, and large were generated in
the experiments by changing the needle size. Actual droplet sizes were determined post-test and were found
to be as small as 198 µm and as large as 1835 µm.

Droplet-shock interactions were experimentally characterized using synchronized ultra-high speed shad-
owgraphy and high-speed photography. Figure 42 shows a schematic of the optical diagnostics arrangement
used, which included a total of four cameras to visualize the droplet break-up process from multiple angles.
A Kirana 5M camera was used to capture high spatial and ultra-high temporal resolution shadowgraphs of
the droplets interacting with the shocked flowfield (924 x 768 pixels at 1 MHz frame rate). Two Phantom
V2012 cameras were used to record stereo views of the droplets from an uprange and downrange position
(256 x 224 pixels, 200 kHz frame rate). A Phantom V711 was used with a mirror in a plane below the shot
line to capture bottom views that allowed tracking the radial impact location for each test (256 x 224 pixels,
100 kHz frame rate). Finally, a second Phantom V711 was used closer to the exit of the gun barrel with a
calibration target in the background to photograph the projectile in flight from the side view and determine
its flight speed for each test (352 x 128 pixels, 110 kHz framing rate).
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Fig. 42—Optical diagnostics arrangement highlighting shot line in blue with projectile flying from left
to right. Every component shown is at the same y-x plane except for one of the Phantom V711s which
was placed on a parallel plane below to capture bottom views of the projectile colliding with the droplet
column.

6.3 Test Procedure and Conditions

The first step in the experimental setup was establishing a shot line using a laser aligned with the center
line of the gun barrel. The dripper was then installed on an optical table and positioned to generate a droplet
column intersecting the shot line. With a droplet size range selected, the appropriate dripper needle was
installed and the syringe filled. The back pressure of the syringe barrel was then manually adjusted with the
pneumatic controller to vary the spacing between droplets. Having fixed the droplet conditions, each one
of the five cameras described earlier was installed and aligned as shown in Figure 42. A concentric square
calibration target was used to obtain overlapping fields of view for the Kirana 5M and Phantom V2012s and
provide an image resolution reference for post-test droplet sizing.

The speed of each projectile fired was controlled by the amount of gun powder used. For a given target
speed, the amount of gun powder required was determined for each test by using the projectile’s mass
together with a powder load curve established by SwRI through extensive previous experimentation. Once
the required amount of gun powder had been loaded and the gun fully prepared for firing, the dripper would
be started remotely from a test room and a signal would be given to the gun operator to fire the projectile. A
laser beam trigger was used to consistently initiate and synchronize the recording of the five cameras shown
in Figure 42 for the tests.

One of the main challenges faced when running these experiments was successfully impacting the droplet
column in each test. Even though the shot line had been carefully setup using an alignment laser and the
dripper was positioned to have falling droplets intersect that line, the projectiles consistently deviated a small
amount from their planned flight path. Depending on droplet size, the target column was also susceptible to
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swaying due to drafts in the laboratory and was never perfectly steady. These two factors combined caused
the projectiles to graze the droplets sometimes or completely miss them a few times. Between both projectile
designs, the conical one was significantly less reliable and had a 49% impact success in comparison to 94%
of the blunt design. Since most of the useful experimental data collected was for the blunt design, only test
results obtained with that projectile are discussed here.

Table 4 summarizes the test conditions for six exemplar tests performed with the blunt projectile. Nominal
Mach 3 and Mach 5 flight conditions were targeted for these tests. The droplet sizes reported were obtained
by averaging the measured horizontal and vertical diameters of all the droplets captured in the field of view
an instant before interacting with the shock of the projectile (3 to 24 droplets). The uncertainty of the droplet
size was determined based on the accuracy of the droplet diameter measurements (1-2 pixels). The impact
location in the table describes the distance r between the center plane of the projectile and the droplet column
plane, normalized by the projectile radius rp as shown in the schematic in Figure 43. A sample bottom view
of the projectile impacting the droplet column obtained in the experiments used to determine r/rp is also
included in the figure.

Table 4—Experimental conditions for selected test cases.

Projectile Conditions Droplet Column Conditions
Mach Number Speed Droplet Size Impact Location, r/rp

Case Nominal Actual m/s Nominal Measured, µm -

M3-S 3 3.1 1093 Small 228±81 0.45

M3-M 3 3.0 1055 Medium 488±65 0.35

M3-L 3 3.1 1077 Large 1418±161 0.41

M5-S 5 5.2 1802 Small 315±65 0.32

M5-M 5 5.0 1725 Medium 465±61 0.54

M5-L 5 5.1 1765 Large 1565±531 0.36

6.4 Shadowgraph Results

Figure 44 and Figure 45 show composite shadowgraph visualizations of droplets with three different
sizes interacting with the shock flowfields generated by the projectiles listed in Table 4. These processed
images were created by stitching together cropped sections of sequential frames captured with the ultra-high
speed Kirana 5M. For the Mach 3 tests in Figure 44, frames captured every 2 µs were used to generate the
sequences. For the Mach 5 results in Figure 45, frames captured every 1 µs where used but a few frames
were skipped to preserve the same image size and scale of the Mach 3 sequences.

Several observations can be made from the artificial rain fields in Figures 44 and Figure 45 with regards to
droplet breakup, but they all support one overarching fundamental result. In this study, droplet demise was
characterized by mass stripping and shape deformation, but the degree to which those breakup mechanisms
occurred for individual droplets was unique and dictated by local post-shock conditions and droplet size.

Droplets grazing the outer surface of the projectile had a very different breakup behavior in comparison to
those crossing the conical shock away from it. Near the surface, where large velocity and density gradients
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Fig. 43—Front view schematic of projectile and droplet column prior to impact illustrating reference
distance r between projectile center plane and droplet column plane (left). Sample bottom view of
projectile colliding with droplet column used to measure r (right).

occur within the shocked flow, distinct mass stripping was observed across all droplet sizes. Away from
the surface, the amount of mass stripping decreased sharply and at some point far away enough from the
projectile, did not occur.

Droplet flattening was a universal behavior observed after entering the shock layer for every droplet size
and projectile Mach number tested, however, the speed at which this process advanced was droplet specific.
For same sized droplets, faster flattening was observed closer to the surface than away from it. At the same
radial distance, smaller droplets were flattened much earlier in comparison to larger droplets.

The amount of mass stripping and droplet deformation rate were different for every droplet in a given rain
field, however, there were two behaviors consistently observed in every test. First, droplet deformation
was oriented parallel to the local inclination of the shock front traversed. Droplets closest to the projectile
surface developed a flat shape with an upright orientation close to vertical as a result of crossing a nearly
normal shock front. At large radial distances, droplet flattening had a tilted orientation as a consequence of
penetrating an oblique shock front. Second, through the flattening process, similar morphological changes
were observed regardless of droplet size. Droplets first developed a lenticular shape characterized by a
hemispherical windward surface and a flat leeward surface before becoming thin flat disks.
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Fig. 44—Composite shadowgraph visualizations of droplet interaction with shock flowfield generated by
a Mach 3.1 blunt projectile.
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Fig. 45—Composite shadowgraph visualizations of droplet interaction with shock flowfield generated by
a Mach 5.1 blunt projectile. The vertical white lines in the rain fields presented indicate a missing frame
in the sequence.
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6.5 Practical Implications

From the results in this study, it can be inferred that droplet breakup across a conical shock is a complex
process that is mainly governed by the location of shock penetration and droplet size. Breakup is fastest
for small droplets crossing a steep shock-front near a stagnation region. In contrast, breakup speed is sig-
nificantly reduced for larger droplets interacting with the post-shock gas behind an oblique front. Shock
layer transit time however also plays an important role in droplet breakup. Long transit times favor breakup
because they allow mass stripping, flattening, and fragmenting to advance prior to impact.

Fig. 46—Schematic of hypersonic vehicle flying through weather in terminal dive phase illustrating
transit paths for different droplets.

These results have a key implication for a hypersonic vehicle flying through weather in its terminal dive
phase as shown schematically in Figure 6. In the expected pitched-down position for that final flight segment,
the leading edge shock is particularly asymmetric and is much closer to the vehicle on its windward side than
on its leeward side. As a result, shock layer transit times before reaching a surface are substantially reduced
for a droplet such as B in comparison to a droplet such as A. Shorter transit times cause droplet breakup
to advance less, which increases the potential for vehicle damage to occur. As shown in the experimental
results of this study, breakup speed is inversely proportional to droplet size, so large droplets with short
transit times are particularly concerning, more so if they impact a control surface such as a back fin (droplet
C). Note also that as a consequence of the asymmetric leading edge shock and shorter droplet transit times
through it, increased surface damage is expected to occur along one side of the vehicle. Asymmetric surface
damage along the vehicle planform is also undesirable if it affects vehicle aerodynamics and flight control.

Finally, the experimental results shown in this study also demonstrated how droplet flattening was orientated
parallel to the local shock front penetrated. In a practical scenario and for large enough droplets that don’t
fully disintegrate before reaching the vehicle, surface impacts will occur with disk-shaped droplets that are
not aligned with the collision surface. This will affect how droplet fluid spreads along the impact surface and
therefore the normal and shear stress exerted. Future experiments investigating surface erosion of hypersonic
vehicles due to weather encounters should therefore attempt to characterize the impact physics of flattened
droplets.
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7. HIGH-FIDELITY SIMULATIONS OF DROPLET-BOW SHOCK INTERACTIONS

Significant amounts of information about the interaction of droplets with normal shocks can be found
in existing literature, both computational and experimental. The flow around a hypersonic vehicle is more
complex than a normal shock, containing oblique shocks, curved shocks, boundary layers, and other nonuni-
form flow patterns. Experimental data on the interaction of droplets with these types of super/hypersonic
flows is difficult to obtain, and thus a role exists for high-fidelity numerical simulations to augment and im-
prove the available data sets. In pursuant to this goal, a set of resolved Eulerian-Eulerian droplet simulations
were executed to gain a qualitative understanding of the interactions of typical atmospheric droplets with
a vehicle-generated curved bow shock. This chapter presents the resulting conclusions about the effect of
droplet diameter and freestream Mach number on a droplet’s structural integrity upon impact.

7.1 Numerical Method

We use an Eulerian-Eulerian approach by employing the compressibleInterFoam solver implemented in
OpenFOAM [81]. This solver models compressible two-phase flow problems using a pressure based, im-
miscible volume of fluid (VoF) method via finite volume discretization. A single set of governing equations
define the behavior of the mixture, the properties of which are calculated as a phase fraction weighted av-
erage of the properties of component fluids. Here the phase fraction, denoted α , is defined such that cells
containing entirely liquid water have a value of 1 and cells that are entirely air have a value of 0. Cells in the
interface region have an intermediate value that corresponds to the volume fraction of liquid water contained
in the cell. This defines the interface in a diffuse manner while the physical liquid-gas interface would be
sharp. Thus for analysis we consider the physical interface to exist at the contour where α = 0.5.

Fig. 47—2D cut plane of the phase fraction field, α , showing the initial condition of a water droplet.
α = 1 inside the liquid droplet, α = 0 in the surrounding gas phase, and 0 < α < 1 in the interface
region.

The range of scales in the system represents a major difficulty in simulating atmospheric droplets (<
10−3m) interacting with complex, vehicle scale flows (> 10−2m). Based on previous works such as that by
Meng & Colonius [82], we consider ddrop/100 to be the maximum cell size that will reasonably capture the
transport and general breakup of a droplet. For droplets in our target range of 100 - 1000µm, this works
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out at the low end to a 1µm cell size which if applied uniformly to a vehicle scale domain would generate
cell counts that are simply impossible to compute. To loosen this restriction we elect to use adaptive mesh
refine (AMR) with dynamic load balancing which is natively supported by OpenFOAM. This allows us to
resolve the bulk of the domain to a level that is sufficient for the background flow but still too coarse for
the droplet. Cells in and around the droplet are then iteratively subdivided to achieve the cell size necessary
to resolve the droplet. Since we are investigating the interaction of droplets with shocks, we also refine the
shock to the same resolution as the droplet. It should be noted that while we expect this level of resolution to
capture the macro scale evolution of the droplets, it is not sufficient to capture the finer details of the breakup
process. At this stage we are only concerned with predicting the effects of the bow shock interaction on the
parent droplets and if said effects will be enough to significantly affect the impact event. So we deem the
cost savings from the relatively coarse resolution worth the loss in accuracy.

Fig. 48—2D cut plane demonstrating the mesh refinement as a droplet approaches a shock from the left.

We use two conditions based on scalar metrics to determine if a cell should be refined. The metrics are
updated and conditions reevaluated at every time step and if any are met, the given cell is refined. If none
of the conditions are met, the cell is marked for unrefinement. The first condition resolves the droplet by
refining any cell with of α > 0.001. The second condition resolves the shock by refining any cell where the
relative pressure change across the cell exceeds a specified threshold which we set at 0.1, ∆p/p > 0.1.

7.2 Physical Model

Our investigation focuses on singular droplets that collide with the bow shock generated by a cylindrical
blunt body. The droplets are made of water and in a background gas of air with farfield conditions assumed
to be equal to standard atmospheric values at an altitude of 3 kilometers. This altitude was chosen as it
overlaps both where suspended water droplets can be found and where a vehicle could be expected to travel
at hypersonic speeds. For comparison we vary the droplet diameter and freestream mach number.

For the purpose of limiting computational cost, we assume that the flow is symmetrical across the stag-
nation line and the effect of downstream and wake structures are negligible for our current investigation.
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Fig. 49—2D cut plane of the pressure field generated ahead of a 1cm diameter cylinder in Mach 4 flow.

As such we limit the initial offset of the droplets from the symmetry line to between rcyl/4 to rcyl to avoid
approaching these boundary regions. The width of the domain along the cylinder’s axis is sized to be at least
6ddrop which, while insufficient to entirely avoid boundary effects, is enough to prevent direct interactions
with the droplet generated shock and wake fields.

Figure 49 shows the pressure field ahead of a 1cm, adiabatic, no-slip, cylindrical wall in Mach 4 con-
ditions. We generate the bow shock for each set of flow conditions by simulating the pure gas phase flow
without AMR. Once an acceptably steady state has been reached, we use this solution as the initial state of
the gas phase for each droplet simulation. We then activate the AMR with settings relevant to the size of
the droplet to be simulated. This leads to a sudden and significant refinement of the shock as previously
discussed, which generates numerical noise. The simulation is again run until this noise has cleared and an
acceptably steady state is achieved. Then the droplet is inserted by modifying the phase fraction field in the
desired starting location upstream of the shock. The simulation is then run until the droplet or its remnants
reach the cylinder’s surface.

7.3 Results

Our previous work, [83] led us to question the validity of traditional Lagrangian droplet breakup mod-
els, such as Kelvin-Helmholtz Rayleigh-Taylor (KHRT), when shocks and highly variable flow fields are
involved. In particular, we saw indications that such models tended to predict near instantaneous, catas-
trophic breakup in the bow shock region. The highly restrictive nature of these models and limited existing
experimental data involving non-normal shocks led us to believe these predictions may be questionable.
Thus we set out to verify the validity of such models through resolved Eulerian-Eulerian simulation of
droplet-bow shock interactions.
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Here we investigate the droplet-shock interaction with a cylinder generated bow shock involving multiple
droplet sizes ( 100-1000µm) and freestream Mach numbers (2-4). We selected a cylinder diameter of 1 cm
to represent a small but still macro scale leading edge that could be expected to be present on a flight vehicle.
For bow shocks in our desired range, a straight line trajectory between the bow shock and cylinder surface
has a corresponding minimum travel time of a few µs. This leaves a narrow window for a droplet to deform,
breakup, and/or divert before impact. Generally, droplet breakup time scales proportionally to the droplet
diameter. So we expect there to be three general regimes corresponding to droplet size and the other listed
factors where the droplet will be intact, highly deformed/reduced, or completely broken up before impact.
We seek to understand where these regimes lie and the best way to define them based on the relevant factors.

7.3.1 Eulerian-Eulerian Simulations

After generating a sufficient steady base flow, like that shown in Fig. 49, the droplets are introduced
directly in front of the bow shock with an offset of 3.75mm (0.75 Rcyl) from the symmetry plane. This
aligns them with the highly complex and variable region of the bow shock that can neither be described by
normal shock or oblique shock relations. As such it represents a significant unknown in regards to predicting
how the droplet will behave. In Fig. 50 we present a 250µm water droplet interacting with the post shock
flow Mach 4 bow shock. The flow surrounding the droplet is complex and asymmetric as the droplet and
gas velocity vectors are not collinear. The droplet itself is deforming and losing mass to shear stripping.
In Fig. 51 the droplet approaches the cylinder’s surface. It has deformed into an oblate profile and while
having experienced a moderate amount of breakup, still retains a large amount of its core mass. As such,
the exact nature of the impact and the potential for damage may be noticeably different than if retained its
base spherical state. We define this state to be the middle or transitory regime.

Fig. 50—250µm droplet in the bow shock of a 1cm cylinder in Mach 4 conditions and starting from a
height of 3.75mm from the symmetry plane. The background is a 2D cut plane of the pressure field of
the surrounding air. The isosurface is calculated from the phase fraction at α = 0.5, corresponding to the
surface of the liquid phase droplet.

In Figs. 52 – 53 we visualize the breakup process for some of the droplets we simulated. The samples at
evenly spaced time intervals from the droplets introduction in front of the bow shock to just before impact
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Fig. 51—The same droplet in Fig. 50 shortly before impact with the cylinder surface.

with the surface. Note that scaling between sets is not strictly maintained. Within the current scope, we
draw our main conclusions from the state of the droplet directly before impact (right side of plots). Thus
referring to Fig. 52, (a) demonstrates what we believe to be nearly complete breakup state, (b) demonstrates
the intermediate state, and (c) demonstrates the effectively intact state.

7.3.2 Theoretical Analysis

To build a basis to tie our simulation results back to known theory, we begin by employing the work of
Sinclair and Cui [84]. They developed theoretical models to predict the bow shock standoff distance (δ ) for
cylinders with CFD and experimental validation. Their resulting equations can be summarized as follows:
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Each model uses a different assumption for closure. Equation (48) assumes linear variation of Mach number
between the shock and body while Eq. (49) assumes linear variation of density instead. The former is
considered more accurate for high Mach numbers so we employ it in our subsequent analysis but present
both as the latter is also valid. For completeness we also include the necessary supporting equations for θs,
βs, Cps, and Cp,max. Details of their purpose and derivations can be found in the original work.

θs =
π

2
−βs (50)
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(a)

(b)

(c)

Fig. 52—Progression of the droplet breakup process from initial shock contact (left) to just prior to
impact (right) for a Mach 2 bow shock generated by a 1 cm cylinder. Droplets are offset 3.75 mm (0.75
Rcyl) from the stagnation line. Both the isosurfaces and contour plots correspond to α = 0.5. Droplet
diameters: (a) 250µm, (b) 500µm, and (c) 1000µm.
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(a)

(b)

Fig. 53—Progression of the droplet breakup process from initial shock contact (left) to just prior to
impact (right) for a Mach 4 bow shock generated by a 1 cm cylinder. Droplets are offset 3.75 mm (0.75
Rcyl) from the stagnation line. Both the isosurfaces and contour plots correspond to α = 0.5. Droplet
diameters: (a) 250µm and (b) 500µm.

We plot both equations, along with our own CFD results in Fig. 54. Our results fall within the envelope
of the two models both lending validity to our simulations and implying that we can safely use Eq. (48) for
standoff distance predictions.

The minimum transit time from the shock to the surface is proportional to the bow shock standoff
distance. Roughly speaking, standoff distance is inversely proportional to freestream Mach number, thus
ttransit,min ∝

δ

M∞
∝

1
M2

∞

. Longer transit times increase the likelihood of breakup before impact by allowing the

deformation and breakup processes to proceed further. Using Eq. (48) we estimate ttransit as ttransit =
δ

v∞
.

In Chapter 4, we introduced several breakup models that predict a discrete breakup event: the Taylor
Analogy Breakup (TAB) [75], Nonlinear TAB (NTAB) [70], and Rayleigh-Taylor (RT) [77] models. Fig-
ure 55 compares the breakup times predicted by these models as they vary with droplet diameter for a fixed
freestream Mach number. We estimate the post shock conditions using the normal shock relations for an
ideal gas and assuming the post shock velocity is zero so the relative velocity is equal to the freestream
velocity. While they obviously produce significantly different predictions, the maximum difference is less
than an order of magnitude so in our qualitatively oriented analysis we consider them all equally valid. Note
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Fig. 54—Non-dimensional standoff distance vs. freestream Mach number. The point data corresponds
to our computational results while the lines are models for cylinders developed by Sinclair and Cui [84]
and repeated here as Eqs. (48) – (49).

that here we use a standard spherical drag model to calculate the drag forces that drive the RT based breakup.
Previously we favored using the time averaged, Wiegand model [74] due to the convenience of not requiring
an additional deformation model. However, this time averaged nature leads the Wiegand model to over
predict the instantaneous drag forces. Since the RT breakup is driven by the drag force, the over predicted
drag forces lead to an over prediction of the RT breakup rate and thus under prediction of breakup time, by
roughly two orders of magnitude in our case. The spherical model avoids this issue and in the case of bow
shocks, the distance to the surface is short so the droplet remains approximately spherical for a significant
portion of the travel time.

The rates of relative mass loss and deformation of a droplet tend to be inversely proportional to droplet
diameter. Larger droplets have more mass to lose and inertia to overcome as explained by the square-cube
law. Thus the overall breakup time tends to be proportional to droplet diameter in our selected models. In
other words, we would expect that for a given set of flow conditions the stability of a droplet decreases with
decreasing droplet diameter.

Breakup time is generally inversely proportional to relative velocity. Thus higher freestream Mach
numbers would be expected to lead to faster breakup and a lower likelihood of impact. However, since
standoff distance also decreases with increasing freestream Mach number, lowering the transit time and
increasing the likelihood of impact. These opposing effects make the overall effect of varying Mach number
not obviously apparent due to the unknown relative magnitude of each factor.

In Fig. 56 we visually compare the theoretical minimum transit time to the predicted breakup time for
our three models over a range of Mach numbers. For additional clarity we include the differentials of ttransit

and tbreakup, ∆t = ttransit − tbreakup. When ∆t is positive, breakup is predicted to occur before impact with
the opposite occurring it is negative. We propose considering the conditions where ∆t = 0 to be a critical
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Fig. 55—Droplet breakup time vs droplet diameter as predicted by the TAB, NTAB, and RT breakup
models.

point, such that breakup is predicted to occur at the exact time of impact. By plotting these values we can
construct a sort of phase diagram that allows us to qualitatively estimate the droplet state at impact for any
given combination of freestream Mach number and droplet diameter.

The result of the preceding analysis is Fig. 57. Here we visualize the expected breakup across the Mach
number and droplet diameter space. The lines correspond to the analytical predicts derived from our selected
theoretical models and the points are from our Eulerian-Eulerian droplet simulations shown in Section 7.3.1.
Due to the high costs involved, we only have limited number of datapoints from our simulations. However it
is clear that it matches well with the theoretical predictions, especially from TAB and NTAB. Thus we pro-
pose it is reasonable to use this theoretical basis for further analysis, including a larger range of parameters
such as the effect of cylinder diameter, gas properties, and droplet material properties. Carefully employing
more expensive computational and experimental resources for targeted validation instead of blanket studies.

Interpreting these results, conditions lying sufficiently up and to the right of the critical curves imply
the droplet is likely to undergo minimal deformation and breakup. Meaning that it may be safe to apply the
assumption that the droplet will be spherical upon impact when preparing models or experiments for surface
erosion. For conditions on and near the critical curves, the droplet will be highly deformed but potentially
still have a relatively intact core. Thus making predictions of deformation and breakup necessary, limiting
the possible range of simplifying assumptions. Finally, if the conditions are sufficiently left and below the
critical curves, the droplet will likely have undergone a significant amount of breakup where the core of the
parent droplet has completely disintegrated. For sufficiently small child droplets and including the effects
of evaporation, it may become reasonable to make significant assumptions. One possibility being to assume
the droplet has completely evaporated and thus gas phase only modeling based on mass flow rates can be
used.
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Fig. 56—Comparison of modeled breakup times to minimum transit time for varying Mach with a fixed
droplet diameter, ddrop = 500µm. The curves labeled ∆t correspond to ∆t = ttransit − tbreakup, for the
respective model. Positive values of ∆t indicate breakup is expected to complete before impact and
opposite for negative values.

Fig. 57—Phase regimes predicting droplet state upon impact with a 1 cm cylinder. Above curve = impact
before breakup. Below curve = breakup before impact.
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8. SUMMARY AND CONCLUSIONS

Historically, the prediction of the erosion potential of objects traveling at supersonic and hypersonic
speeds through fields of hydrometeors has been performed using models that rely on a set of correlations
for droplet demise derived from normal shock-droplet interaction experiments. This condition is likely to
be a reasonable approximation of the flow only in the immediate vicinity of leading edge or nosetip of the
vehicle. In reality, hydrometeors will encounter a highly non-uniform flow environment under which these
correlations are not likely to be valid and may lead to inaccurate erosion predictions on the vehicle forebody
and on other important structures such as stabilization fins and control surfaces.

A more complete understanding of the influence of the flow on the hydrometeor fate and transport is
therefore necessary. One approach is to directly track individual hydrometeors as they traverse through a pre-
computed, vehicle-specific flow field. While this approach has the potential to provide a more physically-
realistic assessment of the likelihood of hydrometeor impact, the methodology relies on a different set of
modeling assumptions that must ultimately be obtained and validated. The primary motivation behind this
approach is that these types of models have the ability to respond to the local flow conditions, making
them aware of field-induced deformation and breakup behavior. A variety of existing models for droplet
deformation-induced drag and aerodynamic breakup were tested in a canonical supersonic flow field, and a
wide variety of droplet behaviors were observed resulting in unacceptable levels of uncertainty for the im-
pact potential. Reducing this uncertainty will require a combination of high-fidelity multi-fluid simulations
as well new, relevant, experimental studies that allow us to obtain a detailed look at the behavior of hydrom-
eteors under high-Mach-number and high-Weber-number flow environments. In this report, we considered
four different approaches for obtaining this data.

The first approach was to inject droplets into a supersonic wind tunnel facility and record their subse-
quent interaction with the flow field generated by a relevant test article. A number of technical challenges
associated with this approach have been identified, including the acceleration of the droplets to the gas
velocity, the potential for premature droplet breakup events, the potential for droplet freezing in the wind
tunnel throat, and the risk of undesired erosion of the tunnel components. These challenges, along with a
preliminary scoping study, were discussed in Chapter 3, with the main conclusion being that such experi-
ments would not reproduce realistic interaction environments in NRL’s prototype small-scale tunnel facility.
Testing in NRL’s new Hypersonic Wind Tunnel facility was not possible during this program, due to a
confluence of unforeseen acquisition delays.

The second approach considered the interaction of a droplet with a spherical shock wave created by a
propagating detonation. This approach is similar in nature to past shock-tube experiments in which a planar
shock wave interacted with a suspended droplet. The change in shock structure from planar to spherical
modifies the post-shock flow field, establishing a variable velocity environment through which the droplet
must traverse. High-speed shadowgraph imaging was used to provide a time-resolved history of droplet
demise. These efforts were discussed in Chapter 5, and provide a limited set of droplet demise data.

The third approach considered the interaction of a stream of droplets with a supersonic projectile. A
series of test shots were performed at a ballistic range operated by the Southwest Research Institute using
projectile with both blunt and conical forebodies traveling at speeds that varied between Mach 3 and 5
and were discussed in Chapter 6. Simultaneous high-speed photography and shadowgraphy recorded the
interaction of precisely-control droplets in free fall with the bow shocks created by these projectiles. High
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resolution images track the deformation and demise of the droplets, showing the strong influence of the local
flow on the droplet behavior.

The fourth approach utilized high-resolution two-fluid simulations to compute the interaction of a water
droplet with the bow shock formed around a blunted supersonic body. These simulations, discussed in
Chapter 7, provided a detailed view of the droplet deformation under various flow conditions along with the
formation of fluid dynamic instabilities on the droplet surface that resulted in mass stripping and, in some
cases, complete droplet breakup. The breakup times predicted by these simulations were then compared to
those predicted by the TAB and RT breakup models discussed in Chapter 4. This analysis identified a range
of Mach number-droplet diameter combinations for which prediction of droplet impact vs demise is likely
to be sensitive to the underlying breakup model.

Future efforts will be required to expand the scope of droplet trajectory and demise data beyond the
range of conditions considered in this study. A thorough analysis of the data can then be performed to refine
droplet deformation and drag models as well as aerodynamic breakup models for the critical flow regimes
identified as part of this effort. Incorporation of such improved models into erosion prediction tools and
CFD software, such as the JENRE® Multiphysics Framework, will provide a more accurate assessment of
hydrometeor-induced erosion potential for hypersonic vehicles.
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