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Two-Celled Vortex

Outer Flow

End-Wall Vortex

End-Wall Boundary Layer




e Centrifugal (Inertia*) Waves

Supercritical

*Batchelor (1967, In Introduction to Fluid Dynamics, p. 562)



Theory

Fiedler&Rotunno (1986, JAS)
Benjamin (1962, JFM)
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Vortex Breakdown

Pauley and Snow (1988, MWR)
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SWIRLING FLOW:

Jump ofter @ region of developing sepercritical flow.

Maxworthy (1972, Astro. Acta)
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Compute Subcritical Vortex

1)Assume w=w, forr <r,

2) Solve
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Vertical Momentum Flux = constant
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4) Calculate Implied Head Loss



A Post-Breakdown Vortex is

Theor l , l , , "
Y Z e w1 Subcritical
- Wyar, ;
0 — ~y
L o(3/T ) i vsub ~ (3 / S)Vjet
04| ]
0 3.0 6.0 rsub ~ 3rjel‘

r/é

End-Wall Vortex is
Supercritical

4)(6/1‘1)3 ‘4 w‘/él‘x

-1.0 ¢

3.0 6.0
r/o




Condition for Vortex Breakdown to Remain Suspended
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Condition for Vortex Breakdown to Remain Suspended

— vtwo—cell ~ 1

Vo = Fovocon 2

/ 3
vsuperNdellOC NQ

1

Vaer = Vend—wanr

super /

~(5/3)v. ~(1/3)r

Super Super

Q* o N—1/3



Q=)

time=150.00 rei= 1.00e-04 reit= 1.00e-03 swirl= 5.00e-02
rwid=2.0 hite=1.0 order=3 in=181 jn=181 prim

-029< U < 0.64 0.00< PV < 0.68 -042< W < 1.30

ZI I I
. 058 58

0. 0 0.5 8
Au —0.10 Av-O.lO Aw —0.10

L1 < P < 023

0
Ap —0.10

SR OO0 0005050000 OO0 O N WO
ONNEBEWNHOOVONOUMABWNMOOHNWAUVIO-OWOFNWENSNO

owuvuiuiiui i i i in v i o




Q<)

time=150.00 rei= 1.00e-04 reit= 1.00e-03 swirl= 2.00e-02
rwid=2.0 hite=1.0 order=3 in=181 jn=181 prim

-014< U < 0.69 0.00< VU < 032 -004< W < 0.94 -0.16 < p < 042

'ls lI ls 'I

Au=0.10 Av=0.10 Aw=0.10 Ap=0.10

W ROOL0 00065 5000000000 O IHNWE
ONNEBEWNHOOONOUVMABEWNMOOHNWAEUVO-NOYWOFNWERNSNO
owvuuiuiv oo oo v ooy vy i ©




Q>

time=150.00 rei= 1.00e-04 reit= 1.00e-03 swirl= 1.80e-01
rwid=2.0 hite=1.0 order=3 in=181 jn=181 prim

-053< U < 0.52 0.00< VUV < 0.86 -024< w <

zI I
80 0.5 8.0 0.5 8.0

Au—OJO Av—OJO Aw—OJO

1-0.65< P < o.08

0.5 8.0 T 0.5
Ap=0.10

U ROEO0 0000500000 COOOO O i NN WO

ONNEBUWNHOOONOUVEWNHOONW AN WORNWBRNSNO
o i i i i v i o




HYDRAULIC ANALOGY 3 SWIRLING FLOW:

Jump ofter @ region of developing sepercritical flow.
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Maxworthy (1972, Astro. Acta)




End-Wall Vortex

Two-Celled Vortex

Outer Flow

' . End-Wall Boundary Layer

orner Flow




Vortex Lines and Velocity Fields

Two-Celled Vortex

Wtwocell (7")

Vortex Breakdown

Wendwall (9 * | End-Wall Vortex
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End-Wall Boundary Layer &,
consequently, also true for
Corner Flow & End-Wall Vortex



Generalizations



N =
V

WE\/ZIb(O,Z)dZ%SOWI/S h~10"m v=~10"m*/s

N =0(10")

Effects of Turbulence?



LES Nested in an Idealized Supercell

w=w(r,0,z,t)

T u=u(r,0,z,t)

@ v=v(r,0,z,t)
/+




Large Eddy Simulation
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Lewellen et al (2000, JAS)



Large Eddy Simulation
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Lewellen et al (2000, JAS)



Corner-Flow Swirl Ratio
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- most intense vortices in LES experiments
Lewellen et al (2000, JAS)

v r. 30

S = - = —= ~] > end-wall boundary layer to subcritical vortex

©Y/T. 6. 35

Fiedler (2009, Atmos. Sci. Let.)



Dynamic Corner-Flow Collapse
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Pressure |sosurface Vortex Lines in Two-Celled Vortex

L?’ Re=150

253 Rotunno (1984, JAS)
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Fiedler (2009, Atmos. Sci. Let.) Lewellen et al (1997, JAS)



Large Eddy Simulation
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Conclusions

e 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
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