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Lecture 5:Vortex Breakdown & Generalizations



Two-Celled Vortex

End-Wall Vortex

End-Wall Boundary Layer
Corner Flow

Outer Flow
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Centrifugal (Inertia*) Wavesw
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*Batchelor (1967, In Introduction to Fluid Dynamics, p. 562)

Supercritical 
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Theory

Fiedler&Rotunno (1986, JAS)
End-Wall Vortex is
Supercritical

Benjamin (1962, JFM)



Vortex Breakdown

Pauley and Snow (1988, MWR)



Maxworthy (1972, Astro. Acta)
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Vertical Momentum Flux = constant

Vertical Mass Flux = constant

Compute Subcritical Vortex

1) Assume * * for w w r r= £
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2) Solve

3) Iterating on * * , w r

until solution is found such that

4) Calculate Implied Head Loss 
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Theory

(3 / 5)sub jetv v»

3sub jetr r»

End-Wall Vortex is
Supercritical

Post-Breakdown Vortex is
Subcritical



Condition for Vortex Breakdown to Remain Suspended

(5 / 3) subv v»super (1/ 3) subr r»super



Condition for Vortex Breakdown to Remain Suspended
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Maxworthy (1972, Astro. Acta)



Two-Celled Vortex

End-Wall Vortex

End-Wall Boundary Layer
Corner Flow

Outer Flow



Two-Celled Vortex

End-Wall Vortex

End-Wall 
Boundary Layer

Corner Flow

Vortex Lines and Velocity Fields

0H u wÑ = ´ =
!!

vortex lines = streamlines
Burggraf et al. ’71
End-Wall Boundary Layer &,
consequently, also true for 
Corner Flow & End-Wall Vortex

Vortex  Breakdown

( )Burggrafu z

( )Burggrafv z

( )endwallw r
( )endwallv r

( )twocellv r( )twocellw r



Generalizations
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Effects of Turbulence?



LES Nested in an Idealized Supercell

( , , , )su u r z tq=
( , , , )sv v r z tq=

( , , , )sw w r z tq=



Lewellen et al (2000, JAS)

Large Eddy Simulation



Lewellen et al (2000, JAS)

Large Eddy Simulation
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Corner-Flow Swirl Ratio
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Lewellen et al (2000, JAS)

0.7 1.7cS = -
à most intense vortices in LES experiments

à end-wall boundary layer to subcritical vortex 

Fiedler (2009, Atmos. Sci. Let.)



Lewellen&Lewellen (2007, JAS)

Large Eddy Simulation
Dynamic Corner-Flow Collapse
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Rotunno (1984, JAS)

Fiedler (2009, Atmos. Sci. Let.)
Lewellen et al (1997, JAS)

150=Re

Pressure  Isosurface Vortex Lines in Two-Celled Vortex

2500=Re LES



Large Eddy Simulation

Lewellen et al (2000, JAS)

Each satellite 
vortex has 
locally 
amplified 
velocity
in the 
boundary 
layer 



Conclusions
• Steady-State Theory of Axisymmetric Tornado-Like 

Vortices Well Developed and Tested in Laboratory 
and Numerical Models; 3D Effects Less So…

• Knowledge of Tornadogenesis Primitive
• Intersection of Storm-Scale and Vortex-Scale 

Dynamics Next Frontier


