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Computational Challenges  
with Spray Combustion Flows 

• Combustor size -- 10 – 100 cm 
• Computational mesh size --  1—10 mm 
• Droplet size --  10—100 microns 
• Droplet spacing --  100—1000 microns 
• Full resolution is not feasible; sub-grid models are required. 
• Often vaporization is slow compared to other processes and  
• rate controlling; so, accurate sub-grid models are required. 
• Even when vaporization is not slow compared to other 

processes, the droplet trajectory and vaporization rate  controls 
the mixture ratio distribution in the combustor. So, again, 
accurate modelling is vital. 



Isolated Spherically Symmetric Burning Fuel Droplet 





Non-dimensional  
Parameters   and  
Vaporization   Rate 



Transient   Liquid   Temperature 



Droplet  Radius  vs. Time 



For rapid vaporization,  
delay in liquid heating  
becomes significant. A  
uniform-temperature  
assumption is poor. 



   
Gas thermal and mass  
diffusivities are large. 
Thus, gas has a  
quasi-steady behavior. 
However, continual  
adjustment to liquid 
conditions occurs. 



For H2 / O2 propellants,  
the oxygen droplet  
vaporizes more slowly. 



Relative Gas-droplet Motion:  
   Convection and Advection 



Internal circulation of the  
liquid is important: convection. 



“Rapid Mixing” does not produce a 
uniform temperature. However, 

characteristic liquid heating length 
and time are reduced considerably. 





Abramzon-
Sirignano  
Convective 
Droplet  
Heating  and  
Vaporization 
Model: 
Gas Film Model 
and  Effective 
Liquid Diffusivity 
Model 

Gas Film Model 



Effective Diffusivity Model for Liquid Phase 



Reynolds number and Peclet number can become large.  
This will tend to make stream surfaces closer to isotherms. 
The characteristic length and characteristic time for  
liquid-phase conduction are reduced significantly. 



Comparisons 
1) Exact Numerical Solution 
2) Infinite Conductivity (Rapid 
       Mixing) 
3) Finite Conductivity 
4) Effective Conductivity, clearly  
        the most successful match  
       with the benchmark. 

 



Near-Critical and Transcritical Thermodynamic Behavior 

Consider a droplet with an  
initial sub-critical temperature  
in an ambience that is  
supercritical. Initially,  
composition is discontinuous  
across the interface as  
described by phase equilibrium. 
t3 > tc > t1.  With time, droplet  
radius decreases; the critical  
temperature surface moves  
towards the phase interface;  
once those two  surfaces merge,  
phase distinction disappears. 



At near-critical conditions, ambient gas components  
can dissolve in the liquid. The liquid therefore is not a  
pure substance. 



Profiles for Oxygen Droplet in Hydrogen Gas 







Molecular Dynamics calculations require only a description  of the  
attractive / repulsive  forces between the molecules.  No apriori  
description of phase is required. However, only sub-micron-size  
droplets can be analyzed due to  computational  limitations.  (There  
are more than a billion molecules in a cubic micron of water or oil.) 





Approaches to Spray Computations 

• Two-continua models: the properties are an average over 
a neighborhood so that both liquid and gas properties 
exist at each point in a continuous fashion. 

• Discrete-particle models: a Lagrangian approach is taken 
for droplets and an Eulerian approach for the gas.  The 
Lagrangian equations are equivalent to a characteristics 
method for the continuous droplet equation in the first 
method. 

• Probability density function: this can be useful when 
resolution is desired to be smaller than droplet spacing 
and a probabilistic behavior exists. For more coarse 
resolution, the pdf is a distribution function. 





Characteristic Lines and Eulerian-Lagrangian Method 



Ignition Problem:  
droplets near a hot wall 

Ignition delay can be minimized  
depending on droplet size and  
distance from hot wall. 
 
d20 is a better average droplet  
diameter than d32 for ignition  
predictions; i.e., surface area is critical. 



Counterflow Flames 

Two diffusion flames can occur even if 
droplets enter only from one side. 



Droplet Streams interacting with  Vortex 
Structures in Mixing Layer 

Droplet number density  
variation is affected by  
strain of vortex field. 
 
Larger droplets have  
greater inertia. 



3D mixing-layer solutions for  
bubble-laden flows 



Turbulent Domains for Particle-laden Flows 



Axisymmetric Centerbody Injection,  
Vaporization, and Combustion 



   3D Large-Eddy Simulation 
Vorticity and Droplet Position 

Low swirl rate  High swirl rate  
 



Thank   You 
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