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Transport of microplastic particles in the atmosphere  
depends on particle shape.  

 
Goals  
—understand how particle shape affects particle translation and rotation, 

—parameterise force and torque on particles of arbitrary shape. 

Challenges 
—Asymmetric shapes require new force and torque parameterisations. 
 
—Large settling speed            fluid inertia matters (particle Reynolds number                      ). 
 
—Mass-density ratio                                      particle inertia matters (Stokes number     ). 
 

Outline

2

<latexit sha1_base64="XHwhuZCoCNdVrut39QHf65hAadA="></latexit>

R = %p/%f ⇠ 1000

<latexit sha1_base64="rdfnxV5mVPYCSSyK97dsTF8ETF8="></latexit>vg
<latexit sha1_base64="r7X8lJg3TW8fdX60FNZXtxReXGE="></latexit>

Rep = avg/⌫

<latexit sha1_base64="Iwc4L4WpGIqDOIUjwXfEq/9vnyI="></latexit>

St

Tatsii, Bucci, Bhowmick, Güttler, Bakels, Bagheri & Stohl,  
Environ. Science & Tech. (2024)



Stokes limit

3



How does particle shape affect the path of a small particle settling in a quiescent fluid? 

Stokes flow. Hydrodynamic force      and torque      in a quiescent fluid: 

Resistance tensors     ,    ,     . Viscosity    . 

For non-zero translation-rotation coupling    , intricate  
settling dynamics (rotation, translation) in quiescent fluid. 

Settling in quiescent fluid
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Lord Kelvin’s isotropic helicoid (inviscid limit) 

Drag independent of particle orientation (             ) like a sphere, but 
translation-rotation coupling           , like a propeller. 

Experiments appear to indicate           . 

Perturbation theory for isotropic helicoidal aggregate made out of non-chiral vanes 
with resistance tensors                        gives 
(vectors       from c.o.m. to centre of vane     ). 
        
       time-reversal symmetry (                        ) 
causes weak but non-zero coupling. 

Isotropic helicoid
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Shear flow
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Angular dynamics in shear flow                  : 

Vorticity     (                           ),     and     are  
anti-symmetric and symmetric parts of     . 

Overdamped approximation (            ) and no slip (            )  
yields                                in the usual way.  

Prismatic symmetry D3h:                               , and thus 
    

Shape parameter    .  
Known for ellipsoids and cuboids.                                                                                                                       
.                                                                                                

                 
c.o.m. displacement



Angular dynamics in shear flow                  : 

Vorticity     (                           ),     and     are  
anti-symmetric and symmetric parts of     .   
   . 
Overdamped approximation (            ) and no slip (            )  
yields                                in the usual way.  

Particle with  three-fold rotation symmetry around    , and only  one reflection symmetry in 
orthogonal plane. Symmetry analysis:                                                               , and thus 
                 
                                                                                                                         .                                                                                                

For                  , Jeffery dynamics with Bretherton parameter    ,  
but not otherwise.  For           , same dynamics as chiral dipole.          

Broken reflection symmetries
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Transform               and            
by orthogonal transformation     as       
                                      . 

If the particle shape remains invariant under    , then                 and                         . Using  

one concludes that the elements of the resistance tensors are constrained by:  

 point-group symmetries of particle shape constrain certain elements       ,       ,   
to vanish. Similarly 

                                             and 

Summary — particle-shape symmetries
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Beyond Stokes limit: fluid inertia
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Reflection of polarised light shows that small ice platelets 
align in mixed-phase clouds. 
 
Fluid acceleration results in fluid-inertia torque  
that aligns particles in quiescent fluid.  

At large settling speeds, fluid-inertia torque dominates 
      rods align with           , disks with          .  

 
Turbulent fluid-velocity gradients disrupt alignment.   
Variance of tilt angle     (angle between     and    )? 

Most experiments and theory in water (overdamped).

Alignment of atmospheric ice crystals
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Lab experiments for spheroids in air
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                                                                                -sized spheroids settling in still air 

                                                                            Oscillations due to particle inertia. 
                                                                            Harmonic-oscillator model for     (        ).



Volcanic ash 
Cloud-ice crystals 
Microplastics 

Asymmetric particles 
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Broken fore-aft symmetry
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How does breaking of fore-aft symmetry change angular dynamics? 

Asymmetric dumbbell at               turns so that larger 
sphere settles first (spheres have same mass density). 

Asymmetric dumbbell to first order in       : hydrodynamic  
and inertial torques balance at angle    that 
depends on asymmetry          and        . 

Prediction: asymmetric rods settle at a steady angle     different from    . 



Curved atmospheric fibres
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Planar curved fibres may settle at inclined angles        horizontal transport in quiescent air. 
          
                             Stokes limit: curved fibres settle like this: 
                              
                             Fluid inertia: circles settle like this:  

                             How does shape (aspect ratio, size, radius of curvature) determine 
                             settling angle of curved fibre?  

                              Non-dimensional parameters:  
                              Mass-density ratio  
                              Non-dimensional particle volume 
                              Aspect ratio               (contour length      )    
                              Radius of curvature                       (                      ) 
                              Inertia parameter  
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We computed inertial forces and torques on curved planar fibre 
settling in quiescent fluid using slender-body theory.  

Inertial torque (settling speed             , contour length      ) in the  
particle-fixed frame to order  

Different from Khayat-Cox torque for straight  
fibre. 

Need to consider all three components 
of the torque.  

Inertial torques on curved fibres
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Compare full slender-body theory (not only terms linear in         ) 
with experiment. 

Non-dimensional parameters                    and 
                        , radius of curvature                     , 
aspect ratio              . 
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Comparison model & experiment

an
gl

e
time [ms]

Planar curved fibres settle at a steady tilt angle     with gravity. 

Depends sensitively on radius of curvature                     and inertia        .  

Good overall agreement with experiment for not too large       ,  
except in transition region 

Large        : no alignment,  unsteady dynamics.  

Sequence of bifurcations to chaotic transient not understood.  



Symmetry analysis
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At non-zero but small 

                                                     
                                                                           Point-group symmetries of particle shapes 

 
 
in steady limit                              (Strouhal  
number     measures unsteadiness).  
 
Particle-shape symmetries constrain    ,    ,    
and    -coefficients (just like     )   

                                                       . 

Asymptotic matching
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Point-group symmetry          with           . In the particle-fixed basis 

with coefficients       ,      ,     (translation-rotation coupling), and                        .      

This explains results of experiments, direct numerical simulations, and model calculations. 
                                   

Fore-aft symmetry breaking
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Ellipsoid

21

Lab experiments and particle-resolved simulations 
of ellipsoidal particles settling in quiescent air show: 

 — ellipsoid aligns with broadest sign down 
 — intricate dependence of transient on shape 

To understand this, require all three components of fluid-inertia 
torque. From symmetry analysis: 
      

           

                                   

Bhowmick, Wang, Latt & Bagheri, JFM 1021 (2025)
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Ellipsoid

22

Fluid-inertia torque on ellipsoid. From symmetry analysis: 

      three parameters for             (instead of one for spheroid).   

Linear stability analysis: stable orientation must satisfy  

      
   
       broadest side down stable for nearly spherical ellipsoid.  
In other words, theory explains experiment.  
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Phase portrait of angular dynamics in Stokes limit 

           
Shape and time-reversal symmetry         Hamiltonian phase portrait 
(constant of motion). 

 
Time-reversal symmetry breaking  (fluid inertia) turns tori into 
spirals. Resulting phase portraits remain to be worked out.  
                                   

Helical ribbons
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Point-group symmetry C2v

24

The particle shapes shown on the right both have C2v symmetry 
     torques (including fluid-inertia contributions) parameterised 
in the same way: 

    - tensors have the same form as for ellipsoid.  
Translation-rotation coupling due to non-zero     .  

These results explain steady torque on curved wires (previous slides). 

Miara et al., Comm. Phys. (2024)

Candelier et al., Phys. Rev. Fluids (2025)
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History torque
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History force on sphere decays slowly after sudden change of  
of particle dynamics, with BBO kernel              . 

History torque on sphere decays rapidly, kernel            . 

Consequence: no history terms in fluid-inertia corrections to Jeffery 
dynamics when           . 

Here: when           , slowly decaying history torque  

with                              .                             

How the history torque changes the transient dynamics 
remains to be worked out for curved wires settling 
in quiescent fluid.  

           

transient        steady state                         
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Lord Kelvin’s isotropic helicoid 

 
 
 
Chiral octahedral symmetry implies             ,             ,             ,  and  
(with Levi-Civita tensor    )        steady torque remains isotropic to order        :  

Isotropic helicoid
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Epstein limit
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Torque on isotropic helicoid in free molecular flow (Epstein limit: mean free path    of gas           
     particle size). 

At small Mach number                  , torque proportional to velocity,              . 

Previous calculation yields zero translation-rotation coupling,          . 

Possible reason: calculation neglects shadows (previous results  
for translation-rotation coupling in free molecular flow for convex  
particles where shadows play no role).  

Calculation neglecting shadows (independent rods) 

                and                                                                            . 

Numerical calculation with shadows: non-zero 
(statistical error           , one    ).   

Isotropic helicoid
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Aggregate particles
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First stage of planet formation: collisions between small sand-grain aggregates in turbulent 
gas around  growing star. 

Mean free path                 , aggregate size                   .  
  
Essentially Epstein limit (Knudsen number                                 ). 

Little is known about drag force on porous (fractal)  
aggregates in the Epstein limit. 

Recent laboratory experiments measure drag on 
porous aggregates of rods. 

Translation-rotation coupling? Angular dynamics expected 
to be important for outcome of aggregate collisions 
(sticking needed for planet formation). 
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Rep

Angular dynamics of particles settling in quiescent (and turbulent flow) 
depends sensitively on shape, settling speed (        ), and particle 
Inertia.  

Angular dynamics of particles with increasingly asymmetric shapes: 
symmetry analysis allows to parameterise torques and thus the angular dynamics. 

—Stokes limit and first-order       -corrections 

—Translation-rotation coupling    in quiescent fluid and shear flow 

—steady and unsteady torques 

—Epstein limit (free molecular flow) relevant for dust aggregates in accretion disks 
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