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Geoffroy 

The migration of neutrally buoyant fini te sized particles in a N ewtonian square channel 
flow is investigated in the limit of very low solid volumetric concentration, within 

[ ] 

(but finite) Reynolds numbers, des pite the low solid volume fraction ( 
[ ] 

ff 

the channel faces while the diagonal equilibrium positions are unstable. At low flow 
inertia, the first instants of the numerical simulations ( carried at ( ) 

0 

In the field of suspension flows, the pioneering experiments of Segré and Silberberg 
lighted the fact that neutrally buoyant finite sized particles migrate across the tube flow streamlines 

migration is related to the interaction of the particle Stresslet (rigidity constraint of the finite sized 
particle) with the curved velocity profile of the pressure-driven flow, and that the speed of the migra-



    

              

               

              

             

                    

            

            

               

                 

                

      

               

          

           

            

      

             

            

             

             

            

            

              

              

                 

 

    

  

              

              

                  

                

         

         

                     

       

             

In the last decade, the particle migration due to flow inertia has been extensively used for 
successful particle separation and sorting in microfluidic devices. 

theoretical predictions of the particle-flow interaction in rectangular 3D flow geometries. At finite 
inertia, the experiments and numerical simulations agree on the fact that, in a square channel flow, 
particles first undergo a cross-streamline migration (similarly to the Segré-Silberberg phenomenon) 

flows with small aspect ratios (there is no such type of spanwise motion in axisymmetric pipe or 
plane Poiseuille flow). At present, one cannot find a universal agreement on the location of the 

[ - ] 
/ v v are the average flow velocity, 

channel height, and fluid kinematic viscosity, respectively). In parallel, numerical simulations of 

a single fixed particle while the boundary conditions of the channel were modified in order to mimic 

theoretical calculation of the disturbance produced by a finite sized particle in a plane Poiseuille 
flow at finite but low inertia, 

geometry and in a dilute suspension flow (such as it is practiced in particle or cell sorting appli-

ff 

ff 

µ 

less steel syringe pump (PDH 4400, Harward Apparatus). This syringe pump was filled with the 
liquid-solid suspension without any trapped air bubbles and was used to generate a flow in the 

µ [ ] 

µ p 
fraction of 0.2%. The fluid was a mixture of glycerol 23% and deionized water 77%. The dynamic 

x - Pa.s at room temperature. A perfect matching of the fluid 
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ff 

the field focus calibrated by static particles monitoring was of 10 µ 
ff 

X 

µ 

c) 

ground subtraction operation was performed allowing clearer particle identification (Figure 

ff 

) were used to extract and filter contours against surface and shape 

Il • a 
0 0 O 0 0 0 O 0 • ..~ • • • • • • 0 0 o 0 • • 0 0 o 0 



                    

                   

                    

               

               

                

 

               

             

            

              

              

 

              

                

             

                

            

               

        
       

             

                 

              

y!H 

ff 

Re=0.7 
zlH=:250 

also sketched at the bottom of the figure. 

Re=l.4 
zlH=l000 

Re=5.8 
zlH=lOOO 

Re=lü 
zlH=lOO0 

migration towards the walls 

ff 

Re=120 
zlH=lO00 

not directly imposed at the surface of the particles. Instead, it is based on a low-order, finite force 
multipole representation of the particles in the flow. The main advantage of using the force coupling 
method is that it allows capturing the particle-flow interaction in a shear flow with a moderate 

ff 
coupling between the particles and the carrier fluid occurred exclusively because of the particle 

stages, the elements of the Stresslet tensor were finite due to the multiple shear directions and to 
finite (particle-induced) normal stresses at finite Reynolds numbers. These elements were success-

First, a single particle was placed in a pure shear flow, and the shear and normal Stresslet 

was placed in a plane Poiseuille flow at finite flow inertia. Particle trajectories were obtained in a 

( X X ) 
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In the limit of negligible inertia at the particle scale (Stokes flow), it can be shown with 

in the channel flow. At weak but not negligible flow inertia, the finite sized particle is subject 
(in a plane Poiseuille flow) to a lift force that scales as the particle Reynolds number and that is 

have a prediction of the particle cross-streamline motion in the square channel flow at low inertia, 
0(1). The first instants of particle 

the channel wall, in agreement with the theoretical results in plane Poiseuille flow. Unfortunately, 

tion (which constitutive models were written in details for Couette and Poiseuille flows for instance 
) has been observed in several experiments in the case of confined 

suspension flows with both Brownian and non-Brownian particles at moderate to large concentra
at finite inertia and Semwogerere 

flow). When the particle size is finite with respect to the channel height, the shear-induced migra
ff 

non-uniform collision frequency, which generate a net flux towards the lower shear rate regions. In 
this case, the cross-streamline migration flux is proportional to ( </J) 

<p 
(not shown here), confirm qualitatively the increase, with the concentration and particle size, of the 
particle flux towards the center. 
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ff 
tions and focusing on the inertia-driven migration of the finite-sized particles in the square channel 
flow. Single particles were initially seeded at diff 
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of flow (in one quarter of the total cross-section). The solid circles are the initial positions of each trajectory. The thick black 

the cross-section) similar to that of a randomly seeded particle. This finding does not match the 

fferent flow Reynolds numbers ( 
ff 

a) b) 

12, 60, and 120). This figure reveals an auto-similarity, 
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The projections of the trajectories onto the flow-velocity gradient planes (z,x) and (z,y) are 

A. Influence of the domain length 

X X ( X X ) 

ever, the shorter domain size has a significant influence on the particle trajectories especially at 
stronger flow inertia. Figure 
slightly influenced by the channel length at 

The constraint applied to the cross-lateral motion increases with the flow inertia, because the 

observed that the box length had an impact on the particle equilibrium position in a tube flow, 

a certain extent, to the interaction in a dilute suspension flow between two particles, one behind 
another in the streamwise direction (chain-like structures as those observed in tube flows), in this 
case, the cross-lateral migration of the downstream particle can be influenced by the wake of the 

, one can estimate that the end of the first migration stage takes place at L 

) is especially important for microfluidic applications related to liquid-solid 

[- 7C -] ( ) ffi 

plane Poiseuille flow for the case 1). For a finite particle size, the lift coeffi 

working on microfluidic design rules assume a constant lift coeffi 

ficient, the channel length required to achieve lateral migration scales as [ - ( - ) ] . At a fixed 
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(a) Magnitude of the particle slip velocity with respect to the unperturbed local flow scaled by the average flow 

y the average flow shear rate. From the top to the bottom: (Q - ) y (Q - ) y n y 
n indicate the particle and unperturbed fluid rotational velocity, respectively. In (a) and (b), thin, 

- holds true in the case of finite 
of Poiseuille flow. Therefore, in Figure 

only during the first migration stage. This points out that the 

and square channel flow instead 

, is acceptable for the case of a finite particle 
size (and hence finite 

In parabolic Stokes flow, a finite sized particle exhibits only streamwise translational slip 
velocity with respect to the local unperturbed flow that scales as ( d 
Finite flow inertia promotes translational and rotational particle slip, and therefore it is interest

ff 
square channel. The streamwise slip velocity between the particle and the unperturbed local flow 

the cross-streamline migration. At the end of the first migration stage, the slip velocity increases 

shows that the particle rotates, and the slip in all directions is finite during the 
migration process. The particle rotation is slower (respectively, faster) than the flow rotational ve-

direction does not vanish like in the case of Stokes flow. In both x and y directions, the slip during 
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the cross-streamwise migration stage and (b) when the particle reaches the equilibrium position. The field is color-coded by 
the streamwise velocity fluctuation with respect to the unperturbed field. 

ity field. It is not syrnmetric with respect to the particle motion in the cross-section. Secondary 
flows are generated around the particle. These secondary flows are directly related to gradients 

fferences induced by the particle Stresslet components. Unlike the Stokes flow 
case, the normal stresses generated by a single particle are finite at finite flow inertia and their 

The secondary flows may play an important role on the interaction 
between particle trajectories in the frame of multi-body hydrodynamics at finite solid volumetric 

The migration of finite sized neutrally buoyant particles in square channel flow was inves-

Full trajectories of freely moving particles in the square channel flow were described in the 
[ ] 

in agreement with previous studies, that the migration occurs in two stages and that the first 

stresses trigger secondary flows around the particle during the migration stages and at equilibrium. 
The rotational perturbation of the flow, taking longer time to be dissipated at higher Reynolds 

the relative particle positions in the train-like structures observed in inertial tube flows 
but finite solid volumetric concentration). 



               

               

             



             

            

                 



       
    

 
    

 
      
  

   
   

  
     


       
                  

    
                     

      


     
    

 
           

         
   

  
      
                  

          
     


      
                    

               

                     


     
  

  
                  

     

ff 
channel size ratio on the particle trajectory (varying the particle Reynolds number for a fixed 
channel Reynolds number). The numerical method used here is valid for finite but not very large 

term (i.e., the quadrupole term becomes important when the flow strain rate variation within the 
particle volume is significant). Rigorous information might be obtained in the future thanks to the 

performance of the direct numerical simulation methods for finite sized particles in confined flows. 

the first draft of the manuscript. 
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