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Abstract 

This work develops a unified Eulerian–Lagrangian framework for modeling droplet 

momentum transfer, deformation, breakup, and rapid phase transition in liquid-

fueled detonations. The model combines compressibility-aware drag, stagnation-

plane regression driven by heat flux and compression work, and breakup in localized 

subcritical regions. Validation against zero-dimensional shock–droplet experiments 

shows good agreement with measured deformation, displacement, and velocity. 

Overall, the model provides a physically consistent and computationally practical 

closure for predicting droplet evolution in self-sustained liquid-fueled detonations. 

 

Introduction 

Liquid droplets in supersonic flows play a central role in high-speed combustion 

systems, including rotating detonation engines and scramjets [1]. Shock–droplet 

interactions induce rapid deformation, breakup, and phase change, which control fuel 

vaporization, mixing, and the stability of detonation-based combustors [2]. Because 

detonation waves propagate at kilometer-per-second speeds, evaporation must occur 

over extremely short timescales. Classical diffusion-based evaporation models [3] 

are therefore inadequate when compressibility, strong thermal gradients, and 

advection dominate. 

Previous studies have often treated aerodynamic breakup as the main mechanism in 

shock–droplet interactions [4]. However, breakup-based timescales differ 

substantially from recent experimental observations [5], indicating that breakup 

alone cannot explain the rapid droplet evolution observed at high Mach numbers. 

The tachyothesis theory of Kateris et al. [6] marked an important advance by 

interpreting shock–droplet interaction as a thermodynamically driven process. It 

captures rapid deformation, flattening, and vaporization in high-Weber-number 

regimes, We >1000, where surface tension becomes negligible, and agrees well with 

experiments and molecular-dynamics results. However, its assumption of a final 

gaseous state and lack of a self-consistent mass-transfer closure limit its use in CFD 

simulations requiring continuous two-way phase coupling. 

To overcome these limitations, the present study proposes a heuristic model that 

includes geometric effects from preferential evaporation and deformation, providing 

consistent mass, momentum, and energy transfer rates suitable for CFD integration. 
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Theoretical model 

The droplet dynamics, from a Lagrangian standpoint, is represented by a set of 

general ODEs given by [3]: 

md

dUd

dt
= Fad (1) 

dmd

dt
= m𝑒𝑣̇ + mstaġ , (2) 

mdCp,l

dT

dt
= Qconv

̇ + Qlat
̇ + Qstag

̇ , (3) 

where 𝑚𝑑 is the droplet mass. Under the extreme thermodynamic conditions of the 

environment, the mass transfer rate  𝑚̇𝑒𝑣, the convective and latent heat transfer rate 

(𝑄̇𝑐𝑜𝑛𝑣 and 𝑄̇𝑙𝑎𝑡) are calculated using the Spalding model with the Stefan flow 

correction, the trans and supercritical vapor-liquid equilibrium, and the Peng-

Robinson equation of state [7,8]. For the sake of brevity, the formulation is not 

reported in the manuscript.  

To account for large deformation and breakup, the DDB model [9] is employed.  

The aerodynamic drag follows the formulation of Aggarwal et al. [8] which captures 

the reduction in relative slip caused by strong evaporation and near-critical density 

ratios, the friction induced by elevated evaporation rates. To represent both wave 

drag and shape deformation, the drag coefficient is computed with  a combined 

approach based on Loth et al.[10] and Holzer et al.[11].  

The terms 𝑚̇𝑠𝑡𝑎𝑔 and 𝑄̇𝑠𝑡𝑎𝑔 represent the large energy deposition at the droplet front 

induced by the sharp increase in pressure and temperature in the stagnation region 

of the supersonic flow. The extensive formulation of these terms can be found in 

Ref. [12]. 

 

Results 

The model is validated against shock–droplet experiments at nominal Mach numbers 

of 5.7, 6.2, 7.8, and 8.6, with initial droplet diameters between 214 and 286 μm [5]. 

Because thermophysical data for RP-2 are unavailable, n-dodecane is used as a 

surrogate, with liquid properties tabulated from CoolProp and interpolated using 

GSL bicubic splines. The simulations reproduce the main experimental trends in 

droplet deformation, expanded-radius evolution, velocity, and displacement. During 

the early interaction, shock-induced inertial loading causes rapid droplet flattening, 

while surface tension and viscous effects remain secondary. This deformation 

increases the stagnation-plane area exposed to high pressure and temperature, 

thereby enhancing compression work and heat transfer and accelerating phase 

transition. 

For the Mach 5.7 case, the model captures both the initial deformation and the 

subsequent rapid growth of the expanded radius. At Mach 6.2, the smaller droplet 

and stronger post-shock flow produce faster deformation and phase change; although 

the expanded radius is underpredicted by approximately 16%, the overall 

consumption time is well reproduced. At Mach 7.8 and 8.6, the stronger inertial 
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forcing and higher stagnation conditions lead to accelerated flattening and 

evaporation, with good agreement between simulations and measurements. When 

plotted against the nondimensional time, all cases 

collapse onto a common curve, giving a characteristic 

droplet lifetime of approximately τ≈1.5. The 

modified drag model also predicts the droplet 

velocity and displacement accurately over most of 

the interaction, although deviations appear near 

complete supercritical transition as the rapidly 

decreasing droplet mass leads to overpredicted 

acceleration. Overall, the comparison shows that the 

model captures the coupled deformation, 

acceleration, and rapid phase transition of droplets 

under strong shock loading. 

 

 

 

 

 

 

Conclusion 

A unified Eulerian-Lagrangian model was developed 

for droplet deformation, drag, breakup, and rapid 

phase transition in liquid-fueled detonations. 

Validation against high-Mach-number shock–droplet 

experiments shows that the model captures the main 

trends in droplet flattening, expansion, velocity, and 

displacement. The results confirm that inertial deformation enlarges the stagnation-

plane area, enhancing heat and compression-work transfer and accelerating phase 

change. Overall, the framework provides a practical closure for coupling rapid 

droplet evolution with detonation dynamics, with remaining limitations mainly 

associated with drag prediction near complete supercritical transition. 

Figure 1 Non-dimensional droplet deformation as a function of time. 

Figure 2 Droplet speed (a) 

and displacement (b) as 

functions of time. Symbols 

denote experiments and 

lines denote simulations. 
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