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Outline of Lecture 3 

 
 
 

 



      Recall: Dilute suspension of 
 

         rigid fibers in wall turbulence 

 
 
 

 Fibers are modelled as non-deformable prolate ellipsoids evolving 
in 3D time-dependent fully-turbulent flow (e.g. Marchioli et al, 2010) 
 

Assume: 
•  Fibers smaller than the smallest flow scale 

 > pointwise 
 > Stokes regime 

•  Dilute flow 
 > no turbulence 
    modulation 
 > no collisions 

 
 
 
 

First: work with non- 
Dimensional equations!     

with                        the shear velocity	  



       Recall: Complete system of 
 

      non-dimensional equations 
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     A note on time 
 

     integration of equations 

 
 
 

 The system of ODEs is stiff (requires very small time steps) 
 

Using an explicit method for the dynamics  (e.g. RK4) would 
be computationally very expensive 
 

Alternative solution: use a mixed explicit-implicit scheme: 
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The system of ODEs is stiff (requires very small time steps) 
 

Using an explicit method for the dynamics  (e.g. RK4) would 
be computationally very expensive 
 

Alternative solution: use a mixed explicit-implicit scheme: 

     A note on time 
 

     integration of equations 

 
 
 

 



       Recall: Dilute suspension of 
 

        Rigid fibers in wall turbulence 

 
 
 

 Simulation parameters: 
 
•  Fluid 

 

•  Particles 
 
 
 
 



	
 	
λ=1	  (spherical particle)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  

	
 	
             λ=3	  	  (e.g. plankton)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  

	
 	
 	
        λ=10	  	  (e.g. nylon fiber)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  

	
 	
 	
 	
     λ=50	  (elongated “spaghetti-like” fiber)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  

       “Cartoon” of 
 

        fiber elongation 

 
 
 

 



Modelling Approach: 
 

Flow Solver 

 
 
 

 

•  Time-dependent 3D turbulent gas flow 
 

•  Channel size: Lx x Ly x Lz = 4πh x 2πh x 2h 
 

•  Pseudo-spectral DNS: Fourier modes (1D FFT) in the homogeneous directions (x and y),    
             Chebychev coefficients in the wall-normal direction (z) 

 

•  Time integration: Adams-Bashforth (convective terms), Crank-Nicolson (viscous terms) 

Point-particle DNS  – 
Flow domain and flow 
field calculation 



    Observation 1: Anisotropy 
 

    effects on fiber dynamics 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

     Hence particle inertia changes with wall distance!! 
 

            
        

 
 
 

       Dissipative Kolmogorov 
       time/length scale  
       τΚ+=τΚ / τf             Renormalized 

       ηΚ+=ηΚ / ηf           Stokes number 

              St Κ=τp/τΚ  

 

 The dissipative scales τK, τη	

 change with wall distance 



      Observation 2: Turbulent 
 

        particle deposition onto a wall 
 

    Qualitative explanation of instantaneous wall transfer mechanism 
 

Deposition and 
entrainment are 
controlled by 
turbulence 
structures 
localized in time 
and space 
 

Red: high stream- 
Wise velocity 
 

Blue: low stream-
wise velocity 
 

Purple particles: 
to the wall 
 

Light blue 
particles: off 
the wall 



      Turbulent particle deposition 
  

      onto a wall: physics from dns 
 

    we can picture particle wall deposition as a multi-step process. Particles 
are first accumulated in the buffer region and then deposited 

 



      From microscale phenomena 
  

   to macroscale effects 
 

    Physical mechanisms leading to deposition ore resuspension are 
determined by particle interaction with near-wall structures 

 



Fibers segregate into streaks which superpose to 

the fluid low-speed velocity streaks 

      Recall: Fibers in the 
  

   near-wall region 



Fibers segregate into streaks which superpose to 

the fluid’s low-speed velocity streaks 

But the degree of segregation does not depend on λ!	


τ+=1	  

τ+=30	  

      Recall: Fibers in the 
  

   near-wall region 



       Digression: How “strong” is the 
  

         particle-wall interaction model? 



      Results: Quantification of 
  

   local fiber segregation 



The values of Dmax are averaged in time and computed for z+ < 5 (viscous sublayer) 

 

 

 

 

St=1	  

St=5	  

St=30	  

St=100	  

≈	  20%	  

≈	  5%	  

      Results: Quantification of 
  

   local fiber segregation 

The degree of segregation in the near-wall region depends also on λ 
(not only on St). 
 

The influence of λ on segregation changes sensibly for different St	  
(different particle inertia).  
 



Longer fibers tend to segregate less 
 

From Eulerian-Lagrangian studies of spherical particle dispersion in TBL, 

we know that segregation controls deposition 
 

Let’s look at fiber deposition (quantified by Kd) 
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      Results: Quantification of 
  

   fiber deposition rate 



Use direction cosines to compute orientation 
 

 

 

 

 

 

 

      Results: Fiber 
 

   orientation statistics 



Orientation strongly depends on λ and on the Stokes number as well. 

Fibers preferentially align in the streamwise (mean flow) direction. That’s the most 
probable orientation! 

Fiber orientation becomes isotropic in the center of the channel.  

(see e.g. marchioli et al., Phys. Fluids, 2010; Mortensen, Phys. Fluids, 2008). 

	  

	  

	  

Fiber orientation with respect to the co-moving frame (given by the ensemble-
averaged value of the direction cosines). 

 

 

 

 λ λ

      Results: Fiber 
 

   orientation statistics 



How long do fibers in the near-wall region remain aligned with the mean flow? 
 

Is this alignment a “stable condition”? 

Calculate Alignment Frequency: 

o  Divide the interval [0,1] into 

 N orientation classes (here N=10). 

o  At each time step: 

Ø  Compute |cos(θi)| for each fiber 

Ø  Identify the orientation class 

 sampled 

Ø  Increment the time step counter 

 for that class 

¢  Compute percent values 

 

 

 

 

 

1 

      Results: Fiber orientation 
 

   alignment frequency 
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      Results: Fiber orientation 

 

   alignment frequency 

Fibers are aligned with the mean flow for just 50% of the time in 
the most favourable case (St=5, λ=50). 
 

Much less in the other cases. 



St=30,	  λ=50	  
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      Results: Fiber orientation 
 

   alignment frequency 

Alignment frequency statistics do not change if computed 
accounting only for fibers segregated into near-wall streaks  



Slip velocity is a crucial variable in: 
 
1.  Euler-Lagrange simulations: 

•  One-way coupling: determines the 
drag experienced by fibers 

 

•  Two-way coupling: determines 
 reaction force from fibers on 
fluid 

 
2.  Two-fluid modeling of particle-laden 

flows 

•  Modeling SGS fiber dynamics in 
LES flow fields 

•  Crossing trajectory effects on 
time decorrelation tensor of u 

v	  

u	  

u: fluid velocity “seen” 
 

v: fiber velocity 
 

∆u=u-v: slip velocity 

statistical characterization of ∆u at varying fiber inertia 
and elongation 

      Results: Characterization 
 

      of relative (“slip”) velocity 



Slip velocity at fiber position 

 

	   	  Sample snapshot for St=30,	  λ=50 fibers 

	  

      Results: Characterization 
 

      of relative (“slip”) velocity 

	   	  LSS seem to correlate better with negative slip velocity… 

	  



Effect of fiber elongation on conditioned PDF(uf’)	  –	  St=30	  

Posi1ve	  slip	  

Nega1ve	  slip	  

λ=1	  λ=3	  λ=10	  λ=50	  

      Use slip velocity to analyze 
 

      fiber accumulation in LSS 

The influence of λ is not dramatic: only a change in the 
peak values is observed (no PDF shape change) 



Effect of fiber inertia on conditioned	  PDF(uf’)	  –	  λ=10	  

Posi1ve	  slip	  

Nega1ve	  slip	  

St=1	  St=5	  St=30	  St=100	  

      Use slip velocity to analyze 
 

      fiber accumulation in LSS 

Significant PDF shape change with curve “inversion”    
between St=5 and St=30  



St=1	  

St=30	  

Mean                   RMS 

Mean                    RMS 

      Results -  Streamwise Slip Vel. 
 

      Mean and RMS values 



St=5	  

St=100	  

Mean                    RMS 

Mean                    RMS 

      Results -  Streamwise Slip Vel. 
 

      Mean and RMS values 



St=1	  

St=30	  

Mean                    RMS 

Mean                    RMS 

      Results - Wall-normal Slip Vel. 
 

      Mean and RMS values 



      Results - Slip spin 
 

      statistics 



      Results - Slip spin 
 

      statistics 

   Evaluate slip spin statistics… 
 
 
 
   Relative spin between fluid 
   and fibers highly influenced 
   by fiber inertia… 

Mean slip spin for the St=100 
fibers in the Re=150 flow 
(spanwise component) 
 
 
Slip spin rms for the St=100 
fibers in the Re=150 flow 
(spanwise component) 



      Results – fiber rotation 
 

      statistics (angular velocity) 

λ	
 λ	


λ	
λ	




      Results – fiber rotation 
 

      statistics (angular velocity) 



      Results – fiber rotation 
 

      statistics (angular velocity) 

λ	
 λ	


λ	
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      Results – fiber rotation 
 

      statistics (angular velocity) 

λ	


λ	




      Results – fiber rotation 
 

      statistics (angular velocity) 



      Results – fiber rotation 
 

      statistics (angular velocity) 



      Results – Autocorrelation 

Log 
layer 
(z+ > 50) 



      Results – Autocorrelation 

Buffer 
layer 
(5 < z+ < 50) 



      Results – Autocorrelation 

Viscous 
layer 
(z+ < 5) 



       Results – Rotational diffusivity 

Log 
layer 
(z+ > 50) 



       Results – Rotational diffusivity 

Buffer 
layer 
(5 < z+ < 50) 



       Results – Rotational diffusivity 

Viscous 
layer 
(z+ < 5) 



    Results – PDF of Fiber 
 

Angular Velocity 
 

PDF of the fiber angular velocity components in the 
different sub-regions of the channel (for St=30 and λ=10) 

PDFs in the log layer are close to Gaussian 
except for values of Ωi Larger than 2σLog	  



    Results – PDF of Fiber 
 

Angular Velocity 
 

PDF of the fiber angular velocity components in the 
different sub-regions of the channel (for St=30 and λ=10) 

PDFs in the log layer are close to Gaussian 
except for values of Ωi Larger than 2σLog	  



    Results – PDF of fiber 
 

rotation rate 
 

PDF of fiber rotation rate squared for different fiber lengths 
(from parsa & Voth, 2014) 



Lessons Learned 

L1. All statistics are strongly affected by inertia 
       (quantitative modification) 
 

L2. Shape (elongation) affects most of the statistics 
       but only from a qualitative point of view 
 

L3. Fiber alignment with mean flow direction is very  
       unstable (especially for large inertia particles) 
 

L4. Segregation into streaks does not affect preferential 
       alignment 
 

L5. RMS of slip velocity exceeds the corresponding mean  
       value by roughly 3 to 5 times: the instantaneous slip  
       velocity may thus frequently change sign. This also 
       holds for the slip spin 
 

L6. Fiber rotation in wall-bounded turbulence can be  
       described within the theory ofdiffusion as a Ornstein- 
       Uhlenbeck process only far away from the walls 
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Thank You 
For Your Kind Attention! 

 
 
 

Any questions? 



Final considerations: 

Modelling Issues in Eulerian-Lagrangian 

Simulations  
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    Fiber-Fluid Coupling: 
 

Force-coupling  
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      Full force/torque coupling: 
 

Some sample results  
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      Full force/torque coupling: 
 

Some sample results  



      Interactions between 
 

      Contacting fibers 



      Interactions between 
 

      Contacting fibers 



         Modelling deformability:   
 

   rigid vs flexible fibers 
 
 

 “simple” Rigid fibers in “complex” turbulent flows 

 

 

 

 

 
 

“complex” flexible fibers in “simple” shear flow 

Dispersion of rigid fibers in turbulent channel flow (Marchioli et al., 2010) 

flexible fibers (with different bending stiffness) in linear shear flow (l.h. switzer, PhD thesis, 2002) 

Isolated flexible fiber in unbounded shear flow (lindstrom and Uesaka, Phys. Fluids, 2007) 



            Modelling fiber 
 

          Deformability/flexibility 

Bead model: flexible fiber = chain of segments/spheres connected 

Ball-and-socket, or spheroidal, joints (andric et al., 2013; slowicka 

et al., 2013, derksen, 2010; Lindstrom & Uesaka, 2007; …) 



            Modelling fiber 
 

          Deformability/flexibility 



            Modelling fiber 
 

          Deformability/flexibility 

 

 
Realistic models for flexible fibers should incorporate: 
 

•  Finite bending stiffness 

•  Inertia of fiber segments 

•  Non-creeping fiber-fluid 

     interactions 

•  Long-/short-range 

     Hydrodynamic fiber-fiber 

     interactions 

•  Self-interaction 

•  Two-way coupling 

Models incorporating these features exist (see e.g. lindstrom 
& uesaka, phys. Fluids, 2007) but have been used for isolated 
fibers (qualitative results e.g. regimes of motion), not for 
large systems of many fibers in complex flows. 
 

Note: wall collision of flexible fibers?!? 

(Courtesy of: Wiens & stockie, 2014) 
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            Modelling fiber 
 

          Deformability/flexibility 

 

 
Fibers are keen to bend under the action of local velocity 
gradients of turbulence if they are long. 
 

Below a certain critical length, they will not deform. 
 

This length can be found assuming that the spatial conformation of a 
flexible fibers are analog to conformation of flexible polymers in a 
good solvent, namely a solvent where monomer-monomer, monomer-
solvent, and solvent-solvent interactions are very close (brouzet et 
al., prl, 2014). 

 

 

 
    = 

 

 
       Persistence 

        length 

Power	  required	  
to	  bend	  the	  fiber	  

Power	  of	  the	  
turblent	  field	  


