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Abstract: Hypersonic vehicles entering the atmosphere have unique challenges including very high loads 

when interacting with a raindrop. Such loads drive a need to understand droplet breakup mechanisms. 

In this work, analyses and volume of fluid-based computational fluid dynamics are used to understand 

breakup mechanisms. At hypersonic speeds, the time scale is very fast with a short distance scale. This 

leads to conditions where there is not enough thermal energy or time to vaporize the droplet, shear 

stripping occurs to slow, leaving cavitation as the fastest physics with potential to drive high-speed 

droplet breakup. The results indicate that studies of rain impact at hypersonic speeds demand and 

understanding of cavitation and its role in droplet breakup mechanisms.  
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1. Introduction 

Rockets, missiles, and atmospheric entry vehicles of the present and near future are subject to weather 

at speeds in the hypersonic regime, and thus the effect of precipitation is warranted examination to evaluate 

safe flight conditions. The force which a rain droplet exerts on a body sees an increase that scales with the 

square of the impact speed (𝑉∞) and droplet diameter (𝐷). Assuming the droplet does not breakup or slow 

down substantially after the shock, the impact force, 𝐹, peaks with an estimation of  

𝐹 =
𝜌𝜋

6
 𝑉∞

2𝐷2 (1) 

where 𝜌𝑙 is the liquid density. In this limiting analysis, the vehicle is subjected to loads exceeding 2kN 

(Mach 6, 0.1cm raindrop) over a very small area (~𝐷2). This upper limit presents a design criteria for flight 

through rain and understanding the underlying droplet-breakup mechanisms will lead more accurate 

loads estimates. In this work, the potential role of cavitation as a driver of droplet breakup is evaluated.  

       Impacting a millimeter-scale droplet at hypersonic speeds leads to forces that can exceed common 

material yield stresses. Additionally, flight through rain also disrupts boundary layer character and the 

resulting heat transfer [1,2]. Within the shock layer, these changes alter the bow shock profile, and impacts 

effective aerodynamic heating and stability. Droplet-vehicle interaction occurs in a series of stages: (1) the 

droplet is in static atmospheric conditions, (2) the droplet encounters the leading bow shock and crosses 

into the flow field, and (3) undergoes break up to surface impact. This separation of droplet lifespan into 

stages serves as a template for the presented computational model. As the droplet crosses the shock wave 

it enters a sharp change in surrounding fluid conditions: an increase in external and internal pressure 

forces, surface shear, and in temperature. At high speed, the Reynolds number of the droplet exceed values 

of 100,000. Thus, the Weber number that compares inertial forces experienced by the droplet to the surface 

tension force of the droplet, approaches higher ranges. The Weber number (𝑊𝑒 =
ρV2D

σ
) is defined to 

correlate breakup modes seen in experimentation, and provides insight to droplet shape prior to impact, 

enabling a prediction of load that will impinge on the vehicle surface. Here, 𝜌 is the density of the liquid 

phase, 𝑉  is the relative velocity between droplet and surrounding gas flow, and 𝜎  is surface tension 

coefficient. The conventional regimes suggest breakup in the form of sheet stripping and catastrophic [3], 

in which the droplet is seen to shatter before material can be removed by sheet stripping in Mach numbers 

of 3 and higher [4]. In this work, droplet breakup from sheet stripping, boiling, and cavitation is evaluated.  
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2. Materials and Methods 

The study numerically models the process of droplet behavior and breakup through its path from 

subsonic flow, through post shock flow field, to the vehicle. Modeling the impact of the droplet onto a 

body presents an issue of scaling. Vehicle bodies are often on the order of meters, and droplets on order 

of micrometers, creating a disparity that demands an impractical form of meshing and computation. The 

presented work solves this by breaking up the simulation into stages[5]: 

(1) Vehicle scale simulation, in which the hypersonic flow around the body is solved (conservation of 

mass, momentum and energy of the gas and droplet phases). This effort utilizes high-speed 

numerics [6], along with high-speed models of one-way, droplet trajectories utilizing high-speed 

drag models [7] in an Eulerian context are utilized.  

(2) The droplet trajectory is extracted and converted to reference frame of the droplet using a Galilean 

transformation similar to the approach outlined in Ref [8] for studying cavitation models on bubble 

trajectories. 

(3) Using the results from Stage (2), one can focus a computational fluid dynamics (CFD) analysis on 

the droplet itself. Here, a high-speed, multiphase volume of fluids (VOF) solution at the droplet 

scale is utilized. The numerics and validation in the context of underwater explosions is presented 

in Ref [9]. 

(4) Lastly, cavitation dynamics assessments in the droplet itself are evaluated. Using droplet scale 

pressure data through time, Rayleigh Plesset (RP) equation [10] can be used to assess cavitation. In 

this work, the CFD pressure profile is applied to the RP to evaluate the time scale and volume 

change from incipient cavitation. 

The CFD  aspects (stages 1 and 3) are solved in the context of the commercial code, Star-CCM+[11]. Stages 

(2) and (4) are developed in the context of Matlab [12].  

3. Results 

For results, we present analyses of competing mechanisms (boiling), followed by validation of shock-

liquid interactions, and an assessment of a 𝑀 = 6 droplet interaction.   

3.1. Evaluation of Breakup Regimes 

Driven by a high temperature post a shock (𝑇~2400𝐾 at 𝑀 = 6), there is a strong potential for boiling. 

The ultimate question is, are boiling processes more important than cavitation processes? Hence, boiling is 

evaluated through two approaches. The first evaluates the energy available to boil a droplet, which is 

estimated as the energy within the droplet stream tube from the shock to the leading edge calculated within 

the flow solution field. In this work we find that there is only 0.66% of the energy need to drive boiling, 

based on the vaporization energy of the raindrop. Recall, hypersonic speeds involve shocks that are tightly 

attached to the body yielding short distances, hence, lack of energy available to boil the droplet prior to 

impact. Alternatively, we also evaluate the time scale associated with boiling compared to that associated 

with impact by evaluating the timescale via Sherwood Mass Transfer relation, approximated for droplets 
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by the Frossling correlation[14]. Such an 

approach indicates that roughly 0.7% of the 

droplet can boil prior to impact. Such 

assessments imply that boiling is a longer 

timescale than droplet impact time.  

3.2. CFD Validation 

With previous validation of underwater 

explosions [9], we perform an additional 

validation in the context of a shock (Mach 

2.4) in air striking a column of water [13]. 

Results are provided in Fig. 1. Parts (a)-(c) 

indicates the traveling shock with the density 

gradient (upper half) and the absolute 

pressure (lower half). Note in Part (c), the 

underpressure (-8bar) at the aft end of the 

water column. Such a feature is observed 

experimentally and yields potential for 

cavitation.  Parts (d)-(e) indicate comparisons 

of pressure measurements. Note that the 

present CFD model does not account for 

cavitation, hence, may be one cause for the 

overshoots with respect to the measures. Gauging the overshoots, the droplet is re-evaluated with a gas 

bubble of size equivalent to airborne dust. Initiated form is seen Fig.2. The gas bubble collapses in the wake 

of the compression 

wave, and following the 

pressure drop of the 

rarefaction wave, 

expands. Noted is the 

local compression wave 

to the bubble curvature. 

The fluid solution is 

compared to the chosen 

cavitation model. 

Lastly, the one-way 

coupled assessments of 

the RP is evaluated in 

Part (f). This result  

indicates a strong 

likeliness for cavitation 

by bubble growth of a 

single particle seed of 

dust increasing volume 

up to 250% over a time 

period of 0.1 

microseconds. 

 

Figure 1. A sample solution of the prediction of the Sembian 

experiments [13]. In (a)-(c) are time evolutions where in (3) we 

can see a underpressure due to the shock reflection at the aft 

end of the cylinder. In (d) and (e) are comparisons to measured 

pressures. In (f) is the application of RP.  

 

Figure 2. View of gas bubble seed within Droplet. Chronological response of gas 

bubble shrinkage and growth following interaction with internal pressure waves.   
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However, the coupling and resulting droplet break up is not directly evaluated which demands coupled 

assessments.  

3.3. CFD Evaluation of Cavitation 

In order to evaluate the importance of cavitation over conventional droplet breakup modes (sheet 

stripping and catastrophic breakup), a prediction of a 1mm droplet impacting a leading edge of a wing 

traveling at Mach 6 is evaluated. Results are indicated in Fig. 3. Note that the droplet itself is near the 

standoff distance of the shock itself. As indicated in the plots, the shock persists through the water at 

roughly the same speed of the droplet. When reflected off the back of the droplet and concentrated by 

droplet curvature, the strong underpressure occurs following the rarefaction wave. This will drive 

cavitation, which occurs prior to any formation of sheet stripping or boiling. Such a results further indicates 

that cavitation phenomena is the fastest physical process to occur and likely to dominate loading when 

high-speed vehicles interact with raindrops. The measured underpressure is expected to increase with 

shock strength, increasing cavity growth and impact in droplet demise.  

4. Conclusions 

In the present effort, analyses of droplet breakup modes associated with high-speed vehicles are 

assessed. We evaluate the importance of boiling. It was found that the shock standoff distance is too short 

and that the impact times is too fast for boiling to readily occur prior to impact. Additionally, CFD is 

utilized to understand the importance of shear-driven breakup such as sheet stripping. It is found that these 

processes are also relatively slow. The potential for Cavitation conversely is quite strong. This is driven by 

a strong pressure wave in the droplet forming with the interaction of the shock. This wave travels through 

the droplet at roughly the sound speed in water (which is roughly equivalent to a Mach 5 shock in air). 

When the wave reflects from the back surface, cavitation is likely to occur and provides a potentially fast 

breakup mechanism.   

 

Figure 3. Flow and droplet trajectories over a leading edge at Mach 6 based on the DARPA MACH leading 

edge specifications. The lower plot indicates droplet-scale (Stage 3) calculations showing the potential for 

cavitation prior to any stripping mechanism.  
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