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Polystyrene 
aggregate in 

a homogeneous 

and isotropic 
turbulent flow 
(resolved by PTV  

by B. Lüthi and 

co-workers, ETH 
Zurich, 2013). 
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           breakage of small aggregates    
 

  in turbulent flow 
 
 

 



                modeling breakup rate    
 

   of aggregates in turbulence 
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  σcr ~ µ(εcr/ν)1/2	


  f   ~ f (εcr)	


Current estimates (de bona et al. 2013; babler et al. 2008) valid for: 

•  HIT 

•  tracer aggregates                                                                             BREAKUP RATE 

•  Instantaneous                                                                                             for 

     breakup 
  f (εcr) = <τ(εcr)>-1            ε>εcr

	




Ductility Anisotropy 

                modeling breakup rate    
 

   of aggregates in turbulence 
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                modeling breakup rate    
 

   of aggregates in turbulence 
 
 

 
Rendering of brittle and ductile rupture in turbulent flow 



Wall-normal mean energy dissipation 
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Tracers in turbulent channel flow 
(pseudo-spectral dns @ Reτ = 150)  

RMS 
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MEAN 

        Problem: Dilute suspension 
 

          in turbulent channel 

 
 
 

 

𝑑𝒙
𝑑𝑡

= 𝒖(𝒙(𝑡), 𝑡) 



𝑓(𝜀𝑐𝑟 ) =
1

〈𝜏(𝜀𝑐𝑟 )〉
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         Breakage of brittle aggregates 
 

          in tcf: deviations from power law 

 
 
 

 

τ	


note: aggregates released In the channel centerplane 

x	  



Channel flow 
Developing boundary  

layer flow 

§  Rτ = uτh/ν = 150 
     (uτ	  =	  shear velocity) 

§  Resolution  
     128×128×129 

§  Rθ = U∞θ/ν = 2500 
(θ=momentum-loss thickn.) 

§  Resolution  
4096×301×384 

H.I.T. 

§  Resolution  
20483 

§  Reλ = 400 

         Breakage of brittle aggregates 
 

          in tcf: comparison with tbl/hit 
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Results from: Babler et al., J. Fluid Mech. 766, 104-128 (2015) 



         Breakage of brittle aggregates 
 

          in tcf: comparison with tbl/hit 

 
 
 

 

Seeding regions: 

§  Center-plane 

§  Near-wall region 

§  Outside the BL 

§  Inside the BL 

§  homogeneous  
release 

Channel flow 
Developing boundary  

layer flow H.I.T. 
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Results from: Babler et al., J. Fluid Mech. 766, 104-128 (2015) 
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§  Channel flow 
ε0=volume average	  
τ0=(ν/ε0)1/2	  

§  Boundary layer	  
ε0=volume average of 	  
inner seeding region	  
τ0=(ν/ε0)1/2	  

         Breakage of brittle aggregates 
 

          in tcf: comparison with tbl/hit 

 
 
 

 

Results from: Babler et al., J. Fluid Mech. 766, 104-128 (2015) 

center 

wall 

Seeding region: 



H.I.T. 

Boundary 
Layer 

Channel  
flow 

Results from: Babler et al., J. Fluid Mech. 766, 104-128 (2015) 
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§  Channel flow	  
ε0=volume average	  
τ0=(ν/ε0)1/2	  

§  Boundary layer 
ε0=volume average of  
inner seeding region	  
τ0=(ν/ε0)1/2	  

§  H.I.T.	  
ε0=mean dissipation	  
τ0=(ν/ε0)1/2	  

         Breakage of brittle aggregates 
 

          in tcf: comparison with tbl/hit 

 
 
 

 

center 

wall 

Seeding region: 



  Open Question: “Ductility” 
 

   effects on breakage rate? 
 
 

 
Brittle vs Ductile aggregates   

brittle aggregates break immediately If:  

    (power per unit mass) 

 

 

 
 

             break-up rate 

 
 
 
 

ductile aggregates break if: 

•  they start to deform: 

•  Deformation exceeds critical value: 

𝐸 = ∫ 𝜀(𝑡)𝑑𝑡 > 𝐸𝑐𝑟𝜀>𝜀𝑐𝑟
  

𝑓(𝜀𝑐𝑟 , 𝐸𝑐𝑟 ) =
1

〈𝜏(𝜀𝑐𝑟 , 𝐸𝑐𝑟 )〉
	  

𝜀 > 𝜀𝑐𝑟 	   𝜀 > 𝜀𝑐𝑟 	  

𝑓(𝜀𝑐𝑟 ) =
1

〈𝜏(𝜀𝑐𝑟 )〉
 



  Open Question: “Ductility” 
 

   effects on breakage rate? 
 
 

 

PDF of deformation energy in the channel   

   Results from: Marchioli & Soldati., Phys. Rev. E 91, 053003 (2015) 



         Breakage of ductile aggregates 
 

 effect of “ductility” 

 
 
 

 

τ	


𝑓(𝜀𝑐𝑟 , 𝐸𝑐𝑟 ) =
1

〈𝜏(𝜀𝑐𝑟 , 𝐸𝑐𝑟 )〉
	  

note: aggregates released In the centerplane! 

   Results from: Marchioli & Soldati., Phys. Rev. E 91, 053003 (2015) 
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         Breakage of ductile aggregates 
 

 effect of “ductility” 

 
 
 

 

   Results from: Marchioli & Soldati., Phys. Rev. E 91, 053003 (2015) 



         Breakage of ductile aggregates 
 

 effect of “ductility” 
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τ	
𝑓(𝜀𝑐𝑟 , 𝐸𝑐𝑟 ) =
1

〈𝜏(𝜀𝑐𝑟 , 𝐸𝑐𝑟 )〉
	  

note: aggregates released In the centerplane! 

   Results from: Marchioli & Soldati., Phys. Rev. E 91, 053003 (2015) 



∫ >=
cr

dttEcr εε
ε )(

note: aggregates released In the centerplane! 

𝑓(𝜀𝑐𝑟 , 𝐸𝑐𝑟 ) =
1

〈𝜏(𝜀𝑐𝑟 , 𝐸𝑐𝑟 )〉
	  

τ	


τ	


         Breakage of ductile aggregates 
 

 effect of “ductility” 

 
 
 

 

   Results from: Marchioli & Soldati., Phys. Rev. E 91, 053003 (2015) 



         Breakage of ductile aggregates 
 

          effect or seeding region 

 
 
 

 

Breakage rate for 
aggregates released 

In the near-wall region 

∫ >=
cr

dttEcr εε
ε )(

   Results from: Marchioli & Soldati., Phys. Rev. E 91, 053003 (2015) 



 

Concluding remarks 
 

•  A simple method for measuring breakage of small (tracer-like)  
  aggregates driven by local hydrodynamic stress has been applied 
  to non-homogeneous anisotropic dilute turbulent flow. 

•  The breakage rate of small brittle aggregates shows power law 
  behavior for small stress (small energy dissipation events). 
   

•  The breakage rate of small ductile aggregates is lower and 
   levels off when strong deformation is required to break the 
   aggregate. 
 

•  Flow anisotropy has a strong effect on breakage rate via its 
   effect on energy dissipation rate and deformation events to 
   which the aggregates are exposed. 
 
•  Future development: Extension to heavy (inertial) aggregates 
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  σ ~ µ(ε/ν)1/2+µ|vrel|/dp	  

        Another Open Question: 
 

                         inertial effects on break-up rate 
 
 

 Tracer-like vs Inertial aggregates 

Cfr. Babler et al. (2012) 




