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• Laminar flow becomes unstable at 
• Turbulence is observed at 

[1]  Rec = 5772, Orszag, JFM (1971)
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Reynolds number : 
Uc : centerline velocity



Isolated turbulent bandIsolated turbulent band

Isolated  extending turbulent band in large computational domainIsolated  extending turbulent band in large computational domain

Xiong, Tao, Chen and Brandt, Phys. Fluids (2015)
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• Governing equation
Incompressible Navier-Stokes equation

• Dimensionless parameter
		  

(U : constant bulk mean velocity)
• Boundary conditions

streamwise & spanwise ⇒ periodic
wall-normal ⇒ no-slip impermeable
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• Numerical domain & Grid numbers

System & ParametersSystem & Parameters

: streamwise
: wall-normal
: spanwise
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① Length & Angle
② Downstream edge
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• 平衡状態
•
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Effects of spatial periodicityEffects of spatial periodicity
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① Length & Angle
② Downstream edge
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C : local maximum point of ux (y=0) 
(rx, rz)

C’ : (rx-d, rz+d)
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C  : local maximum point
of ux (y=0) at each time step

C’ : (rx-d, rz+d)
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20Jiménez and Simens, J. Fluid Mech. (2001)
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C  : local maximum point
of ux (y=0) at each time step

C’ : (rx-d, rz+d)

⇒ Add the spatially localized damping force  ⇒ Add the spatially localized damping force  
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Bifurcation diagram of periodic solution Bifurcation diagram of periodic solution 
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Upper branch Lower branch
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Bifurcation diagram of periodic solution Bifurcation diagram of periodic solution 
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α
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Concluding remarksConcluding remarks

• Turbulent bands of equilibrium length have been observed in large 
numerical domain.

• Turbulent bands can be sustained up to around 	 440. 
• Relative periodic orbits have been discovered in spatially-localized 

damping-forced Navier-Stokes system.
• Periodic solutions mathematically provide self-sustaining 

mechanism of downstream edge (physically, inclined and thus 
stretched wall-normal rolls).

• If damping force is reduced, upper-branch solution loses its 
stability and eventually chaotic solution appears to represent 
turbulent bands of longer array of complex vortices. 

• Periodic solutions representing turbulent bands might be connected 
to full Navier-Stokes system (cf. Hof et al.’s invariant solutions).


