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Jim‘s Open Questions

A) Particle/turbulence interaction

A.I) How is a steady, uniform turbulent 

shear flow modified by particles in 

suspensions over a range of different 

particle/fluid density ratios and particle

volume fractions?
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Reynolds’ experiment (1883)

G Homsy et al, Fluid Dynamics CD

O. Reynolds, Phil Trans R Soc 1883



When does pipe flow become
turbulent?

• Reynolds 1800

• Gerthsen (physics textbook) 2000

• Wikipedia 2300

• Fluid mechanics books 2000-3000

• Recent experiments (Mullin) >1650

• Stöcker (Data reference) 1000-2500

• From a lab report:

Laminar regime 2100 < Re <  4000 

? ? ? 
Phil Trans R Soc 367, 449 (2009)



Laminar flow in state space



Turbulent flow in state space



Reynolds numbers for pipe flow
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Reynolds numbers for pipe flow
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ReE Energy stability

ReECS Coherent structures appear

Returb Turbulence appears in experiments

Respace Turbulence becomes spacefilling
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Turbulent flow in state space



Non-normal amplification
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• Linearized Navier-Stokes equation

• L is not self-adjoint and not normal:

 LL LLLL  



Non-normal operators

• Eigenvalues need not be real

• Eigenvectors are not orthogonal

• Left and right eigenvectors have
to be distinguished

• The representation of small perturbations may 
need huge components along eigenvectors



Vortex-Streak interaction















 

0

0

)zsin()ycos(

Vortex Streak

• Downstream vortices create spanwise

streaks:
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Vortex-Streak interaction

Downstream vortex (amplitude     )

amplifies spanwise streak (amplitude s)

transient 
linear growth 

Re !


































sSs
t

Re/10

Re/1



Re/t

0

Re/t

00

e)t(

e)tSs()t(s












Waleffes turbulent cycle

• Downstream vortices induce streaks

by non-normal amplification

• Streaks undergo shear flow instability

forming vortices in normal direction

• Normal vortices are rotated in downstream

direction by background flow



A variation on 
Waleffes turbulent cycle:

• Downstream vortices induce streaks

by non-normal amplification

• Streaks undergo shear flow instability

forming vortices in normal direction

• During this instability, new, symmetry broken

states appear that persist

Vortices dominate dynamics



• HP-profile linearly stable for all Re
• eigenmodes show vortex-streak structure

Linear stability analysis



Travelling wave 
with threefold symmetry



Travelling waves in pipe flow

PRL 91 (2003)

224502



Dynamics in cross sections

Cas van Doorne

Björn Hof

(Delft)
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Particulate pipe flow



J.-P. Matas,

J.F: Morris

E. Guazelli

PRL 90 (2003)

014501



J.-P. Matas,

J.F: Morris

E. Guazelli

PRL 90 (2003)

014501
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Equations of motion (Maxey-Riley)

• Stokes 1851, Basset 1888, Oseen 1927,

Burgers 1938, Maxey and Riley1983
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Particles in vortical flows
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For particles in a vortical flow
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Phase diagram for aerosols (R=0)
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Consequences of continuous symmetry
(for coherent states):

• Allows for travelling waves:
states that move downstream without
changing shape

• Combines changes in the flow field and
translations thereof



How to remove the translation?

u(x, t)

u(x, t + Dt) »

u(x, t)+ Dt   f

u(x - cDt, t) »

u(x, t)- cDt  ¶xu

u(x - cDt, t + Dt) »

u(x, t)- cDt  ¶xu + Dt   f =

u(x, t)+ Dt(-c ¶xu + f )

¶tu(x, t) =  f (u(x, t), t)

c =
¶xu × f

¶xu
2



Example:

Coherent structures in the

asymptotic suction boundary layer



Blasius vs. 
Asymptotic Suction Boundary Layer

Blasius ASBL

U/x)x(  d =V0 /U0



Vortex dynamics

Kreilos and BE, arxiv 1209.0593, JFM 726, 100 (2013)



Some Open Questions

A) Particle/turbulence interaction

A.I) How is a steady, uniform turbulent

shear flow modified by particles in 

suspensions over a range of different 

particle/fluid density ratios and particle

volume fractions?



Example 2:

Transverse motions in the

asymptotic suction boundary layer



Spanwise fluctuations



Visualizing vortices

Take

normal velocity

as observable:

A(z, t) = uy(x, y =d, z, t)
x







Summary

• Turbulent time evolution contains

motion in neutral directions

• Local phase speed is variable

• Phase speeds usually uncorrelated

• Long time persistent motion

in spanwise direction


