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 A little rambling 
◦ Low-order models 
◦ What is multiphase turbulence? 
◦ Previous work 

 Favre-like average 
◦ Definitions 
◦ Identities 

 Averaged equations: continuity, momentum and 
granular temperature 
◦ Derivation 
◦ Closures 

 Turbulent kinetic energy equations 
◦ Derivation 
◦ Closures 

 Future formal work 
◦ Boundary conditions 
◦ Thermal temperatures 
◦ Chemistry 
 
 



Full Direct Numerical Simulation (DNS) 
 
Hybrid DNS-Discrete Element Model (DNS-DEM) 
 
Two-Fluid Model (e.g., MFIX):  
 Microscopic equations are averaged (spatial, 

ensemble) to obtain a granular fluid, 
characterized by a granular temperature. 

TRANSIENT 



 The vast majority of single-phase CFD 
calculations are time-steady. 

 Transient calculations are very computationally 
costly … and lengthy even if they are affordably. 

 Practically impossible to do scoping studies 
based on transient calculations. 

  Coupling of CFD to process simulations requires 
a “lower order model,” reduced from the full 
transient model … that is what will be provided. 

 Multiphase flows are inherently transient … the 
effects of which must be captured faithfully by a 
turbulence model. 



 Most work published is based on modifications 
of gas phase turbulence theory… this probably 
won’t work for dense flows. 
 

 Current approach … turbulence is a property of a 
fluid, so a granular continuum theory has to be 
the starting point. 
 

 Utilize the concept of Favre-averaging, 
introduced for compressible flows, to reduce the 
closure “burden.”  
 

 At this time, this work is purely formal 



Dilute flow – carrier-phase turbulence modulation 
 
Eulerian-Lagrangian approaches 
 
Single average approach 
Average microscopic equations to obtain “two-fluid” equations 
describing interpenetrating continuum, characterized by:                              
                                        , all functions of space and time. 
 
Examine “fluctuations” of the microscopic variables. 
 
 
Double average approach 
Average again to obtain mean behavior 
 
 
+ “fluctuation,” e.g.,  
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indicator function of  fluid/particulate phase 
 

fluid/particulate phase fraction 
 
conditional average of based on the  
gas/particulate phase 
 
turbulent fluctuations 
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gas phase, g: 
 
 
 
 
 
solids phase, s: 
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solids phase, s: 
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Favre-like average: two-fluid 

( )

ssss

ggiggi

ssis

sssiss

ssissi

UU

U

U

UU

εε

εε

εε

ρερε

ρρ

Θ≡Θ

≡

=

=

≡

~

~

~
bulk,bulk,

Favre, A., “Équations des gaz turbulents compressibles  
I.- Formes générales,” 
 Journal de Mécanique 4, 361-390, 1965. 
  
Favre, A., “Formulation of the statistical equations  
of turbulent flows with variable density,”  
in Studies in Turbulence, T.B. Gatski, S. Sarkar and C.O. Speziale eds.,  
Springer-Verlag, 324-341, 1992. 

 



 
 
“The Favre velocity  is a mean variable … that 
includes the velocity fluctuation correlated with 
density fluctuation. (The Favre velocity fluctuation 
is) … only the part uncorrelated with density.” 
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Dependent variables 
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Dependent variables 
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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. 
 
  
 ( ) ( ) ??

2
1

2
1 22 =′+= ggggggg U UUερερ

Total kinetic energy of gas flow is nicely partitioned: 
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The first term is the energy density of the granular flow due to the 
combined mean motion and turbulent motion correlated with the solids fraction.  
 
The second term is the solids energy density due to  
the residual turblent motion, i.e., that not correlated with solids fluctuations. 
                                                                                                                            Besnard, D.C., and F.H. Harlow, 1988. 
 
  
 

Total kinetic energy of solids flow is nicely partitioned: 
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… the energy density due to the combined mean  
and density-correlated turbulent motion, 

… measures the residual turbulent motion. 
Besnard et al, 1992 
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 Extract dissipation, εg/s 
 Closures for kg/s & εg/s 
 Look at energy cascade 
 Add granular temperature equation – currently no 

dissipation due to inelastic collisions 
◦ Indentify closures 

 Equation for the full stress tensor, τ 
 Compare in detail with Reynolds formalism 
 Formulate drag terms for a chosen form 
 
 Include thermal temperatures 
 Chemistry (contacting)– hopefully temperature fluctuations 

will be small 
 

 Develop closure relationships  
      … related to specific experimental data 

(A NEVER ENDING TASK) 
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