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Direct numerical simulation (DNS) 
 fluid: Navier-Stokes equation 
 particles: Newton’s equations of motion 
 interaction: traction on the surface of the particles 

Discrete element modeling (DEM) 
 fluid: Navier-Stokes equation + 
 particles: Newton’s equations of motion 
 interaction: empirical correlation 

Two-fluid model (e.g., MFIX) 
 fluids: Navier-Stokes equation + 
 particles: Navier-Stokes-like equation + 
 interaction: empirical correlation 

 



Direct numerical simulation (DNS) 
 fluid: Navier-Stokes equation 
 particles: Newton’s equations of motion 
 interaction: traction on the surface of the particles 

Discrete element modeling (DEM) 
 fluid: Navier-Stokes equation + 
 particles: Newton’s equations of motion 
 interaction: empirical correlation 

Two-fluid model (e.g., MFIX) 
 fluids: Navier-Stokes equation + 
 particles: Navier-Stokes-like equation + 
 interaction: empirical correlation 

 
Reynolds-averaged Two-fluid model  
(RANS: RAT-F; FAT-F) 

fluids: time-steady Navier-Stokes equation + 
particles: time-steady Navier-Stokes-like equation + 
interaction: empirical correlation 
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Continuity equation for gas phase, g: 
 
 
 
 
Continuity equation for solids phase, s:  
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Momentum equations for gas phase, g: 
 
 
 
 
 
Momentum equations for solids phase, s: 
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ggiggi UU ρρ≡~
Favre average: compressible gas 

Favre-like average: two-fluid 
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Favre, A., “Équations des gaz turbulents compressibles  
I.- Formes générales,” 
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Dependent variables 

Reynolds decomposition 
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Gas phase  

Solids phase  
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The first term is the energy density of the gas flow due to the 
combined mean motion and turbulent motion correlated with the void fraction.  
 
The second term is the gas energy density due to  
the residual turblent motion, i.e., that not correlated with voidage fluctuations. 
                                                                                                                            Besnard, D.C., and F.H. Harlow, 1988. 
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 Add granular temperature equation 
◦ Indentify closures 

 Extract dissipation, ε 
 Closures for k & ε 
 Look at energy cascade 
 Equation for the full stress tensor, τ 
 Compare in detail with Reynolds formalism 
 Formulate drag terms for a chosen form 

 
 Develop closure relationships  
      … related to specific experimental data 

(A NEVER ENDING TASK) 
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