
Micro-swimmer dynamics in 
 

wind-sheared free-surface turbulence 

      S. Lovecchio, C. Marchioli, A. Soldati 

Dept. Electrical, Management & Mechanical Engineering, 
University of Udine (Italy) 

	
  
	
  	
  	
  	
  	
  	
  14th	
  Workshop	
  on	
  Two-­‐Phase	
  Flow	
  Predic8ons	
  

	
  
University	
  of	
  Halle-­‐Wi>enberg,	
  Halle	
  (Saale),	
  September	
  7-­‐10,	
  2015	
  



           Motivation: Plankton    
 

 dynamics near a free surface 
 
 

 

              Phytoplankton is the photosynthetic part of plankton 
 

•  primary production: organic compounds from CO2 

•  important part of the global carbon cycle 
•  provides 50% of the earth's oxygen 
•  sustains the aquatic food web 
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              Role of surface turbulence still unclear! 

NASA 

   plankton patchiness occurs at different scales                  no unique explanation 

107 m 

103 m 

10-5 m 

Bridge the gap: 

Ø  swimming 

Ø  collective population dynamics 

Ø  turbulent transport 
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PART 1: Passive particles at a free-surface 

PART 2: Active particles at a free-surface  

Dynamics of cluster at free-surface 
turbulence subject to wind stress 
 
 

Phytoplankton cells passively 
transported by the flow 

Self-propelled phytoplankton cells 
 
Influence of wind stress on plankton 
surfacing 



           Fil rouge 

 

 

PART 1: 
 
 

Passive particles at a free-surface 



           Physical problem and    
 

                             Modelling approach 
 
 

 

•  3D time-dependent 

 turbulent water flow 

•  Shear Reynolds number: 

 Reτ= 171, 509 
•  Channel size: 

 Lx x Ly x Lz = 4πh x 2πh x 2h 
•  Pseudo-spectral DNS 

•  Time intergration: 

 Adams-Bashforth (convective terms) 

 Crank-Nicolson (viscous terms) 

 
 

 
 



           Physical problem and    
 

                             Modelling approach 
 
 

 
•  One-way coupling 
•  Fully-elastic particle-wall 
     collision 
•  Time integration: 4th order 
     runge-kutta 
•  Fluid velocity Interpolation: 
     6th order Lagrange polynomials 

Particle Stokes number, St = τp/ τf 

Particle Timescale – τp = dp
2 ρp/18 µ	



Flow Timescale - τf = L/U  = ν/uτ
2 	



S=particle-to-fluid 
      density ratio 
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           Topology of   
 

                          Free-surface turbulence  
 
 

 

MOVIES 



           Topology of particle    
 

                        clusters at the free surface 
 
 

 

	
  
	
  

	
  
	
  

Particles distributed: 

l  uniformly over a surface 
 

l  uniformly along a line 
	
  
	
  

	
  
	
  

l  in general 
ν is the clusters’ 
fractal dimension 
(correlation dim.) 



           Topology of particle    
 

                        clusters at the free surface 
 
 

 

time 

Results from Lovecchio et al., phys. rev. e (2013) 



           Topology of particle    
 

                        clusters at the free surface 
 
 

 

Results from Lovecchio et al., phys. rev. e (2013) 

TL	
  >>	
  τK	
  

Clusters are 
long-lived 
Structures! 



          Effect of wind on particles    
 

                       at the free-surface 
 
 

 

wind opposite to the flow direction 

Mean streamwise  
velocity 

MOVIE 



          Effect of wind on particles    
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Mean streamwise  
velocity 

Wind along the flow direction 

MOVIE 



          Effect of wind on passive    
 

                        particles at the free-surface 
 
 

 

Different topology of filaments at the surface 
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PART 2: 
 
 

Active particles (swimmers) at a free-surface 



           Modelling micro-swimmers    
 

                             lesson learned from plankton 
 
 

 

Reorentation term due to  
gravitational torque Vorticity term 

gyrotaxis: any directed  
locomotion resulting from 
combination of gravitational 
and viscous torques in a flow 
 

Assumptions : 
•  dilute suspension of neutrally-

buoyant micro-organisms 
•  Sub-kolmogorov size 
•  Negligible inertia 
•  Swimming at constant speed vs          

in the direction p 

Swimming provides a way 
 for micro-organisms to 
escape fluid pathlines 
(kesslr j.o., nature, 1985) 



Two controlling parameters: 

Chlamydomonas augustae 

           Modelling micro-swimmers    
 

                             lesson learned from plankton 
 
 

 

Values considered in our study: 

Dimensionless swimming speed 

Low gyrotaxis (slow re-orient.) 

high gyrotaxis (fast re-orient.) 

intermediate gyrotaxis 



           effect of wind-sheared surface    
 

                             turbulence on swimmer dynamics 
 
 

 

No wind 

Wind opposite to mean flow 

Wind along the mean flow 
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Swimmer distribution 
at the free-surface 
for Reτ=171 (Ψh, high 
Gyrotaxis case) 

No wind 

Wind opposite to mean flow Wind along the mean flow 



           effect of wind-sheared surface    
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No wind 

Wind opposite to mean flow 

Wind along the mean flow 

Wind opposite to mean flow 

Orientation and vertical distribution (Ψi, intermediate Gyrotaxis case) 



           effect of wind-sheared surface    
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 Orientation and vertical distribution (Ψi, intermediate Gyrotaxis case) 

Wind opposite to mean flow Wind along the mean flow 

No wind 

Wind along the mean flow 

Wind opposite to mean flow 



           effect of wind-sheared surface    
 

                             turbulence on swimmer dynamics 
 
 

 

In agreement with Durham et al., 
science (2009): Shear can induce 
gyrotactic trapping! 
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